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Preparation of Damage-less SnO2 Thin Films
by RF Magnetron Sputtering with Oxide Target
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1. Introduction In normal operation of the balanced
magnetron sputtering, the majority of electrons
Transparent and conducting films such as in the plasma is confined to a dense horizontal
SnQO;, ITO and ZnO are significant for magnetic field in the vicinity of target surface.
applications of solar cell, optoelectronic device, By changing the configuration of this horizontal
and heat mirrors, etc. However, there are severe magnetic  field towards the vertical one, the
restrictions on structural damage, thickness number of electrons bombarding the substrate
uniformity, optical transparency and electrical can be controlled. The variation on the condition
conductivity of the transparent electrode films of electron hombardment, which is necessarily
used in such devices. A magnetron sputtering accompanied by the ion bombardment during the
system, offering high deposition rate at low growth of thin films, produces the immense
pressure and onto large-area substrates as well, changes in the film properties: that is, film
is important method with the preparation of stress™ optical properties‘%"“ electrical properties
transparent and conducting films in  both and morphologyf’)for the cases of metal,
research and industrial fields. compound oxides, and nitride. Window ct al'?
using Langmuir probe, clarified that the relation
ATU7e4d T8 between the change of magnetic distribution and
o FAZAARGE A the change of self bias was caused by electron
Hadzt 1999 114 289 bombardment onto the substrate.
’é]*}%_?n 0 19%y 34 26% Apart from electron bombardment, the neutral
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sputtered gas atoms with high-energy, which
were bounded out of the target surface and
bombarded onto the substrate in a tvpical

sputtering technology for metals and compound
oxides deposition, were observed by Nakazama
They that the
resistivity at the position on the deposited ZnO

1 S

et explained elevated
film facing to the erosion region of target was
obviously produced by the high-energy neutral
the
the
energy of these particles was, of course, not <o

sputtered gas atoms as a result of

bombardment on film surface. However,

sufficient (about 10~15 eV) as to damage the
films. that  the
cnergetic negative oxygen ions and the neutral

Tominaga et al ¥ confirmed
oxyvgen atoms were originated by the negative
320 eV) of the
time-of-flight method in the sputtered ZnQ and
BaTiO:" They dctermined that the structural
at the
was occurred by the

oxygen ions (about in terms

degradation of oxygen films position
facing to target erosion
bombardment of ecnergetic negative oxygen ions
and oxygen atoms.

Sn0: electrode films are developed for a solar
cell using a RF magnetron sputtering system. It
that the

as-deposited film are significantly influenced the

15 well  known characteristics  of

bombardment of high-energy particles concen-
trated at the erosion region of target as well as
the the
target. In this paper, the details of those effects
the SnQO.
sputtering method are discussed. In

configuration of magnetic field near

for films wusing a 1f magnetron

order to
preven: the non-uniform distribution of electrical
on the film surface the

resistivity caused by

bombardment of incident high-energy particles,

therc is an attempt using a ring plate of

masking glass.
2. Experimental details

SnQ: films were prepared on the soda lime
glass(26x 76 x 1mm®) by a RF magnetron spu
Ar

onto  a

ttering  system under atmosphere.  Target

material  was mounted water cooled

cathode with a permanent magnet assembly. The

center magnet under the target could be
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replaced to another type of magnet to control
the strength and direction of magnetic {ield as
shown in Fig. 1. The target was a hot-pressed
Sn0:» (99.99% pure) disk (100 mm in diameter
and 5

mm 1in thickness),

supplied by Furuchi
The target-substrate
4 cm. The operating
pressure of Ar gas (99.9999 %) varied from 5X
107 to 3%10° Torr. The pre-
sputtered in pure Ar gas at a pressure of 1X
10 - the absorbed
water and contamination layer on

Chemical  Corporation.

distance was fixed by

target was
Torr for 10 min. to rcmove
the target
surface. The RF power was controlled from 30
W to 60 W. A ring plate of masking glass was
installed at the 1.5 cm distance above the target
and faced to crosion region of the target to
mvestigate the effect of direct bombardment on

Sn film surface by high-energy particles.

