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METHOIS OF AN APPARATUS FOR SPUTTﬁRING

The bresent invention relates to a sputtering method
in which a pulse-like DC voltage is applied, a film-
deposition method by sputtering, an apparatus for.

obtaining sputtering and a power processing portion for

. sputtering.

A cathode for DC sputtering (hereinbelow, referred to
as sputtering) can not be used for forming a. film of high
quality at a high deposition rate unless a problem of
abnormal discharge is overcbme.

Various causes are conSidéred concerning the abnormal

discharge occurring around the cathode (hereinbelow,

" referred to as arcing). As one of the causes, electric

charges are accumnlated on ‘a small insulating substance,
which is deposited or grown on the surface of a target
material, and thé eléctric charges cause arcing to a
pPotentially opposite site, e.g. a sgbstrate-oh which a
£ilm is to be formed, an anode electrodé, the inner wall

of a vacuum chamber or the surface of the target.
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PONER PROCESSI NG PORTI ON

i nventiomrretates to a sputtéfing met hod in which a pul se-1ike DC voltage
L Rdgppsi tion method by sputtering, an apparatus for
lﬂF and a power processing pertion for sputtering.””.. 2.
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The arcing occurs frequently in a case that an
insulating film is produced from a conductive target
material by reactive sputtering. When the arcing is
generated, arciné energy concentrates locally to a
portion of the target surface in a reactive gas
atmosphere, this fofming an insﬁlation’or insulations,
Whereby-the arcing happens fregquently in a series.
Accordingly, a stable giow discharge effective to
sputtering can not be maintained; a sputtering rate

becomes unstable and the production of films of uniform

'quality is impossible. Occasionally, a substrate on

which a film is formed is damaged by arcing, or a
mechanical component constituting a cathode or a target
material or a cathode is molten by arcing. |
In order to avoid the-above-meﬁtioned disadvantage,
méthod of using electric power of a high ffequenéy such

as 13.56 MHz has been used.

Recently, a technique of preventing arcing by using a

waveform proposed in Japanese Unexamined Patent
Publication Nos. 148644/1993 and-331634/1993 or using a
device to obtain such waveform (the device is
commercialized as SPARC-LE by Advanced Energy in U.S.A.

Namely, the waveform having a frequency of several kHz

which is comparable to the effect obtained by a discharge

in 13.56 MHz by applying a pulse-like positive electric
potential of about 5 us-10 us is applied in a periodic

cycle to a cathode so that positive electric charges

Hund A cat hode for DC:sputterind;&h?réinbelbmgif
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“at ~a high deposition rate unless a probl em.of .abnarmal discharge is.

over cone. Various causes are considered ¢osiGerni Ag-+ he:abnornmak_ dizscharge
occurring around the cathode (hereinbelow, .referred-{o as, arcing)..-AS" one
of the causes, electric charges are accunulated on a small insulating

substance, which is deposited or gromn,qp_;he surface of a target material,
and the electric charges cause arcing to a potentially opposite site, e.g.

a substrate on which a_filmis tgo_be formed, an anode el ectrode,, the inner

wal | of a vasacwehakBerOBrat ARaddr RSl inge subsfance, which is

deposited or gréwn on the surface of a target material
.are neutralized b& attracting electrons in plasma. |
Recently, another technique'of neﬁtraliéation of a
5 potential difference on the target surface has been
developed as seen in U.S.P. 5,082,546. Namely, an
alternating current having an-intermediate frequency such
as several tens kHz is applied to a pair of closely
disposed caﬁhodes to ignite glow discharges between the
10 two cathodes alternately. In this case, when the
electric potential of the cathodes is negative,
sputtering is éonducted, and when the electric potential
is posiéive, positive electric charges accumﬁlated on a
small insulating substance, which is deposited or grown
15 oh the surface of a target material are neutralized by
attracting electrons in plasma.

The sputtering method using a radio frequency power
source having 13.56 MHz is believed to suppress arcing
bécause an insulation can be sputtered. However,'it is

20 Qdifficult to form a sputterihg apparatus using a radio
frequency power source of 13.56 MHz because a power .
source having an output of 10 kW of more is large and
expensive, and an impgdance-matching circuit of high

s . voltage and large'current is needed.

25 A sputﬁering method wherein DC power is used.to apply

a positive potential intermittently and the power is

intermittently off is a useful technique beéause a
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aThe;arcing occurs freduently in a case that an j:nsulating filmis pfoduce!!
.froma conductive target material by reactive sgutteri:ng. WYWen the arcing
is generated, arcing energy concentrates locally to .a“portrgon of the target
surface in a reactive gas atnosphere, this farmng an insulation or
i nsul ations, whereby the arcing happens._fyequently in a series.
Accordingly, a stable glow discharge effective to sputtering can not be
o un; 1 or m quAHSAY LT HLELEERace (BB EhenERF e asuERaEPacanoReri ch & f11m
I's formed is %%u (gifégé”éﬁém%hé"géhera fggnggagrggn Oggn%he initial
stage can be suppressed. Thus, the generation of arcing_h_l
could be effectively suppressed in comparison with the m
5 6rdinary DC sputtering method. However, this method has
no ability of sputtering én-insulating substance unlike
the sputtering method using 13.56 MHz, and accordingly,
arcing occurs when a continuous discharge.is conducted
-for a long time. When the arcing ié generated, discharge
10 energy concentrates locally on the target surface in a-
reactive gas atmosphere, which further forms an 10
insulation or insulations and results in arcing
frequently in a series.
Namely, the neutralization oflpotential difference on
15 the target surface by applying a positive voltage or 0
voltage intermittently is effective 6nly to a small +
insulating substance accumulated with a small amount of
electric charges if the applicatidn time of positive
voltage or 0 voltage is short. Accordingly, it is
20 impossiblg to obtain complete neutralization of an o
insulating substance accumulated with a large amount of
electric chatééé'by sputtering for a long time or of an
insulating substance having a large amount of electric
charges produced by arcing, with use of a simple
25 intermittent DC power. 25
In the sputtering method of applying an alternating

current to the two closely disposed cathodes, an
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constltutlng a cathode or a target material or-a cathode is nolten by
arcing. In order to avoid the above- nent i oned- di sadvant.age, :a net hod . of
using electric power of a high frequency suc¢h as 13.56 "MHz..has been used.

-5 -
alternaéing current of séveral tens kHz is used.
accordingly, it can be said that this method uses the
‘same principle as the sputtering method with use of the
pefore-mentioned intermittent DC power, i.e. a potential

5 difference on the target surface is neutralized.

Further, in this method, the same electrode is used as a
cathode and an anode. Accordingly, there is an advantage

that when the electrqde is used as a cathode, the surface

© of it is sputtered and cleaned, and when it is used as an
10 anode, the surface is always 61eaned whereby a continuous
discharge can be stably carried out for a long time.
- However, this method requires the two closely disposed
cathodes and an AC powér source of several tens kHz.
m

Accordingly, it is impossible to suppress arcing and
15 stabilize a nqrmal discharge in a simple manner with use
of a currently used DC sputtering apparatus. |
As another cause of the occurrence of arcing, whén a
target material is'eroded.by sputtering, minute
protrusidns appear in the surface of the target material
20 depending on the kind of material. An electric field
concentrates to the protrusions whereby arcing occurs at
a local portion. Accordingiy, the composition of the .
target material is changed whereby a portion having a
different spuftering yield may appear and uniform
25 sputtering of target surface can not be obtained.
In particular, when an ITO (indium-tin-oxide) £ilm is

to be'PfOGuced_by the sputtering method, and when an ITO
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wavef orm proposed in Jabanese Unexam ned Patent Publi - cati on Nos.
148644/ 1993 and 331634/1993 or using a device,
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target or an IT (indium-tin) target is used, indium oxide

which is believed to be sub oxide, or a large number of
minute black protrusions (hereinbelow, referréd to as
nodules), are produced on the target surface during
continuous sputtering, and the deposition rate of the ITO
film is gfadually decreased. Further, the arcing
frequently occurs, whereby small pieces of the target
material‘scattering by fhe arcing deposit on the
substrate to reduce the éuality of the ITO film.

As a common technique to remove the protrusions
formed by the erosion of the target is to physically
rémove them by causing a discharge in an inert gas
atmosphere sucﬁ as Ar gas, i.e. sputter—-etching.

Further, when the ITO target is used, a method of
removing the nodules by a discharge in a N, gas
atmosphere is proposed in Jaﬁanese Unexémined Paﬁent
Publication No. 293767/1992.

However, the above-mentioned methods are only
effective under the condition that a vacﬁum chamber is
maintained vacuum after the nodules have been formed, and _
they can not suppress the occurrence of arcing and can
ndt realize a method of a long time stably discharge.

As another technique, there is a method of improving
the surface condition of the target formed by the erosion
of the target,.by increasing the density of a target
material of ITO in éintering. However, this method

pushes up the cost of the target material and effect can
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such waveform (the device is commercialized as

d Energy in U S A Nanely, the wayvet or m havi ng_.a _frequency of
| kHz which is conparable to the éffect obtaL083_59_5‘6T§Eﬁérge-—~
- MHz by applying a pul se-Ilike positive-etectriGhﬁsmﬂﬂh&ﬁ&m@émmmd
5 [err]s-10 [err]s is applied in a periodic cycle to

jositive electric charges accunul ated on a smal | i quggm
nce, which is deposited or grown on’the surface of
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As another technique, there is a method of increasing
the density of power at the sputtering to change the
erosion of the target. When the density of power is
simply increased, the frequency of occurrence of arcing
increases and a discharge energy of arcing also
increases. So, this method.increases adverse effects of
the arcing.

It is an object of the present invention to provide a
sputtering method, a film-deposition method by
sputtering, an appératus for obtaining sputtering and a
power procéssing portién for sputtering whereby arcing is
effectively controlled and a larger power can be supplied
quickly to deposi£ a film of high quality with high
deposition rate for é long time.

In accordance with the present invention, there is
provided a sputtering method, a film-forming method by
sputtering and an apparatus for sputtering and a power
processing part for sputtéring wherein ghe negative
voltage is intermittently applied so that a time during
which the negative voltage is not applied includes a time
dufing'which'the voltage is controlled to be zero volt in -
a range of from 10 u4s to 10 ms; and the zero voltage time :
is equal to or longer than the time requirgd by one
arcing from its generation to éxtinctiph. _

- It is possible in principle to realize the above-

mentioned methods} éppa;atus and the power processing

' THIS SHEET HAS BEE‘N
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“tial differenceonthe-target surface has been devel oped as seen i

uU. S. Pat‘ﬂﬁﬂm:?n%ﬁ%mﬁ§6 nely an al ternatig .curre -having an ’

i nt er medi al ch as several teds kHz i s applled to.a.pglj'of
cl osely di ilkﬂm ignite gl ow di scharges between the two’

cat hodes a In this case, when the electric potential of the
cat hodes |s negatlve sputtering i s conducted, and when the electric
potential is positive, positive electric8charges accumul at ed on a snal
i nsul ati ng substance, which is deposited or grown on the surface of a

target materipletalh IR igASk &Nt Al Av@Rtion witRIuSkeBE 3RS ord iHlAY®-
DC power source if such a function that the arcing at the
initial stage is detected to quickly stop the output and
the output is again produced after the passing of the
5 time of the extinction of arcing, is added to a DC power 5
source. However, when a detection circuit of arcing is
actually installed in the power source, it is necessary
to detect through a power source cable an abnormal |
condition of current or voltage supplied from the
10 positive pole to the negative pole by the power source. 10
Such method of detection can only detect arcing
.between the cathode electrode as a target material and
the anode electrode disposed near the target material.
However, a slight arcing at the initial stage which
15 starts on the surface of the cathode material can not be 15
detected because the slight arcing is filtered by thg
impedance of the power source cable and the circuit
constant of the power source circuit. Namely, only a

relatively large arcing which is produced as a result of

20 the slight arcing at the initial stage can be detected. 20
Sincé the time of extiﬂctibn éf the relatively lhrge
arcing between the cathode and anéde is in the order of
ms, it is necessary to stop the output from the power
source for more than several ms. Further, since the size
25

25 of an insulation formed on the surface of the target'
material at the time of generation of arcing already

becomes large, the arcing occurs frequently.

"THIS SHEET HAS BEEN
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—+ret-hod—using a radi o frequency power source having 13.56
VHz eved i§ ress arcing because an insulation can be
sput ed. Howev

usingl a radio fre-

S eenReﬂithCI icult to forma sputterjing apparatus
' wer source: of: 13. 56-MHz because :a power

i

sour havi ng 0 kWor noredis |arge and-expensté‘:

and Bn inpedance-matching circuit of high voltage and | arge currént is
needgd. A sputtering nmethod wherein DC power is used to apply a
positive potential intermttently and-tBe-power is intermt- tently off

i s a useful. techni que because a potential difference
accordingly, an abnormal state of output is detected from

e the DC power source, the shut-off of several ms is
repeated, and it 'is very difficult fé continue the normal
sputtering operation. )

5 For the above-mentioned reasons, the slight arcing
can not be detected in a case that the ordinary DC power
source is used for sputtering, and there will be a
éroblem such that the shutting-off of more than several
ms is repeated when a large arcing occurring subsequént'

10 ‘to the slight arcing takes place.

The inventors of this application have found through
intensive observations of the waveform of arcing that the
crest value (the maximum value of the waveform of
current) in initial arcing before a large arcing takes

15 place in a series énd the time of extinction of the

initial arcing are substantially constant when the same
apparatus is used. | | _

Therefore, they have found that the progress of
arcing inia series can be prevented by minimizing the

20 energy of arcing. Specifically, the éputtering method

comprises applying a negative_voltagé intermittently in a
constant periodic cycle to a cathode disposed in a vacuum
chamber, wherein the negativg voltage is intermittently
applied so that a time during which the negative voltage

25 is not applied includes a time during which the voltage

~ is controlled to be zero volt in a range of from 10 us to

10 ms, and the zero voltage time is equal to or longer

THIS SHEET HAS BEEN
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on the target surface can be neutralized and the generation of arcin

at the initial stage can be suppressed. Thus;:_ the __generation of..arci

could be effectively suppressed in compafispn with the of di nary DC.

sputtering nethod. S T s
- 10 =~
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than the time required by one arcing from its generation
to extinction. |

The slight arcing can be seen with a waveform'
ebserving device such as an oscilloscope or the like.

Further, they have found through intensive
observations of the waveform of arcing that a time from.
the application of a negative voltage to the generation
of the initial arcing is substantially constant when the
construction of the apparatus is the same. |

Therefore, they have found that by using a voltage 10

waveform wherein the time during which the negative

voltage is intermittently applied is within a range of

from 10 s to 10 ms and is equal to or shorter than the

period of time from the applicetion of the negative

voltage to the generation of arcing, the accumulation of 15

electric charges on an insulation having a small surface
area on the surface of a;targeﬁ can be minimized; the
voltage_is controlled to be zero volt before the arcing
takes place, and the electric charges are neutralized by

plasma near the target, whereby the frequency of 2

occurrence of the initial arcing can be reduced.

As described above, it is possible to continue
sputtering operations for a long time by specifying the
time during which the voltage is controlled to éero volt,
and this effect can be increased by speclfylng the time 2

during which the negative voltage is intermittently

applied.
~This Sheet Has Been Replaced
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i s nmethod has no ability of sputtering an insu- |ating substance
‘the sputtering nethod using 13.56 M1z, .and accordi Rgly., arcing

when a continuous di scharge is conducteﬂ for- & long*%hﬁeFLthnijri\h~

arC|ng i s generated, discharge energy concent rat es- Jocally]gg ﬁhe
€e

- o HIIIII//IIIIIIllllllWed

R _ In drawings:
| Figure 1 is a diagram showing intermittent waveforms
according to an embodiment of the present invention;
Figure 2 is a diagram showing intermittent waveforms
5 in a case of applying a positive potential according to
an embodiment of the present invention; |

Figure 3 is a diagram showing a sputtering apparatus .

w

according to a first embodiment of the present invention;
Figure 4 is a circuit diagram showing an embodiment
10 ©of an intermittent power proceeeing portion of the
present invention;
Figure 5 is a diagram showing the sputtering

apparatus according to a second embgdiment of the present

invention;
E 15 Figure 6 is a first graph showing the effect of the
K present invention;

Figure 7 is a second graph showing the effect of the
present invention;
¥ Figure 8 is a diagram showing the_sputtering
20 apparatus according to a third embodiment of the present
invention; .
Figure 9 is a diagram showing an intermittent
waveform of an embodiment of the present inventioﬂ;
t, Figure 10 is a diagram showing an intermittent
25 waveform according to an embodiment of the preseht
invention; and

Figure 11 is a diagram showing an intermittent

l-' ﬁﬁﬁi‘f TiAS BEEN !
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‘target surface In a reactive gas atnDsphere which further forms an

i nsul ation or insulations—and results in arcing frequently in a series.
Narmel y, the neutral ig of potentlal di ff.erence on the target surfac
applying a p03|t|ve emﬁquﬁkaage i nter'mi ttentty 1§ éffective: onl
to a small |nsulat|n ccunulated With a-simalf. .anpunt of ;
electric charges if t time of positive voltage or O voltag ]

is short. Accordingly, it |s |npos |bIe to obtain conplete neutralizatiof
of an insul ating substance accunmul ated w12 a | arge anount of electric
charges by sputtering for a long tine

-waveform according to an embodiment of the present
invention. |
Preferred embodiments of the present invention will
be described with reference to thé drawings.
5 Figure 1 shows waveforms -according to an embodiment 5
'of the present invention wherein the upper portion shows
.a waveform of voltage and the lower portion shows a
waveform of current. Reference numeral 1 indicates a.
time during which a negative voltage is intermittently
10 applied (hereinbelow, referred to as an ON time), numeral 10
2 designateé a time during which the voltage is
controlled to be zero voltage (hereinbelow, referfed'to
as a zero &olt time) and numeral 3 shows a waveform
produced when arcing takes place. In Figure 1, when the
15 zero volt time is longer than the ON time, power 15
| efficiency becomes pdor. However, the waveform is simple
because the power is simply turning-on and off.
Accordingly, it is advantageous in construction when the'
power source portion has a sufficient capacity.
20 On the other hand, the inventors of the present 2(
invention have found that the neutralization of charging
'té an insulation can be effectiveiy done in a shorter
time by using a voltage waveform_wherein there is a time
during which a positive voltage is applied in a range of
25 from 1 us to 20 us in part 6f the zero volt time. By 2!
combining this waveform with the above-mentioned

SpeCLfled ON time, a waveform hav1ng excellent power

"THIS SHEET HAS BEEN .
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produged by arcing, with use of a sinple |ntern1tteni DC'pomar . ~.In:the
sputt gring method of applying an alternating cur-- rent to-theé two c1osely
di spoged cat hodes, an alternating current .of several tens kHz is used.
Accor@ingly, it can be said that this nethod uses the sanme principle as the
tering nethod wth tuse of the befod&-mentioned intermttent DC power,
potential difference on the target surface is neutralized. Further,

|n this ”EthogﬁfigfeﬁégecﬁheﬁhrQﬂ%éf%éﬂied as a cat hode and an anode.

Accordi ngly, ereis )
Further, they have found to suppress the occurrence

of arcing for a long time and with excellent §0wer
efficiency by suitably determinlng the zero volt time,
: 5 which is equal to or longer than the time of extinction
1S of arcing, only just after the arcing.
| Figure 2 shows the waveform obtained by the
applicatibn of a positive voltage. 1In Figure 2, the
upper pOrtipn shows the waveform of voltage and the lower
‘al 30 portion shows the waveform of current. Reference numeral
21 indicates an ON time which is in a rénge of from 10 us
) to 10 ms and which is equal to or shorter than the time

from the rise of voltage to the generation of an arc

e discharge in the initial arcing.
15 Numeral 22 indicates a zero volt time, which is
le determined by a time 23 during which a positive potential

is applied and a time 26 for a zero volt after the time
e 23.
The zero volt time just before the time 23 during
20- which a positive potential is applied is preferably
19 _ short. However, a constant time of 1 us to 2 us is’
actually set to protect the switching‘element;
ne It is not necesséry that the time 23 during which a
Y ' pPositive potential is applied is a long time, but it may
25 be a time which is sufficient to apply the voltage to a

large-sizeg target, and a tihie_ of about 5 us to 20 us is
Preferabile,

~The value of a positive potentialldan'be a

This Sheet Has Been Replaced
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advantage that when the electrode is used as a cathode, the surface of it
‘i's sputtered and cleaned, and when it is used as an anode, the surface is
al ways cl eaned—mﬁmg&hysﬁ.e,p jakéau- ous di scharge: can b€ stably carr+i'ed: out I
for a long tine. met hod requires the two ckasej y dissposed JR
cat hodes and an B Eﬂm e of several tens kHz:® Atcor dt ngly, it is i
and stabilize a nornmal discharge in a sinpld

i npossi ble to st
manner with use of a currently used DC gpq{terlng appar at us. As anot her ~

cause of the occurrence of arcing, mhen a arget material is eroded by
‘sputtering, mnute protrusions
potential sufficient to apply the voltage to an actual
target, and may be 200 V or lower.
It is desirable that the zero volt time 22 can be
adjusted depending on a situation of process by adjusting

s the time 26 after the application of a positive

potential.

Namely, a desirable result can be obtained by
adjusting the zero volt time 26 so as to form the zero
volt time 22 equal to or longer than the time of

10 extinction of a slight arcing even when a slight arcing 1
smaller than a reference value for detection set in a
detection circuit takes place.

Numeral 25 indicates the waveform of arcing. The
zero volt time 24 just after the occurrence of arcing is-

15 equal to or longer than the time for extinction of the 1
arcing.

It is preferable that the above-mentioned conditions
can be changed because the optimum values are different
depending on the material for sputtering and the

20 construction of the cathode electrode. 2

The function of the present invention is as follows.

In the present invention, by repeating ON/OFF, a
'ﬁotential difference.on the targét surface can be
eliminated to prevent the occurrence of arcing.

25 Accordingly, a stable discharge can be maintained in -:_ Y
comparison with a conventional DC sputtering. '

If arczng takes place, the arcing can be completely

THIS SHEET HAS BEEN
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in the surface of the target material .dependi'ng aon-the klnd of

matefi al .. ‘An el ectric field concentrates to the pror tLUSIDnS mhereny
g occurs at a local portion. - - .- -

_15_

distinguished by giving é sufficiently long zero volt
time before the voltage is ON, Qhereby the magnitude of
the arcing can be maintained small. Further, the initial
3 | arcing appears sometime after the rise qf voltage.
5 Accordingly, a waveform wherein a time during which the
voltage is controlled to be ON is in a range of from 10
us to 10 ms and equal to or shorter than a time of from
the rise of voltage to the generation of the initial
arcing is used, a potential on the surface of é target is
10 neutralized, whereby the frequency of occurrence of
arcing and the magnitude of the arcing can be reduced.