The film thickness was measured by a
surface roughness detector with a  stvlus
(ET-10, Kosaka Laboratory Co.). The electrical
resistivity  of  the as-deposited films was

estimated by four probe method with a dc
(PABI18-3A, Kikusui Co.),
kinds of digital multimeters (CDA-701,
Co., and R6341A, Advantest Co.) and a four
probe (Kullicke & Soffa Co.).  The
crystal structure of the SnO» films was plotted
with  X-rav (Rotaflx,
RigaKu Co.).

power supply two

Sanwa

clectrode

diffraction  apparatus

3. Results and Discussion

3.1
Fig. 1

Influence of magnetic field distribution
RF
target
s mounted

shows a magnetron  sputtering
which a

not exist.

including «
center  magnet
When Co (Cobalt) magnet
center, electrons are confined to the horizontal

system assembly
or does
exists in the target
magnetic field in the vicinity of the target, so
that only few clectrons reach to the substrate.
With
the center magnet, the magnetic field diverges
the the
component of lines

a decrease of magnetic pole strength in

towards substratc  along vertical
field the

electrons become also to diverge towards the

magnetic and

substrate. The clectron bombardment makes the



substrate to be self-biased negatively, and
positive ions begin bombarding the substrate
149

which neutralizes the bias potential.
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Fig. 1. Schematic diagrams of RF magnetron
sputtering  system including target
assembly.
There are three types of center magnet to
deposit the SnO: thin films: that is, Co, Fe
(Ferrite) magnet and no center magnet. The

magnetic field strength of Fe magnet, which is
practically measured at several points of space
above the target surface, is a little weaker than
that of Co magnet, in spite of large difference of
magnetic pole strength between Co (8000 gauss)
and Fe (2000 gauss) magnets. The distribution
field the
whichever types of the center magnet exist. Fig.
2 shows the deposition rates of SnO»

of magnetic is intermediate  state
thin films
with the variations
that the

completely upon the magnetic pole strength of

of center magnet type. It

expresses deposition rate depends
center magnet.

Fig. 3 shows a plot of the electrical resistivity
with the center magnet at the different position
of substrate. In the case of Co magnet, the
the

not change for the two gas

resistivity  at outer side position of
substrate does
pressures of 10 mTorr and 15 mTorr. But the
resistivity of substrate center and location facing
the

pressure of 10 mTorr is about 10 times as large

to the erosion positions on target at

as the value at 15 mTorr. When the films are

.
=
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Fig. 2. Deposition rate of SnO:  thin films
with center magnet type at the center
location of substrate.
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Fig. 3. Resistivity of SnO» films with center
magnet  type at  several Jocation of
substrate.

prepared by a magnetron sputtering with Fe
center magnet, the resistivity at the outer side
of substrate is almost same value with the film
the
resistivity of center position is larger about 10

times than that of the film prepared with Co

prepared by Co center magnet. However,

magnet at 15 mTorr.



Fig. 4 shows the surface profile of as-
deposited SnO: films with the various damage
states. The film surface at the center position
with Cobalt magnet at 10 mTorr and with Fe
magnet at 15 mTorr are partially damaged as
in Fig. 4(b). The

center position prepared with Fe magnet at 10

shown film surface at the
mTorr is completely damaged as shown in Fig.
4(c), so that the resistivity of the film is not
able to detect. When the center magnet does not
exist, the film is not damaged and the eclectrical
resistivity of film at the center and outer side
than with
Cobalt and Fe magnet at 15 mTorr as shown in

position 1s, however, higher that
Fig. 3. Furthermore, the plasma state is unstable
to prepare the film at 10 mTorr.

The different

location of the as deposited films as a function

crystallinity  patterns  with
of various center magnets and sputtering gas
pressures arc shown in Fig. 5. When the center
magnet does not exist, the characteristic peaks
in  X-ray diffraction pattern of SnQ0: show
slightly up and, however, not well developed as
The

damaged state at both locations of center and

shown in Fig. 5(al. film surface is not
outer side location. In the case of Fe magnet as
shown in Fig. a(b), the peak intensity of SnO-
film deposited at substrate center is lower than
that of the outer side position because the film
is partially damaged such as shown in Fig. 4(b).
In the case of Co magnet (c¢), the peak intensity
at the center and position facing to the erosion
on target is well developed than the outer side
location. Their film surface is also not damaged
and shows clear state. When the sputtering gas
a(d),

side

in Fig. the main
the
developed in the <101> direction.

pressure 1s o mTorr

peaks of film at outer are  well

But the film surface in location facing to the
erosion target is completely damaged as shown
in Fig. 4(c) and its characteristic peaks are not
old).