By the above-mentioned function, the frequency of
occurrence of the initial arcing and the magnitude of the
arcing can be kept small, and a stable sputtering can be

15 continued for a long time even with a large power. |

When the waveform shown in the upper portion of
Figure 2 wherein a positive potential is added for'a.
short time iﬁ the zero volt time is used, a potential
difference on the target surface can be effectively

201 eliminated to thereby prevent the occurrence of arcing.
Accordingly, a stable dischargé can be maintained for a
long time in comparison with use 6f the ordinary DC
sputtering. |

Further, by determining the zero volt time 24 to be

25 longer than the time of extinction of arcing just after

~ the arcing 25 has been detected, the frequency of

Occurrencg and the magnitude of the arcing at the initial

heet Has Been Replaced

- T lIIIl\\\IlIIHII\

- 2L I




Accordi ngly, the conposition of the target material is changed whereby
portion having a different sputtering yield may appear—and uniform
sputtering of target surface can not be obtai-ped. In partlcular

|
| TO (indiumtin-oxide) filmis to be produced by t 8
and when an | TO tar get T , ,"' ,ﬂ

._16_
stage can be kept small, and a stable sputtering can be

continued for a long time even with a large power.
Even when a slight arcing whose value is smaller than
a reference value of detection set in the detection
5§ circuit takes place, a further stable sputtering can be 5
continued by adjusting the zero volt'time 26 so that the
zero volt time 22 is longer than the time of extinction
of the slight arcing.
Figure 3 shows an embodiment of the power source
10 device for realizing the above-mentioned sputteriné 10
method. | |
The power source device of the present invention
preferably has a sputtering power generating portion and
a power processing portion which should be separately
15 disposed. In Figure 3; numeral 31 designafes a 15
-sputtering power generat;ng portion, numeral 32
designates a power processing portion, numeral 33
designates a vacuum chamber, numeral 34 designates a
cathode eiectrode, numeral 35 designate anode electrodes
20 and numeral 36 designates a substrate. 20
In this embodiment, the power processing portion 32
can be disposed closer to the cathode eléctrode 34 than

the sputtering bower generating portion 31, whereby the

length of a power source cable between the output

25

25 terminal of the power processing portion 32 and the
cathode electrode 34 can be the shortest to thereby

minimize the inductance of the power source cable.
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T (kﬂd+ﬂﬁ+++fﬁ—f?ﬂxﬁﬂ“Ts used, indiumoxide which is believed to be

sub | de, eplly «Pf n1nute bl ack-: protrusions _(-hereinbel ow,
ref egred to pro- duced an t:he target. sueface, éuri:ng

cont gnuous sp mﬁ ﬁﬁuthe deposi tion rate of ‘the ITOfilmis :
gradgally dech the arcing frequently occurs, whereby small
pi ecgs of the target naterlal scattering_by the arcing deposit on the
subsfrate to reduce the quality of the 1T film As a common techni que

nove the protrusions forned by the erosion of the target is to

‘physitcal | y reeyedinhgby bytheawavefoamdiofclany datgrnddit Hengr bcg%l%ta'ﬁ‘éspher e

such;as Ar
. can be applied to the cathode electrode 34 w1thout_any

distortion.

Figure 4 shows the construction of the power
5 Dprocessing portion 32 of the present invéntion.

The power processing portion 32 comprises a first
switching circuit 41 as main circuit, a second switChinQ
circuit 42 for applying a positive potential, a control
circuit (not shown) for a switching e;ement for

10 contrélling the first and second circuits and a power
measuring circuit (notlshdwn) for measuring current,
voltage, and power for sputtering.

1 The first switching circuit 41 is connected in series
between the negative pole of the sputtering voltage

15 generating portion 31 and the cathode electrode 34. The
first switching circuif 41 is composed of a semiconductor
switching device and'a-coil for protecting the'samé and
is operable to change a'spnttering power to an
intermittent power. ‘It has a switching speed of 10 uS

20 (100 kHz) for ON/OFF. The second switching circuit 42 is
composed of a semiconductor switching device and a coil
for protecting the'same, and is so operable that power. of
DC power source 43 which suppiies an optional value of
positive potential to the cathode electrode 34 is applied

25 to the cathode electrode 34, beside of the sputtering
power generatihg portions 31l.

The second switching circuit 42 is operated only when

" Tim saém '
HAS BEEN
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gas. ToE. - , , —a
nmet hod of—+renmpv- ing the nodules by a discharge in a N err] gas atnospherce
is proposed in Japanese Unexam ned Patent Publication No.. 29376+/1992
However, t% Saﬁu&eBmmmkﬂamed nmet hods are only effec- tiye.unﬁergthei,u;.
condition t ' hanber is main- tained vacuum akier .the nodules:
have been f y can not suppress the occurrence of arcing and
can not realize a nethod of a long time stably discharge. As anot her
technique, there is a nethod of inproving-thg -

the first switching circuit 41 as the main circuit is an
OFF state. A time of applying a positive potential in an
ON state can be about 20 s in maximum.
It is preferable that the power source 43 for
5 applying a positive potential is of about 200 V in
maximum, but it can be determined optionally.

By adjusting a turning on time of the semiconductor
switching device of the second switching circuit 42 to be
about 20 us or less immediately after the semiconductor

10 switching circuit of the first switching circuit 41 has
been turning off, a positive potential of about 200 V or
less can be applied to the cathode electrode 34, whereby
the occurrence of arcing can be suppressed and the
waveform having excellent power efficiency as shown in

15 Figure 2 can be produced.

The-control circuit for the semiconductor switching
device is capable of controlling the turning-on time to
be 5 us or more for the first switching circuit and the
turning-off time to be 5 uxs or more for the same, and

20 capable of turning~on the second switching circuit for

. less than the time of turning-off the first switching

circuit and within a range of from 1 us to 20 s when the .

2

first switching circuit is turned off.
It is possible that the first switching circuit is in
25 a normally ON state while omitting the zero volt time.
The adjustment allows to use the conventional DC

sputtering.

| THIS SHEET HAS BEEN
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sur e condition of the target formed by the ergsion of- the tafget, by

I nceasing the density of a target materi:al zof 1 TOi.n, sintering,..kowever,
thi § met hod pushes up the cost of .the targef materi-dl and effect.'can not be
expgct ed. As anot her technique, there is a nmethod of increasing the
dengity of power at the sputtering to change the erosion of the target Wen
t hefdensity of power is sinply increasgg,-the frequency of occurrence of
arcikng i ncreases and a di scharge energy of arcing also increases. So, this

method i ncreasen, adYPESE; €7 ESE ReBbutiRg?tt¥nt, voltage or power
1 3 for sputtering has a function to measure a current value,
a voltage value and a power value effective to the
sputtering and a function to compare the measured values
g with predetermined reference values to detect arcing. 1In
this case, it is especially effective to judge whether
the current value or both the current value and the
voltage value are higher or lower.
The control circuit for the semiconductor switching
10 device has a function to control the zero volt time 24
immediately after the occurrence of arcing. The zero
volt time can be optionally set to be in a range of from
100 us to 10 ms. | N
Furthér, when the arcing is detected upon the
15 judgement as to whether or not the sputtering current
value or voltage value (or Ehe impedance at the arcing)
is higher or lower, the semiconductor switching device of
the switching circuit 41 operates so that the zero volt
time is lonQer than the time of extinction of arcing,
20 only immediately after the arcing, whereby the magnitude

of'arcing can be minimized and a stable sputtering can be

W

continued for a long time,.

Further, a smoothing circuit 44 is preferably
a _disposgd at the side of the input terminal of the power
25 processing_portion, whereby the waveforms of voltage and

curren§ at the output terminal of the power generating

portion 31 can be substantially in a direct current form.

This Sheet Has Been Replaced.
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The power generating portion generally has a function
to feed-back the voltage, current or power at the output
terminal so that it can be kept constant. The function
may cause hunting on controlling. .

However, since the hunting can be p;eventéd by the
smoothing circuit 44, the ordinary DC power source can be
used. Accordingly, the ordinary sputtering DC power
source may be used for the sputtering power generating
portion 31. In this case, the present invention can be
practiéed with a conventional sputtering apparatus with
the power.procéssing portion 32.

In the sputtering method of the present invention, it
is preferable to measure and display the average value of
power per period (hereinafter referred to as the
effective value, see formula 1 given hereinafter). By
displaying the effective value, the film-deposition rate
can be controlled in the same manner as use of the power
for the conventional DC sputtering even when any type of
waveform is used for sputtering.

- Further, it is preferable that the effective value is
fed-back to the sputtering power generating portion 31
for a constant voltage control, a constant current o
control or a constant power control.

When a sputtering apparatus having a plurality of
cathbde electrodes disposed in a vacuum chamber is used
and an intermittent power waveform is supplied to each of

gh_as a beat may

the cathode electrode, interference pa

10

15

20



by

ossible in principle to realize the ahove-nentioned_ _nethods,

tus and the power processing portion off the :present invention with
an ordinary DC power source if such a functionm that the arcing at
itial stage is detected-to quickly stop the output and the output is
produced after the passing of the tinme of the extinction of arcing,

ed to a DC power source. However, en a detection circuit of arcing-

tually installed in the power sou?ce, it is necessary to detect

gh a power source cable an abnormal condition of current or voltage
i ed fr@ppeawke. poR¢ePrdipgly ¢ ShehpowegdaPresessiag Pattd Qi vediowkir ce.

have a function to shift the phase of waveform.

figure 8 shows an embodiment of the sputtering
apparatus of the present invention. In this embodiment,
5 two cathode électrodes 82a, 82b and anode electrodes 83a,
83b are disposed in a vacuum chamber so that sputtering
is cbnducted simulténeously to a substrate 85. Power
generating means 8la and 81lb supply power intermittently
wherein the phases of voltage waveform are shifted to
10 .each other, Qhereby interference of plasma such as a beat
or the like can be eliminated and a stable plasma 84 is
produced.
 Further, the waveforms shown in Figure 1 or Figure 2
can be produced by combining the apparatus with the power
15 soufce as shown in Figure 3. Thus, the optimum waveform
can be supplied by satisfying the conditions of process.
In the sputtering apparatus of the present invention,
the frequency of occurrence of arcing can be reduced even
when a reactive sputtering is conducted. Further, a
20 larger power can be supplied to the cathode stably, and
the optimum intermittent power can bé expected and
supplied to heet various.sputtering processes. |
Accordingly, the sputtering apparatus of thé present
‘invention has high ability of film-deposition.
25 A thin film composed mainly of silicon oxi&e'formed

by the sputtering method of the present invention is of

higher quality than a thin £ilm obtained by a DC
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el ectrode as a target material and the anode el ectrode di sposed near the
target nmaterial. However, a slight arcing at the initial stage whieh star

on the surface of the cathode material can not :be detiected because the

slight arcing is filtered by the inpedance of tshe-povier sour dbis8kebtHas Beed Replaced

the circuit constant of the power source circuit. Nanmely. onl Ij .
| arge arcing which is produced as a resul 2ol the slight arci |: :
initial stage can be detected,. Since the tine of extinction of the
relatively Iaugg arcing bet ween the cat hode and anode is in the order of

: uttering.

e, it is

SJEHq%5Hﬂﬂ’%#.HEFEEFFBH.Eaﬁ'BHVyH&51E5'1WEFH§'EEHM5!FT¥EFTETHode ﬂ]!!!:.

The thin film composed mainly of silicon'oxide formed
by the sputtering method and the sputtering apparatus of
the present invention is of'high quélity since no arcing

5 takes place during the sputtering so that éttachment of
particles is little. Further, it is believed that since
there is no fluctuation in the sputfering condition due
to arcing, a uniform f£ilm with little microscopic defects
can be obtained. Further, it is believed that excellent

10 £film guality with little defects can be obtained, since ;
sputtering is carried out intermittently with an interval 10
of every period, whereby a very thin £ilm is
~intermittently formed on the substrate ﬁith an interval
of every périod, and film~-deposition is carried out while

15 an oxidation reaction on the substrate is completed
during every period. | 13

Thus, it is possible to obtain an excellent thin film
composed mainly of silicon oxide which has little defects
macroscopically or microscopically, whereby a high alkali

20 barrier property can be obtained.even when the film is :
formed on a low temperature:substrate. | 20

A thin film composed mainly of silicon nitride formed
by the sputtering method or the sputgering apparatus of
the present invention is of higher quality than a thin

25 £ilm obtained by the DC sputtering. | 25'
The thin film composed mainly of silicon nitride '

formed by the sputtering method of the present invention

THIS SHEET HAS '
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ry to stop the output fromthe power_soutce for .obre than several
rther, S|nce t he S|ze of an |nsulat10h forned on: the.surfate.of the

......

cing occurs frequently. Accordingly.. an abnornal state of output S

detecjed fromthe DC power source, the shut-off of several nms is repeated,

Is very difficult to continue #h@3nermal sputtering operation.

For tpe above-nentioned reasons. the slight arcing can not be detected in a

W

1l

le

ed

| hat thf op i R2GH ggang sIAUECq ¢ § MSehd sSSP 1S T Hdat APt here

'oe a pro Bl em sii

substrate, no arcing takes place during the sputtering so
that attachment of particles is little. Further, it is
believed that since there is no fluctuation in the

5 sputtering condition due to arcing, a uniform film with

little microscopic defects can be obtained. Further, it

is believed that excellent film quality with little
defects can be obtained, since sputtering is carried out
intermittently with an interval of every period, whereby

10 & very thin film is intermittently formed on the

substrate with an interval of every period, and film-
deposition is carried out while a nitriding reaction on
the substrate is completed during every period. |
Thus, it is possible to obtain an excellent thin film
15 composed mainly of silicon nitride which has little
defects macroscopically or microscopically, whereby a
high alkali barrier property can be obtained even when
the film is formed on a low temperature substrate.
. If the concentration of nitrogen in sputtering gas is
20 adjusted and/or power to be supplied to a silicon target
is-adjusted so that the éomposition ratio of silicon®
nitride (atomic molar ratio of N/Si) will be within a
range of from 1.25 to 1.36, it is possible to produce
silicon nitride having an excellent alkali b&rrier
25 property.

In the film—-deposition method of a transparent

conductive film by the sputtering method of the present
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“the shutting-off of nore than several ns is repeated when a large arci n!‘
occurring subsequent to the slight arcing takes place..~".""" ST. SU Y
OF THE INVENTION  The inventors of this-application- have -f ound- -1 hrough
i ntensi ve observations of the waveform of ar ci-ng t-hat ‘he “crest-val'ue (the
maxi mrum val ue of the waveformof current) in initial arcing before a |arge
arcing takes place in a series and the R4nme of extinction of the initial

arcing are substan- tially constant when the sane apparatus is used.
invention, a negative voltage is intermittently applied

and power of a large power density is instantaneously
'supplied, and at the same time, problems of nodules of
sub oxide on the target material whiéh reduce the
5 sputtering rate and an arcing in sputtering can be
eliminated. Thus, the film-deposition method of the
presént invention is exceilent in productivity.
As sputtering targets, there are a sputtering target
composed mainly of tin or tin oxide containing metal
10 antimony or an antimony compound, a sputtering target 10
composed mainly of indium or indium oxide containing tin
#nd a sputtering target composed ﬁainly of zinq or zinc
oxide containing a simple substance or a compound of at
least one métal selected from the group consisting of
15 aluminum, gallium, indium, boron and silicon. 15
Sputtering power used for the method and apparatus of
the present invention is preferably have a voltage
waveform to be applied to a target, as shown in Figure 1
wherein an applicatibn time of negative voltage is in a
20 range of from 10 ys_to 10 ms and a non~-application time 20
is in a range of from 10 us to 100 ms, or a voltage
waveform to be applied to a target as shown in7Figure.2
wherein an application tiﬁe of negative voltage is in a
range of from 10 s to 10 ms'aﬁd an application time of :
25 negative voltage and a non-application time is in a range 25

of from 10 us to 100 ms. . : ' I

Further, setting of the value of negative voltage

/ . .
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fore, they have found that the progress of arcing in

e -~ . - This Sheet Has Been Replaced
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(-Vy in Figure 9) is important for suppressing formation

of nodules, which is an object of the present invention.

i As expressed in formula 5, arcing and formation of

5 nodules of sub oxide on the taréet surfgce can be

5 effectively suppressed by adjusting the negative
application voltage (-Vy) so that the average value W, of

the intermittently supplied power'is from 2 to 10 times

2t the average value W of the power per period (hereinafter
referred to as the effective value W).
10 The effective value W of the power is as represented
in " by the formula 1 where T is the périod. If this is
2 - applied to the case of the waveform as shown in Figure 2,
¢ W is as shown by the formula 2.
On the other hand, the average power W, within the
15 time when sputtering actually takes place (when the
of négative voltage is applied) (a, in Figure 9) are as
shown by the formula 3. Further, in Pigure 2, the
1 average voltage is V, = (-Vy), and if this is insefted,
3 W, is as shown by the formula 4.
€ 20 io effectively remove nodules, it is preferred that
the average value W, of power is from 2 to 10 times the
2 effective value ﬁ of the power, as shown by the formula
a . 5. If this is abplied to the case of the waveform as
>E shown in Figure 2, the formula 6 is obtained. Therefore,
ange 25

(=Vy)r a, (10 us < a <10 ms), and b, (10 #s < b; < 100
®s) should be adjusted to satisfy the formula_s;

Good results can be obfained especially when the

" | REPLACED




a series can be prevented by mnimzing the energy of —arcing:
Specifically, the sputtering method conprises_-appl ¥ss shedd§a Jega I ve
voltage intermttently in a constant periodic : cycl - “ﬂLSQose_
i n a vacuum chanber, wherein the negative Vvolitage i mﬂﬂ lt L.I y . ]
applied so that a time during which the negative v pplied :
i ncludes a tinme during which the voltage is controlled to be zero volt i'n
a range of from10 [err]s to 10 ns, and Tt Zero voltage tine is equal to
or longer than the tine required by one arcing fromits generation to
extinction. averagld gliluy OMdimterhit sent eléebtaivayeher ndehsetyi ag
(see formula 7) is within a range of from 2.5 W/cm? to 30
W/cm2.
In this case, the waveform may not be necessarily be
5 a precise rectangular waveform as shown in Figure 9, and 5
(-V,), a; and b; may be optimized depending upon the size
and condition of the target-and'the particular apparatus.
In a case where positive voltage is applied as shown
in Figure 10 or 11, application of such positive voltage
10 does not serve effectively for sputtering, and 10
accordingly, in the calculation of the formulas 1 to 7,
Vo is to be taken as 0.
The film-deposition rate of the transparent
conductive'film can easily be controlled by the effective
15 value W of the intermittehtly supplied sputtering power. 15
For example, in a case where by the method of the present
invention, it is intended to obtain the desired film-
deposition rate obtained by the conventional DC
sputtering method, the desired film-deposition rate can
20 be obtained by adjusting the effective value W of the 20
intermittently supplied pdwer to the same level as the DC -
electric power value.
Namely, an equation of "the film-deposition rate by

~ the conventional DC sputtering method/ﬁhe DC power = the

25

25 film4deposition rate according to the ptesent
invention/the effective value W of power" substantially

holds good.
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We or the like. Further, they have found
' observations of the waveform of arci ng that a tine from
pli C%s%ﬂeetﬁislaéenrl@gafeﬁve vol tage to thhe-genérati-oh 6f the.initial
nstant when the constructian ‘ot the-appa ratus
e sarre ﬂwmmtt hey have found "t hat""by  usi g a vol tage  wave-
g which the negative voltage is intermttently

ed is within a range of from10 [ejf]s to 10 nms and is equal to or
er than the period of tinme fromthe application of the negative

ge to the 'gﬂ?é?t{ gllm-deposa.tlon rate can be adjusted by
adjusting the zero volt time so that the effective power
value W correspond-s to the power of the conventional DC
sputtering, and the quality of a film deposited on i:he

‘substrate can be kept and a stable sputtering is obtained

5
for a long time.
Formula 1 1 T
C W=— S V({(t) I (t) dt
10 Formula 2 (=-Vxs) a.
W= S I (t) dt
a. 'T' b t 0
Formula 3 1 a;
W,\—_ S V({(t) I (t)dt
) al 0
15
Formula 4 -V a
T T ——— N 13
W. = S I (t) d
a 0
' Foz;mula 5
20 W g Wy £10W
Formula 6 W a, +b
t
2 g = £ 10
W a,
- Formula 7 '
25
Wa
wa = S S : Target surface area
N N
OW, the present invention will be described in

THIS SHEET HAS BEEN
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hrcing the accunulation of electric charges on an insulation having a
smal | surface aream@ﬂm&hhsBuquﬁﬁmbf a tarpet: can be ninkmized;, the volt

is controlled to b ore the afcihg takes pliace,.*and-the -
electric charges a
frequency of occurr

d by plasna near-the tdrget, whereby th

n|t|al arcing can be reduced. As
descri bed above, S pOSSIb|e to contlazg sputtering operations for a
| ong tine by speC|fy|ng the time during I'ch the voltage is controlled to

zero volt, and this effect can be increased by specifying the tine during
whi ch the negdietailovitierefergneenita &XampPlesyl | dpewever, it should be

understood that the present invention is by no means
réstricted by such specific Examples.
EXAMPLE 1
5 Figure 5 shows an example of the sputtering apparatus 5
of the present invention. |
In Figure 5, reference numeral 51 designates a DC
power source for generating intermittently a negative DC
voltage, numeral 52 designates a cathode electrode with a
10 targe£ material, numeral 53 designates an anode ' 10
electrode, numeral 54 designates a éubstrate to be
subjected'to a film-deposition treatment, numeral 55
designates an area of glow discharge effective tb
sputtering, numeral 56 designates a slight arcing
15 produced on the surface of the target and numeral 57 15
designates arcing produced between the cathode electrode
and the anode electrode.
In the present invention, output from the DC power

source generating an intermittent DC voltage may not be

20. of a rectangular wa&e, but may be of a trapezoidél, a 20
triangular or a sign waveform to obtain the same effect.
Further, in construction of the power source circuit, the
waveform can be produced by oscillation in the power
source itself or the output of the DC power source may be :

' 25

25 processed by a semiconductor switching element to form an
intermittent waveform. 1In eithe:'case) the effect of the g'

present invention is the same.
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OF THE DRAWNGS I n draw ngs: FIG 1-+s adarnm
ermttent waveforns according to an enbodinent t he present

n, FIG 2 is a diagram show ng interm-ttent mav
ing a positive potenti al according tp an.embodi= "

I'nventi on; FIG 3 is a diagram show ng.a sputTe
ng to a first enbodi nent of the present invention;

..29_

be | In the apparatus having the construction shown in
Figure 5, using a planar magnetron cathode having an area
of 10 x 80 cm, a target material of ‘boron-doped silicon,

and a gas mixture of argon and oxygen having a ratio of

1:1, as introducing gas, a £ilm of SiO, doped with boron

tus .5
| was deposited by sputﬁerihg on a substrate under a
discharging pressure of 3.0 x 10~3 Torr and an effective
o) .pbwer value of 2 kw. When a DC discharge was conducted,
1 a arcing suddenly and frequently took place after about 2

10 minutes and 30 seconds and the sputtering could not be
| continued.