- 89
Tominaga et al™' also observed such damage

observed clearly as shown in Fig.

phenomena on the as-deposited ZnQ film facing
of a ZnQ target and
disappearance of the characteristic peak of ZnO

to the erosion position

at low sputtering gas pressures.m' They detected
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Fig. 4. Surface profiles of SnO- films at various

surface damages:
(a) No damage
(b) Partial damage (mainly at center

position in Co magnet at 10
mTorr and Fe magnet at 15
mTorr for RF power of 50 W)

(c) Complete damage Omainly at center

position in Co magnet at 5 mTorr

and Fe magnet at 10 mTorr for

RF power of 50 W

high-energy (330 eV) oxvgen ions and oxygen
atoms by the time-of-flight method as well as
explained  their
through direct bombardment phenomenon.

The magnetic field distribution above target
surface and the
high-cnergy particles from the target influences
for the film propertics with different location on
the substrate. Total bombardment strength is
different with the kinds of center magnet as
fellows. In the case of Co center magnet, the

influence on film properties

bombardment  strength  of



Intensity [a.u]

]

(a) Without center target

)

(2

s

0y

0]

(c)

(1) ‘(MA_A J et Nl
(o)
(211)
(110
2
(200)
(d) Cobult

(1)

¢

20°

i L - 1
300 400
Scanning angle [20 ]

Fig. 5. X-ray diffraction patterns of SnQ: films

at (1) outer side and (2) center of
substrate

Sputtering conditions: Ts = 100T, P =
15 mTorr, Py = 30 W— (a), (b), {¢)

Ts = 100C, P = 5 mTorr, Py = 50 W
—(d)
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bombardment strength of high-ecnergy oxygen
that of

particle

ions and neutral atoms is stronger than
Fe magnet. Although the high-energy
bombardment at low gas pressure 1s a serious
problem occurring damage on the film surface,
the crystallinity at high sputtering gas pressure
of 15 mTorr as shown in Fig. 5(c) is oriented
cnough. As the center is Fe magnet, a part of
the magnetic field lines in the outer Co magnet
diverges vertically, and penetrates the substrate.
Thus, the electrons and ions, which are led by
the penetrating magnetic field,
bombard the Total

strength is now sufficient to damage the film.

become to

substrate. bombardment
The penetrating magnetic field becomes larger
than that of the case without center magnet, but
the high-energy bombardment is smaller due to
the low plasma density in the vicinity of the
target. Consequently, total bombardment strength
i1s not sufficient to damage the film and not help
the development of crystallinity.

Although the magnetic field distribution is not
affected at all by the decrease of sputtering gas
high-energy
particles is enhanced with lengthening the mean

pressure, the bombardment of
free path of the particles at low gas pressure.
Window'"

center and erosion

mentioned that the film properties in
location of substrate were
dominated by the magnetic field effect in the
unbalanced magnetron system, and the number
of bombarding high-energy particles was closely
related to the plasma density. Therefore, the film

position facing to the erosion position of target

is more damaged than the other position of
substrate.
3.2. Influence of RF power and sputtering

gas pressure
Fig. 6 shows the variations of deposition rate
as a function of sputtering gas pressure with
the various positions of substrate at RF powers
of 30 and 50 W. The deposition rate obviously
with the
decreases with the decrease of sputtering gas

increases increase of RF power and

pressure. The box in Fig. 6 indicates that the

film surface is partially or completely damaged.
Fig. 7 shows the electrical

resistivity as a



250
i T, =100°C
i Outer side: A O
200 | Erosion: O <
= i Center: O V
E - O
2 150 [ \O\o
g : 0= S0W
g | A~ R
= 100
g |
§ i
sof  Bima .
[ T UTEEER 30W
0 [ I | ]
0 5 10 15 20
Gas pressure [mTorr]
Fig. 6. Deposition rate of SnO: films as a

function of Ar gas pressure at several
locations of substrate.

function with the different

sputtering gas pressure. The resistivity on the

of RF power
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outer side of film decreases in
proportion to the increase of RF power in 15
(a). The of
location facing to the

erosion on target decreases witk increase of RF

is gradually

mTorr as shown in resistivity

substrate center and

power below 50 W, and is, however, rapidly

increased above 50 W. But their film surfaces
are partially damaged as shown
Fig. 7. With

pressure and the increase of RF power as shown

in part A of
the decrease of sputtering gas
in Fig. 7. the resistivity of center and location
facing to the erosion on target increases. The
films generate even a partial damage at the
lower values of RF power (part B and D) and
the damage on film surface is more intensified
with decreasing sputtering gas pressures at the
same RF power.