Sputtering was conducted in the same manner as abové
except that an intermittent direct current was used
wherein in the waveform shown in the upper portion of

15 Figure 1, an ON time during which a negaéive voltage is

applied was 100 us and a zero volt time was 40 us. As a

ie
result, arcing gradually increased and the frequency of
occurrence of the arcing after about 30 minutes was about
e 60 timeé/min.
20 In observing the current waveform during arcing and
- measuring a time of extinction of the initial arcing,
the there was detected 160 to 180 us.
| Sputtering was conducted in the same manner as above
. be except that an intermittent direct current was used
' an 25 wherein the ON time was 100 HS and,;he'zero vdlt time was
the - 200 us. As a result, the frequency of occurrence of

arci . '
Ng after about 60 min was about 60 times/min. In




-7 - FIG 4 1s a circurt diagram showi ng an enbodi nent of an
Intermttent povms-sageoggaﬁg,ﬂgp]g&ﬁt ion of the present inven-

10

15

20

25

11

- 30 -

this case, the initial arcing frequently took place after
90 us to 100 pslof the rise of wvoltage.

Sputtering was conducted in the same manner as above
except that an intermittent direct current was used
wherein the ON time was 80 #s and the zero volt time was
200 us. There was found that the frequency of occurrence
of arcing after about 60 min was about 30 times/min. The
frequency of occurrence of arcing in the above-mentioned
four tests is shown in Figure 6. In the measurement of

arcing, a current value 10% or more than the maximum

10

_value of ordinary current waveform was used as a

detection level in the oscilloscope and the number of
occurrence detected was-recorded.
EXAMPLE 2 -

A cathode having an area of 40 x 300 cm, aluminum- 15
doped silicon as a target material and a gas mixture of
aréon and oxygen having a ratio of 2:10 és introducing
gas were used in Ehe.apparatus shown in Figure 5.

Sputtering was conducted under a discharge pressure of

" 2.0 x 10°3 Torr and at an effective power value of 13 kW 20

to deposit a £ilm of SiO, doped with aluminum on a
substrate.

When a direct current was used for diécharge, arcing
suddenly took placg after about 35 min and the sputtering
could not be continuéd; In observigg the waveform during 25
the discharge, a time of extinction of the initial arcing

was about 400 us.

THIS SHEET HAS BEEN
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5 is a diagram showi ng the sputtering, apparatus according

to a enbedirent—et—the-—present invention; FIG 6 is a first graph
show the effect. resent ~invention; _ FIG 7 is a second graph
showi J the effect) B d jnvention: - FIG $7i5a di"agr am

showi t he sputter - according-to.a third enttodi-ment - of t he
prese I nventi on; a di agram showi ng an |nfern1ttéht Wavef or m
of- enbodi ment of the present invention;

- 31 -

2r Sputtering was conducted in the same manner as above
except that the waveform shown in the upper portion of

e Figure 1 was used wherein the zero volt time was 500 MuS
and the ON time was 500 us. A time required for the

S 5 occurrence of thé initial arcihg was aboﬁt 220 us after

ce ‘ the rise of voltage.

1e Sputtering was conducted in the same manner as above

1 except that the ON time was 220 us and the zero volt time

- was 500 us. The frequency of occurrence of arcing was 20

. 10 times/min of lower even after the lapse of 4 hrs.

5 The frequency of occurrence of arcing in the case of
using a direct current and the case of using the
intermittent waveform wherein the ON time is 220 us and
the zero volt time is 500 us is shown in Figure 8. The

15 condition of detecting arcing is the same as that of
Example 1.
EXAMPLE 3
In a vacuum chambér, N-type silicon (phosphorus doped
single crystal) having a specific resistance of 1.2 Q-cm
w. 20 was élaced as a target on a cathode, and on the opposite
side of the térget, a soda lime glass sheet was disposed
as a substrate. The vacuum chamber was evacuated to 1 x
9 1075 Torr. Then, a gas mixture of argon and oxygen was
ing | introduced as sputtering gas, and conductance was
Lng . 28 adjusted so that the pressure is 2 x 1073 Torr.
ing :

Then, the voltage as shown in the upper portion of

Fi
| 1gure 2 was applied to the cathode. Here, the ON time




"FIG 10 is a diragram show ng an intermttent waveform according to an
enbodi nent of  thR SAdeESARMeen RepleRRd i on; and FIG .11.is a_diagram show ng
intermttent wav llhg to an enbodiirent of the present inventi
DESCREFI ON OF THE!MEZ&HW“ _ . : .EMBODI MENFS:  Prefetred
enbodi ments of t ention wll be described with reference to
t he draw ngs. FIG 1 shows waveforns according to an enbodi nent of th
present invention wherein the upper porti 32 shows a waveform of voltage
the | ower portion shows a wave- :

21 was 50 us which is the same as the time of starting
the initial.arcing and the zero volt time 22 was 50 us
which is the same as the time of extinction of the
initial arcing in which the time 23 for applying a
5 positive potential was about 12 us. Here, the negative 5
voltage was adjusted so that the application power in the
application of this voltage waé 500 W. The positive
voltage was kept to be 100 V.
The substrate temperature was maintained to be at
_ 1d room temperature, and an electric discharge was started 10
at an oxygen concentration in the éputtering gas of 60s.
After the pre-discharge of 5 min, the shutter was opened,
and the filmrdepositioh time was adjusted so that the
thickness of film was 250 A, whereby a thin £ilm composed
15 mainly of silicon oxide wés deposited on a soda lime -15
glass substrate.
When 120 min passed after the initiation of
discharge, a film was deposited on another soda lime
glass substrate. However, little arcing was observed.
20 COMPARATIVE EXAMPLE 1 20
Sputteting was conducted to deposit a film in the
same manner as Example 3 exéeﬁt that an'interhittent DC
voltage having the waveform as éhoWn in the upper portion
of Figure 1 was applied to the cathode wherein the ON
25 time was 50 us énd the zero volt time was 25 us. 25
Although 1i§tle arcing wés observed just after the

initiation of film-deposition, occurrence of arcing was




ve vol t age S el’tl@nhvte? appl l'ed: (rrerei nbelow, referred.to as an
e), nuneral a tine:dufing.which the voltdge s

IIed to be erelnbeIOM/ referred to as a zero volt
ti ref§ and nuneral 3 shoms a maveforn1produced when arcing takes place. In

current. ,ﬁg rence nuneral 1 indicates.a tine _during which a
z

ef fi §i ency beconmes poor. However, the waveformis sinple because t he power

(S os| LY, HpRERGSANA Sl MAGRY Uik |k HENLAIES i dhare
of red-hot particles was observed on the target surface
‘at the completion of film-deposition.
When 120 min passed after the initiation of
5 discharge, a film was deposited on another soda lime

e glass substrate. Arcing took place very frequently.

COMPARATIVE EXAMPLE 2

Sputtering was conducted in the same manner as
Example 3 except that a radio frequency voltage of 13.56
10 MHz was applied to the cathode.
After 120 min from the initiation of dischﬁrge, a
r : £ilm was deposited on another soda lime glass substrate.
In.this case, there was no arcing. | o
d | The coated side of each of the coﬁzéd glass obtaiﬂed
15 in Example 3 and Comparative'Examples 1 and 2 was
contacted with pure water at 90°C for 24 hours, whereupon
the amount of out diffused sodium atoms (ug/cm?) in this
pure water was measured by atomic absorptiometry.
Results are shown in Table 1. |

20 | Table 1

Film-deposition Film-deposition
after 5 min from after 120 min from
initiation of initiation of
n discharge discharge
Example 3 0.02 0.02
Comparative
25  Example 1 | 1.3 . 5.6
Comparative | -
Txample 2 0.32 - 0.31

oy
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"On the other hand. the inventors of the present invention hdve found
t he neutral irzatiomof charging to an insula- tion can bﬁ effectively do
in a shorter ty. lReefciP! t age wavef orm wherein there is a tine
during which ?megxiayﬁéeﬂﬂﬂa ge is applied:in:aTange of: fr om1l ;[‘egrr]_js t
20 [err]s in p%Miu Eﬁ[ﬂH volt time. By combi-hinhg this: wavef orm-with
t he above- nentii ON time; a waveform having excel |l et power
ef ficiency can be obtai ned.

- 34 -

As is clear from the above Example and Comparative
Examples, according to the present invention,.it is §
. possible to form a thin film of.silicon oxide having a :
- high alkali barrier property without heating the
5 substrate for a long period of time and in a stable o 5.
manner. Further, since the film-deposition is coﬁduéted
by the DC sputtering, deposition of a film with a large
area or a film-deposition at a high speed can be
- facilitated, Qhereby application to e.g. a transparent
10 conductive substrate for liquid crystal can be made 10
possible on an industrial production scale. |
EXAMPLE 4
N-type.silicon having a specific resistance of 1.2
Q-cm and a surface area of 160 mm x 40 mm was used as a
15 target, and the voltage as shown in the upper portion of 15
Figure 2 was applied to the targets. Here, the negative
voltage was adjusted so that the application power in the
application of this voltage wés 200 W. The positive
voltage was kept to be 100 V. Other conditions was the
20 same as those of Example 3. | . 20
Discharge was started at.an oxygen concentration in
sputtering gas of 40%. After 5 min, the shutter was
opened to deposit a film of silicon nitride having a
thickness of 200 A on a flat soda lime silicate glass at
25 room temperature. | 25
Then, when 120 min passed after the initiation of

discharge, the shutter was again opened'to deposit a
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Further, they have found to suppress the occurrence—of
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silicon nitride film of 200 A on another soda lime glass
substrate. During the film-deposition operations, no
arcing was observed.
COMPARATIVE EXAMPLE 3

Sputtering was conducted in the same manner as in
Example 4 except for application of a DC power of 200 W.
In film-deposition after 5 min from the initiation of
discharge, no arcing was observed. |

After 120 min from the initiation of discharge, film-
deposition wés conducted on another soda lime glass

substrate. In this case, arcing frequently took place,

. and discharge of red-hot particles from the target

surface was observed.
COMPARATIVE EXAMPLE 4

Sputtering was conducted in the same manner as in
Example 4 except N-type silicon having a specific

resistance of 1.5 Q-cm and a diameter of 6 inches was

used as a target, the nitrogen concentration in

sputtering gas was adjusted to 100%, and a radio
frequency voltage of 13.56 MHz was appl1ed so that a
power of 300 W was supplled.

When 120 min passed after the initiation of
discharge, a film was deposited on another soda lime
glass substrate. No aréing was observed.

COMPARATIVE EXAMPLE 5
Pilms of silicon nitride each having a £ilm thickness

of 200°% were deposited on flat soda lime silicate glass

i
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" arerTg oo oyt e —am Wt excettent—power—ef-Hei-erey—by suita
determ ning the zero volt time, which is equal to or | onger than the ti
of extinction of arcing, only just after t he arcing. FIG 2 shows t
wavef orm obt ai ned by the application of -a positive voltage: InElIG 2.

t he upper portion shows the waveform of voltage and 1t he:l ower "pdrtion
shows the waveform of current Reference nufera~-21 i ndi-cates an ON  ti
‘which is in arange of from10 [err]s to 10 ms and whi ch is equal to or
shorter than the time fromthe rise of vobgage to the generation of an
arc discharge in the initial arcing.

substrates at a temperature of about 600°C by CVD method
in each case that the ratio of ammonia gas/silane gas in

material gas was 3, 5, 10 or 15.

The coated side of each of the coated glass obtained
'5 by Example 4 and Comparative Examples 3 to 5 was
contacted with pure water at 90°C for 24 hours, whereupon
the amount of sodium atom out diffused into the pure
water from soda lime Qlass through silicon nitride film
was measured by atomic absorptiometry. The fesults of
10 Example 4 and Comparati&e Examples 3 énd 4 are shown in
Table 2 and the rgsults of'Comparative Example 5 are

shown in Table 3.

15
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22 indicates a zero volt tine, which is deter- mned by a tine 23

whi ch a positive potential is applied and a tine 26 for a zero
volt Wfter the tine 23. The zero volt .tine- just before the-tinme 23
duri which a positive potential is applred k5. preferabl’y .short.:However,
a copstant tine of 1 [err]s to 2 [err]s is actual |y set to preteét the
sw t chi ng el enent. It is not necessary that the tinme 23 during which a
positgfve potential is applied is a Logg Lime, but it nmay be a tine which
is skficient to apply the voltage to a'large-sized target. and a tine of
aboutf5 [err]s to 20 [err]ls is preferable. The value of a
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fiei-ent—to apply the volt
an actual target, and nay be 200 V or | ower. It is desirable that t

zero voIt—%rﬁe—ii—tan—be~adrusted depending on a situation of process
adjustlng t e aggxnﬁfaaﬂ the applicatiaqn of -a positi:ve potenti al .
Nanel y, qﬁ can be obt ai ned by adjust1ng. t he zero volt R e

26 so as to olt time 22 equal °10 or |origet thart the ti of
extinction o ng even when a slight arcing smaller than a
ref erence val ue for detectlon set in-asgetection circuit takes place.
Nurrer al 25 indicates the waveform of arcing. The zero

Table 3
Ratio of _
ammonia/silane 3 5 10 15 o
Composition _
(N/si) 1.27 1.36 1.49 1.56
5 . 5
Amount of
out diffused Na 0.047 0.038 0.056 0.062
(1g/cm?)
In comparing Examples with Comparative Examples

described above, silicon nitride film deposited by the

10 present invention shows that the amount of out diffused Y10

sodium atoms through this film is low, and there is clear
superiority in the present invention.
Further, it is understood that the silicon nitride

£ilm having a high alkali barrier property can be

15 deposited stably for a long period of time. 15

Further, it becomes possible to deposit a silicon

nitride f£ilm having a high alkali barrier property
without.heating the substrate, and coating of alkali

barrier on a substrate having a low heat resistance is

20 possible. | . 20

EXAMPLE 5
By using an ordinary magnetron sputtering device as
shown in'Figure 5, the voltage as shown in the upper
portion of Figure 1 wherein the ON time was 100 «s and
25 the zero volt time was 400 us, was,applied to an indium
oxide target- 52 containing 10 wt$ of tin. As a substrate

54 on which a film is to be deposited, non-alkali glass g

25
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24 just_after the occyurrepnce of arcing is equal to or [|onger
time for extinction of the arcing. It 1s preferable that the

tioned conditions can be changed because the optinmum val ues are
depending on the materi al for_sputter4ng and..t he. construc- tion
t hode el ectrode. : oo oL

« - - .
- - - - - e -
-

[ Y
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(AN glass by Asahi Glass Company Ltd.) previously heated
to 200°C was used.

A film-deposition chamber was evacuated to 1 x 10-5
Torr or lower. Then, argon gas'containing i vols of -
oxygen gas was introduced so that gas pressure was 3 x
10-3 Torr. Sputtering power was adjusted to be 1.1 kW in
terms of effective value. |
EXAMPLE 6

Sputtering was conducted in the same manner as in
Example 5 except that the voltage as shown in Figure 2
ﬁherein'the ON time 21 was 100 us, the application time
of positive voltage 23 having an amplitude of abdut 10%
to the power value in the applicatioh of a negative
voltage was 10 us and the zero volt time 26 was 390 us.
COMPARATIVE EXAMPLE 6 |

Sputtering was conducted in the same manner as in
Example 5 except that the conventional magnetron
sputtering apparatus and the conventional DC sputtgring
power source were used.

Occurrence of nodules after continuous sputtering of
23 hours, the frequency of occurrence of arc1ng and the
characterlstlc of ITO £ilms were examined on Examples 5

and 6 and Comparative Example 6.
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nce of arcing. Accordingry, a stable discharge can be mai nt ai ned

in c ison with a conventional DC sput- tering. | f arcing takes

pl ace, he arcing can be conpletely di s- tingui.shed by _giving a

suf fi ci |y | onghis Shest Has BeeriReplecedef or e the: vol tage i s ON, .wherepy the
magni t e of the a I nt ai ned Sﬂalk_-Further ‘the rHitial
arci ng pppears so e rise of voltage. Accordingly,  a waveform
whereinga time during which the voltage is controlled to be ONis in a

from10 [err]s to 10 ns and eqddl to or shorter than a tine of

As seen in Table 4, occurrence of nodules is slight
even after continuous sputtering for 23 hours (a target
of a thickness of 6 mm was completely digged down) and

there is no substantial reduction in sputtering rate.

5 Further, the frequency of occurrence of arcing is reduced
to.about 1/5'- ;/3 in comparison with the conventional
sputtering method shown in Comparative Examples. The
specific resistance of ITO film is substantially the same
as that of a sample by the conventional sputtering

10 method. |
In Comparative Examples, the decrease of the
sputtering rate was remarkable by about 40%. The
specific resistance is reduced from 1.9 x 10°% Q-cm (at
- the initial stage of sputtering) to 4.x 1074 Q-cm due to
15 .the reduction of sputtering rate. Nodules were very
rigid and it was necessary to conduct mechanical grinding
for cleaning. |
The film-deposition method for a transparent
conductive f£ilm and the film-deposition apparatus of the
20 present invention exhibit excellent effect in depositing
a transparent conductive £ilm without stopping £ilm-—
deposition steps, which reduce productivity, and to
.suppress occurrénce of nodules of sub oxide on the target
surfa;e which causes reduction in sputtering rate.
25 Further, it provides excellent effect to suppress arcing
which causes defects in the transparent éonductive £ilm.

Since arcing cah be suppresséd, a lérge electric power

THIS SHEET HAS BEEN
REPLACED




7generation of the initial arcing is used, a potential on the surface of

‘target is ﬂ@uﬁh&tﬂ&eﬂml Repigdeg by t he frequency of" occurcence of arcing and

"function,

t he nagnltud g can be reduceds By-the above-nent.izoned
occur- rence "of “theinitial--arcing and the
nagnltude of e a
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n be kept small, and a stable sputtering can be
continued for a | ong tlne even with a Ig?gg power . When t he waveform
shown in the upper portion of FIG 2 wh

for a short time in the zero volt tine is used, a potential
the target

can be used and a high fllm-depOSLtlon rate is obtainable
in comparison with the conventional DC sputtering method.

Further, use of the power processing portion of the
present invention suppresses arcing without adding an
arcing preventing circuit which is used for a
cqnventional DC sputtering poWer-source. Further, by
controlling the effective value of intermittently
supplied power, conditions for film-deposition can be
controlled in the same manner as the conventional DC
sputtering method, and a transparent conductive film
having the same property as the conventional film can be
obtained.

In accordanée with the present invention, since a
potential difference on the target surface is eliminated
and occurrence of arcing is prevented, a stable discharge
can be maintained in comparison with a conventional DC
sputtering. .

The frequency of occurrence and the scale of initial

. arecing can be small, a stable sputtering can be continued

for a long period of time even when a large power is

used. Further, excellent efficiency of electric power is

obtainable. |

The sputtering apparatus of the'present_invention can
reduce the frequency of occurrence of arcing even in a
case of reactive sputtering, and a large electric power
can be supplied stably to the cathode. Accordingly, it

has high film-deposition ability.

ein a positive potential is adde
di fference on
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surf: can be effectively elimnated to thereby prevent the occurrence of

arci-n Accordingly, a stable discharge can be maintained.for a long tine
in conparison with use of the ordinary DC.sputtering. - Furt her:,: by
determining the zero volt time 24 to b€ |dnger. than the tine of extlnctlon
of arcifng just after the arcing 25 has been detected, the frequency of

occurrénce and the nmagnitude of the arcing at the |n|tial stage can be kept
smal |, -and a stable sputtering can be cdhidimued for a long tine even with a

| arge power. Even when a slight arcing whose value is snaller than a
. The power processing portion of the present invention

is of a simple structure and is applicable to a
conventional sputtering apparatus so that sputtering by a
pulse-like intermittent DC powe} can be realized.

5 By using the bower processing portion of the present
invention, an intermittent voltage'waveform can be easily
optimized depending on the size 6f apparatus, material,
electric'power used and the scale of initial arcing.

In the film-deposition method of a thin £ilm composed
10 mainly of silicon oxide according to the présent |
| invention, since arcing is not generated during film-
deposition, a film having high quality and little
attachment of particles can be obtained.
Further, in the film~deposition method of a thin film
15 composed mainly of silicon nitride according to the
present invention, since arcing is not generated during
film-deposition, a thin £ilm of high quality and little
attachment of particles can be obtained. |
The fiimrdeposition method for an ITO film of the
20 present invention can provide stable operations for.a
long period of time becéuse arcing can be prevented and
occurrence of nodules of sub oxide formed on the target
surface can be suppressed while thé quality of a £ilm and
the film-deposition rate are the same as those obtained

25 by the conventional DC sputtering method.
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reference value of detection set in the detectlon CIrCUIt t akes pl ace.
further stablgngsmg;tmmdaglzep@eedbe conti nued by adj ust- |ng the zero volt

time 26 so tha
of the slight |ﬂ
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CLAIMS:
1. A sputtering method which comprises applying a

negative voltage intermittently in a constant periodic

- cycle to a cathode dispdsed in a vacuum chamber, wherein

the negative voltage is intermittently applied so that a
time during which the negative voltage is not applied
includes a time during which the voltage is controlled to
be zero volt in a range of from 10 us to 10 ms, and the
zero voltage time is equal to or longer than the time
required by one arcing from its generation to extinction,

2. The sputtering method according to Claim 1, wherein

the time during which the negative voltage is applied is

within a range of from 10 us to 10 ms and is equal to or
shorter than the period of time from the application of
the negative voltage to the gene;ation of arcing.

3. The sputtering method according to Claim 1, wherein
the time during which the voltage is controiled_to be

zero voltage includes a period of time during which a

" positive voltage is applied within a range of from 1 us

to 20 us.