Fig. 8
resistivity

the
for the changes of RF power and
at the
facing to the erosion on target. The points in

shows variations of electrical

sputtering gas pressure only location
the triangle region of part F indicate that the
film surface has a damage. The as-deposited

films without damage arc able to prepare at low
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Fig. 7. Resistivity of SnO: films as a function of RF power in several substrate locations at

substrate temperature of
damage: E.
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RF power under low sputtering gas pressurc as
well as at high RF power under high gas
pressure over 10 mTorr as shown in Fig. 8 But
the resistivity with various location is different
the results under the same
conditions, the difference of the
bombarding energy in particles. The film, which
has the lowest resistivity and the most uniform
surface, is prepared only under the RF power of
50 W and the sputtering gas pressure of 15
mTorr as shown in Fig. 8.
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Fig. 8. Resistivity of SnO. films as a function
of Ar gas opressure at substrate
location facing to target erosion
(damaged zone: F)

3.3 influence of masking glass

In order to observe the direct bombardment of
high-energy oxygen ions and neutralized atoms
confined above the erosion position of target, a
ring plate of masking glass is mounted at 15
The effect of
masking glass is obviously shown in Fig. 9.

cm  above the target surface.

Therefore, the direct bombardment of energetic
particles into the substrate is able to prevent.
The resistivity in the position facing to erosion

-1
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Fig. 9. Resistivity of SnO. films for substrate
locations with/without masking glass.

region on substrate is decreased by almost 100
times as shown in Figure, as well as that of
substrate center is also decrcased steeply. It is
sure that the uniform and low resistivity films
is prepared by the installation of masking glass
But  the
deposition rate is reduced less about half than

at  low sputtering gas pressure.
that of the film prepared without masking glass

under the same operating condition.

4. Conclusions

The magnetic field distribution above target
surface influences directly on the bombardment
of the
morphological

of high-energy particles bounded out
The

of

electrical  and

as-deposited  SnO:

target.

properties films  are
investigated by the magnetic field, RF power, and
pressure. The

the total

strength which is a sum of the bombardment of

operating gas film properties

depend obviously on bombardment
electrons and ions induced by the magnetic field
effect

particles bounded out of the erosion position of

and the bombardment of high-energy

target. When the center magnet is Ferrite, the



film is more damaged by synergistic effect of
magnetic field and particle bombardment at

pressure of 10~15 mTorr and RF power of 5
W,
mainly damaged by the direct bombardment

In the case of Co center magnet, film is
high-energy particles at RF power of 50 W and
below gas pressure of 10 mTorr.

that the
sputtering gas pressure disperses effectively the

However, it is sure increasing
high-energy particles from the oxide target and
reduces the electrical propertieé and damages in
the different position of as-deposited films. Less
of SnO:
obtained by the condition of 15 mTorr and 30

damages and uniformity films are

W under the Co center magnet system. As a

simple and practical method to obtain less

damage films, a ring plate of masking glass
method 1s proposed.

A7 A G 8eE A Vol 9, No. 3, June 1996

Reference

1. B. Window and K. H.
Films. 171, 183 (1989)

Muller., Thin Solid

2. K. H. Muller, J. Appl. Phys. 62, 1736 (1987)

3. N. Savvides, J. Appl. Phys. 59, 4233 (1986)

4. N. Savvides and B. Window, J. Appl. Phys.
64, 225 (1988)

o. 1. Brodie, L. Lamont, Jr. and R. Jepson, Phys.

Rev. Lett. 21, 1224 (1968)

6. K. Tominaga, N. Veshida, Y. Shintani and O.
Tana, Jpn. J. Appl. Phyvs. 10, 519 (1981)

7. T. Nakazawa and K. Ito, J. Vac. =oc. Jpn. 26,
389 (1983)

8. K. Tominaga, S. Iwamura, Y. Shintani, and
Q. Tada, jpn. J. Appl. Phys. 21, 688 (1982)

9. L. Holland and G. Vacuum, 30(7),
267 (1980)

10. K. Tominaga and Y. Shintani, Ovo Buturi
(in Japanese), 62, 1230 (1993)

11. B. Window and G. Harding, J. Vac.
Technol. A8(3), 1277 (1990)

Samuel,

Sci.

A AE
199851 74 1394 19823 291 dhokdy
shi Bl 9 1M 29 Bk

dob EIEea Do 1994 2
9 agdey eqsen esu
199441 3919954 39 ¥ 9o &
Gr1o s SHATY dA wYy

7164 Frlgehn dora

v

497

21 \_:?:

gul
1950 3¢ 11904 19824 24 by
i Azieht &9l 19 29 9
et d7)sehah FEA AL 1987 12

F A

g

4 Louisiana 5 47| F8T
AL 19949 39 New Jersey Institute of
Technology #17]1&8k} Z8habap &)

TGO Ao zig