4. The éputtering method acéording to any one of Claims
1l to 3, wherein the time during which the voltage is
controlled to be zero Qélt is immediately after arcing.
5S. A sputtering apparatus comprising a cathode disposed
in a vacuum chamber, a sphttering power génerating
pottion and a power processing portion, the cathode being

applied with a intermittent negative voltage, wherein the

"Ilmm time 22 is J.ongé‘r. -t han the 8 me af- extincti
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FIG 3 shows an enbodi nent of the power source device

ng the above-nentioned sputtering met hod. The power source
of t he [Thie SkatHas Beea Beplared pr ef er - ably has a sputtering power

ting portlﬁll

a2  realasaa
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wherein the negative voltage is_intermittently applied so
that a time during which the negative voltage is not
applied includes a time during thch the voltage is
controlled to be zero volt in a'range of from 10 us to iO
ms, and the zero voltage time is.equal to or' longer than
the time required by one arcing from its generation to
extinction.

6. The sputtering apparatus‘according to Claim 5,
wherein the power processing portion is disposed closer
to the'cathode than the sputtering power generating

‘portion.

~ 7. The sputtering apparatus accofding to Claim 5,

wherein a plurality of cathodes, sputtering power
generating portions and power processing portions are
provided, and the plurality of power procéssing portions
are synchronously operated to prodqce waveforms having a
different phase. |
8. A power processing portion for a sputtering apparaﬁus
having a cathode to which a negative voltage is
intermittently applied, wherein;
| the power processing portion comprises a first

sﬁitching circuit, a second switching circuits, a control
circuit for a switching element and é circuit for
measuring current, voltage or powerifor_sputtering;

the first and the second switching circuits are

respectively formed of a semiconductor switching device

for

UM

and a protection circuit for protectlng the dev1TeTﬁ
TH
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pro&essing portion which shoul e separately disposed. In FI G oy
nunmeral 31 desi €S a sputtering power generating portion. nuneral
desi gnates a pO lﬁa@ﬁﬁﬁﬁhmgl ‘tion. _ .auneral 33 destgnates_a vacuum

chanber, nunera s a cathode el ectrode. nuner.al..85, desi gnat

anode el ectr od: 36 ‘desi gnat es-%a. Subst raf e: -.fn this
enbodi nent,. the* |ng portion 32 can be di sposed closer to t
cat hode el ectrode 34 than t he sputteri _power generating portion 31.

whereby the length

t he power

10
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20
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processing portion 32 and the cathode el ectrode 34
the first switching circuit is connected in series

between the negative pole of the sputtering power.
generating portion and thé cathode electrode;

the second switching circuit is connected in series
between the cathode electrode and a DC power source,
other than the spﬁttering power generating portion, for
supplying a positive potential to the cathode electrode;

the control circuit for the semiconductor switching
device is capable of controlling a turning-on time of .5
ps'or more for the first switching circuit and a turning-
off time of S5 us or more for the same, and capable bf
turning-on the second switching circuit for less than the
time of turning-offhthe first switching circuit and
within a range of from 1 us to 20 us when the first
switching bircui£ is turned off; and |

the circuit for measurihg current, vbltage or power
for sputtering has a function to measure a current value,
a voltage value orla power value éffective to sputtering
and a function to compare the measured valdes with
predetermined reference values to detect arcing.
9. The power pfocessing portion according to claim 8,
which further comprises a smoothing circuit to change the
waveform of wvoltage at an output terminal of the
sputtering power generating portion to be ﬁ DC voltage
waveform. | _
10. A film-deposition method by sputtering a thin film

composed mainly of silicon oxide by applyingla negative

of a power source cabl e between the output term na
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can be‘e shortest to thereby mnimze the inductance of the poWer
source chble. Accordingly. the waveformof an i-ater-  .mitt eﬁis%tmggé%gﬁeplaced
can be applied to the cathode el ectrode + 34 mnghpyt any: di st ,
FIG 4 shows the construction of the power pracessi.ng .portio _ luﬂfﬂ l”
present invention. The power processing portion 32 conpri: ;
swtch- ing circuit 41 as main circuit, ﬁ second switching circuit 42 for
applying a positive potential a control "¢ fcdit or control unit 48 for a
switching elenent for controlling the first and second circuits and
measuring circupltags- Antegmimteatliyngn a constant periodic cycle to a
cathode composed mainly of silicon in a vacuum'chamber
and using oxygen and/or inert gas as sputtering gas,
3 wherein the negative voltage is'intermittently applied so

5 that a time during which the negative voltage is not

applied includes a time during which the voltage is

-

controlled to be zero volt in a range of from 10 us to 10
ms, and the zero voltage time is equal to or ldnger than
the time required by one arcing from its generation to
g- 10 extinction. '
11. A film—deposition method by sputtering a thin film
he - composed mainly of silicon nitride by applying a negative
voltage intermittently in a constant periodic cycle to a
cathode composed mainly of silicon in a vacuum chamber
15 and using nitrogen and/or inert gas as sputtering gas,
| ~wherein the negative voltage is intermittently applied so
A that a'time during which the negative voltage is not
| applied includes a.time dufing which the voltage is
controlled to be zero volt in a range of from 10 us to 10
20 ms, and the zero voltage time is equal to or longer than
the time requited by one arcing from its generation to
he _ extinction. |
12. The film-deposition method according to Claim 11,
wherein the composition rétio of the silicon nitride
25 (atomic molar ratio of N/Si) is 1.25 to 1.36.
13. The film-deposition method by sputtering a

transparent conductive thin film composed mainly of oxide

| THIS SHEET HAS BEEN
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* curent (45), voltage (46), and power (47) for sputt
swtching circuit 41 is connected in series between the negative po
the sputtering voltage gener- ating por.tion 31 and. t s hﬂdékehaﬁﬁ&ﬁ
34. The first switching circuit 41 is-Gonmposed of a:s tcy-
ing device and a coil for protecting the samg-and is o MUM ngeg a
sputtering power to an internmttent power. It has a swtc |ng 0
[err]s (100 kHz) for ON OFF. The seeond switching circuit 42 is conpose
of a sem conductor switching device and a coil for protecting the sane,

and is so t%pe,_;gfﬁg ;hgbuggg@ringf tg?g%‘%w%rap%%lirec%t‘l?fd’gﬂi% a

transparent conductive film, disposed in a vacuum

chamber, applying a negative voltage intermittently and
using oxygen and/or inert gas as sputtering gas, wherein

5 the negative voltage is intermittently applied so that a

time during which the negative voltage is not appiied
includes a time dufing which the voltage is controlled to
be zero volt in a range of from 10 us to 10 ms, and the
zero voltage time is equal to or longer than the time

10 required by one arcing from its generation to extinction.
14. The film—deposition method according to Claim 13,
wherein the sputtering target is composed mainly of tin
or tin oxide. |
15. The film-deposition method according to Claim 14,

15 wherein the sputtering.target contains metal antimony or
an antimony compound. |
16. The film-deposition method according to Claim 13,

- wherein the sputtering target is composed mainly of

indium or indium oxide.

20 17. The film-deposition method according to Claih 16, -
wherein ﬁhe sputtering target contains tin.
18. The film-deposition method according to Claim 13,
wherein the sputtering target is compcsed mainly of zinc
or zinc oxide.

25 19. Thé film-deposition method according to Claim 18,
whérein.the sputtering target contains a simple substance

or a compound of at least one metal selected froﬁ the
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'-supp‘s an optional value of positive potential to the cath- ode el ectrode
34 is 3dpplied to the cathode el ectrode 34, beside of the.sputtering power

generating portions 31. _ .t pp

_49—

group consisting of aluminum, gallium, indium, boron and

silicon.
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first swtching circuit 41 as the main circuit is an OFF state. Atime o
applying a positive potential in an ON state’ ¢an be about 20 [err]s in
It is preferable that the power satirre 43 fOF applylng a

maxi mum

10

15

20

25

The second swi-tching circuit 42 is'operated only when t

- 50 -~

ABSTRACT

A sputtering method comprises applying a negative

voltage intermittently in a constant periodic cycle to a

cathode disposed in a vacuum chamber, wherein the
negative voltage is intermittently applied so that a time
during which the negative voltage is not applied includes

a time during which the voltage is controlled to be zero

- volt in a range of from 10 xs to 10 ms, and the zero

voltage time is equal to or 1ohger than the time required

by one arcing from its generation to extinction.

N
eet Has Been Replaced
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positi!e potential is of about 200 V I n ITB.XI rrum but it can be determ ned /b

optiomally. By adjusting a turning: orj t€ire of the sem conductor switching
devi ce.of the second switching circuit 42 0 "be about. 20 terr]s or less
I mrectately after the sem conductor svmtch+ ng-Civcuit of ‘thé first

switching circuit 41 has been turning off, a p05|t|ve potential of about
200 V or less can be applied to the cat hode el ectrode 34, ThistsedeeBys HBebifReplaced

Il

Ul

occurrence of arcing can be suppressed and t he waveform ha
power effici enF'thSJR/EI n FId 2 can be produced.
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controlling the turning-on tine to [err]s or nore for the first
switching circuit and the turning- o me to be 5 [err]s or nore for t
sanme, and capabl e of turning-on the se ond-swi'tching ciircuit for |ess than
the time of turning-off the first switching.tlrcuit and within. a range of
from1l [err]s to 20 ps when the first switching cireuist is turned off. I t
is possible that the first switching circuit is in a normally ON state

while omtti vol t The adjustnent allows to use the
conventi onal sputteri ng.

FIGURE 5

Frequency (times/min)
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TIT—E—s—‘l&’!? Ror-—neasyring current, voltage or power for sputtering
~functT™n to neasure a current value, a voltage value and a power val ue
effective to the sputtering and al so functlﬁn conpare the neasured

val ues with predetern nedreference val ues t.o d ect arcing.. In this case,
it is especially effective to judge whet-her: the«gurrent ;value. on.both t he

current val ue and the voltage value are hi ghet_,or 1 ower - :

Th1s Sheet Has Been Replaced
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#-12 - - The control circuit 48 for%?qem’_conductor Swi tChing e
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VdeViééffunctionS to control the zero volt tine 24 i é fi |y after the
1

ogcurrence of-arcing. The zero voIt time can be opti

Y set to be in a

range of from JOW-TETT Y. Further. when tf c ected
uponl the judgerent’ . :’EE‘ or not the sputterlng c% 4%t val ue or

vol t age
sem conduct or Swijt cHRrIOVIe998& € | of
that the zero
only i mredi at el
Animzed and 38

val ue }(qr iﬁe |npedanqe at the arcing) is: h|?TEi§g;8ﬁpwq{ th

the switching circul perate
than the time of extinction of arcing,

folit tine is IonSe
va ng. whereby the nagnitudérof arcing can be

stable sputtering can be continued for a*?ﬁhﬁ tinme.

-1-

"METHOD OF AN APPARATUS FOR SPUTTERING

The present invention relates to a sputtering method
in which a pulse-like DC voltage is applied, a film-
deposition method by sputtering, an apparatus for
obtaining sputtering and a power processing portion for
sputtering.l

A cathode for DC sputtering (hereinbelow, referred to
as sputtering) can not be used for forming a £ilm of high
quality at a high deposition rate unless a problem of |
abnormal discharge is overcome. |

Various causes are considered'concerning the abnormal
dischafge occurring around the cathode (hereinbelow,
reﬁerred to as arcing). As one of the causes, electric
charges are accumulated on a small ih;ulating substance,
which is deposited or grown on the surface of a target
material, and the electric charges cause arcing to a
Potentially opposite site, e.g. a substrate on which a

film is to be formed, an anocde electrode, the 1nner wall

of a v
acuum chambeégoi¢th§ surface of the . target.
ek ni Y ;j @a zg i;
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Further, a snoothing C”HEPQAGEMFNF gHgge'erably dlsposed at ‘755-§T6“0f—+¢ui_____

i nput terminal of th - portion, whereby the meg&g
th t
Hy # %Mﬁ\ﬂ

vol tage and current : i nal of the power generﬁlﬂﬂﬁ ?Placed
t cyrrent form The powe m
feqd- back the voltage, cur
so that

31 can be substanti
portion generally ha

it c be-kept constant. The function nay
r, since the hunting can be

at the output term -
prevented by therREDQIING Qdditkd Weqldiee B 2L YcR5ePEREL SRUMce can be

cause hunting on cont
insulating film is produced from a conductive target

material by reactive sputtering. When the arcing is
generated, arcing energy concentrates ;ocallf to a
portion of the target surface in a reactive gas
atmosphere, this forming an insulation or insulationé,
whereby -the arcing happens frequently in a series.
Accordingly, a stable glow discharge effective to
sputtering can not be maintained; a spdttering rate
becomes unstable and the production of films of uniform
quality is impossible. Occasionally, a substrate on

' thch a film is formed is damaged by arcing, or a
mechanical component éonstituting a cathode or a target
material or a cathode is molten by arcing.

In or&er to avoid the above-mentioned disadvantage, a
method of using electric power of a high frequency such
as 13.56 MEz has been used.

Recently, a technique of preventing arcing by using a
waveform proposed in Japanese Unexamined Patent
Publication Nos. 148644/1993 and 331634/1993 or using a
device to obtain such waveform (the device is
commercialized as SPARC-LE by Advanced Energy in U.S.A.
Namely, the wavgform havigg a frequency of several kHz
which is comparéble to the éfféct'ébtéinéd‘by a discharge
in 13.56 MHz by applying a pulse-like positive electric
potential of about 5 us-10 us is applied in a periocdic

cycle to a cathode so that positive electric charges




used. Accordingly, t
the sputtering power
i nvention can be pra
't he power processing
I nvention, it is pre

I ng wer source nmay be used for
31. In thi s case, esent

nt i onal This ¢e’tB£s|ygg1 ar atus with

t he sput t he present
and dis I e value of
power per period (he 'to as the e | ue, see
formula 1 given here ing the effectlve value t he
filmdeposition rate can be controfted in the sane manner as use of the

power for thQe -GRARYRBEHEOBAl a small insulating substance, which is

deposited or gréwn on the surface of a target material
are neutralized by attracting electrons in plasma.

Recently, another ﬁechnique'of neutralization of a
potential difference on the target surface has been
developed as seen in U.S.P. 5,082,546. Namely, an
alternating current having an intermediate frequency such
as several tens kHz is applied to a pair of closely
disposed cathodes to ignite glow discharges between the
two cathodes alternately. In this case} when the
electric potential of the cathodes is negative,
sputtering is conducted, and when the electric potential
is positive, positive electric charges accumulated on a
small insulating substance, which is deposited or grown
on the surface of a target material are neutralized by
attractihg electrons in plasma.

The sputtering method using a radio frequency power
source having 13.56 MHz is believed to suppress arcing
because an insulation can be sputtered. However, it is
difficult to form a sputtering apparatus using a radio
frequency power source of 13.56 MHz.because a power
source having an output of 10 kW or more is large and
expensive, and an impedance-matching circuit of high
voltage and large current is needed.

A sputtering method wherein DC power is used to apply
a Pogitive pPotential intermittently and the power is

intermittently off is a useful technique because a

THIS SHEET HAS BEEN
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DC sputtering ey éﬂlﬁ 5 df waveformis used for sputtering.

Further, it is eper hg effective value is fed-back to the
sputtering power{ generating portligqn 31 for a constant voltage control, a
constant current| confiidNO¥r986 cdngt ant power control . This Sheet Has Been Replaced

- AT

potential difference on the target surface can be

neutralized and the generation of arcing at the initial
stage can be suppressed. Thus, the generation of arcing
could be effectively suppressed in comparison with the
ordinary DC sputtering method. However, this method has
no ability of sputtering an insulating substance unlike
the sputtering method using 13.56 MHz, and accordingly,
arcing occurs when a continuous discharge.is conducted
for a long time. When the arcing is generated, discharge
energy concentrates locally on the target surface in a
reactive gas atmosphere, which further forms an
insulation or insulations and results in arcing
freqﬁently in a series.

Naﬁely, the neutralization of potential difference on
the target surface by applying a positive voltage or 0
voltage intermittently is effective only to a small
insulating substance accumulated with a small amount of
electric charges if the application time of positive
voltage or 0 voltage is short. Accordingly, it is
impossible to obtain complete neutralization of an
insulating substance accumulated with a large amount of
electric charges by sputtering for a long time or of an
insulating substance having a large amount of electric
chérges produced by arcing, with use of a simple
intermittent DC power.

In the sputtering method of applying an alﬁerhating

current to the two closely disposed cathodes, an

SH
THIS REPLACED




- 13- VWhen
el ectrodes disposgdf I n a

wavef ormis suppl qté ﬁﬁ?hlq% t

as a beat may apgedqr.

ACEMENT Sﬂﬁﬂat us having a plurality of cathode
thgnber is used and an intermttent power
hg cathode el ectrode, interference such

alternating current of several tens kHz is used.
accordingly, it can be said that this method uses the
same principle as the sputtering method with use of the
before-mentioned intermittent DC power, i.e. a potential
difference on the target surface is neutralized.
Further, in this method, the same electrode is used as a
cathode and aﬁ anode. Accordingly, there is an advantage
that when the electrode is used as a cathode, the surface
of it is sputtered and cleaned, and when it is used as an
anode, the surface is always cleaned whereby a continuous
discharge can be stably carried out for a long time.
Héwever, this method requires the two closely disposed
cathodes and an AC power source of several tens kHz.
Accordingly, it is impossible to suppress arcing and
stabilize a normal discharge in a simple manner with use
of a currently used DC sputtering apparatus. |

As another cause of the occurrence of arcing, when a
tafget material is eroded by sputtering, minute
protrusions appear in the surface of the target material
depending on the kind of material. An electric field

. concentrates to the protrusions whereby arcing occurs at

a local portion. Accordingly, the composition of the
target material is changed whefeby a portion having a
different sputtering yield may appear and uniform
sputtering of target surface can not be obtained.

In particular, when an ITO (indium-tin-oxide) £film is

to be produced by the sputtering method, and when an ITO

This Sheet Has Been Replaced
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Accordi ngly. the PREPLACEMENT SHBET dqorti on should have a function to shift
t he phase of wavef o hows an enbodi nent of the sputtering
apparatus of the}p eagp&g&nﬁs tijon. In this enbodi rent, two cat hode
el ectrodes 82a. 8Rb} a d | gctfr odes 83a. 83b are disposed in a vacuum
chanber so that shu | | - | ducted sinultaneously to a substrate
85. Power generat{ng neans 8la and 81l $upply power intermttently wherein
the phases of vo shifted to each other. whereby
Interferencewl?@@%sa SIChr afiRdPeml t 2h) t RErhielte iGaisd®, alddiumiSei@nd a
stable plasma 84 is produced.

which is believed to be sub oxide, or a large number of

minute black protrusions (hereinbelow, referred to as
nodules), are produced on the target surface during
continuous sputtering, and the deposition rate of the ITO
£film is gradually decreased. Further, the arcing
frequently occurs, wherebf small pieces of the target
material scattering by the arcing deposit on the
substrate to reduce the quality of the ITO £ilm.

As a common technique to remove the protrusions
formed by the erosion of the target is to physically
remove them by causing a discharge in an inert gas
atmosphere such as Ar gas, i.e. sputter-etching.

Further, when the ITO target is used, a method of

. removing the nodules by a discharge in a N, gas
atmosphe;e‘is proposed in Japanese Unexamined Patent
Publication No. 293767/1992.

However, the above-mentioned methods are only
effective under the condition that a vacuum chamber is
maintained vacuum after the nodules have been formed, and
they can not suppress the occurrence of arcing and'cén
not realize a method of a long time stably discharge.

As another technique, there is a method of improving
the surfacé condition of the target formed by the erosion
of the target, by increasing the density of a target
material of ITO in sintering. However, this method

pushes up the cost of the target material and effect can

| THIS SHEET HAS BEEN
This Sheet Has Been Replaced REPLACED




Further, the wavef] oRERLACEMENT iSHEETG 1 or FIG 2 can be produced by
conbi ni ng the appsr fTUS Wt tihe~poper source as shown in FIG 3. Thus,

t he opti num wavef pr 3%? b& ppl ipd by satisfying the conditions of
process. In th put g mE"i pprjt us of the present invention, the
frequency of occujr : : cian be reduced even when a reactive
sputtering i s confucted. Further, | argér—power can be supplied to the
cat hode stably, ang tme-optTmmT—tnternittent power can be expected and
supplied to gg@tbeve&b@@Qegputtering processes. Accordingly, the sputtering
apparatus of the present invention has high ability of film

As another technique, there is a method of increasing

the density of power at the sputtering to change the
erosion of the target. When the density of power is
simply increased, the frequency of occurrence of arcing
increases and a discharge energy of arcing also
increases. So, this method increases adverse effects of
the arcing.

It is an object of the present invention to provide a
sputteting method, a £ilm-deposition method by

' sputtering, an apparatus for obtaining sputtering and a
bower processing portion for sputtering whereby arcing is
effectively controlled and a larger power can be supplied
quickly té deposit a film of high quality with high
deposition rate for a long time.

In accordance with the present invention, there ié
érovided a sputtering method, a film-forming method by
sputtering and an apparatus for sputtering and a power
processing part for sputtering wherein the negative
voitage is intermittently applied so that a time during
which the negative wvoltage is not applied includes a time
during which the vbltage is controlled to be zerc volt in
a range of from 10 s to 10 ms, and the zero voltage time -
is equal to or longer than the time required by one
arcing from its generation to.extinction.

It is possible in.principle to realize the above-

mentioned methods, apparatus and the power processing

This Sheet Has Been Replaced
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deposition. A tihi
sputtering nethqdjof the presen
thin film obtai b!/ZeNO)(P:WJt
silicon oxide f d by the sp

REPLACEMENT SHEET

ed
nvention is of higher
efing.

of the present jinvention is of
during the sput i
it is believed that since there

h

Chment “of particles is
is no fluctuation

mai nly of silicon oxide fornmed by

t he
quality than a

The thin filmconposed nainly of
it feri ng nmet hod and the sputtering apparatus
gh gugILty since no arcing takes

pl ace

little. Further,

in the sputtering

condi ti on dpertéoar eifnghes preseditmimventiem withiusenpEr ancopdénaaect s

can be obtained. Further, it is

DC power source if such a function that the arcing at the

initial stage is detected to quickly stop the output and

the output is again produced after the passing of the

time of the extinction of arcing, is added to a DC power

source.

However, when a detection circuit of arcing is

actually installed in the power source, it is necessary

to detect through a power source cable an abnormal

condition of current or voltage supplied from the

positive pole to the negative pole by the power source.

Such method of detection can only detect arcing

between the cathode electrode as a target material and

the anode electrode disposed near the target material.

However, a slight arcing at the initial stage which

starts on the surface of the cathode material can not be

detected because the slight arcing is filtered by the

impedance of the power source cable and the circuit

constant of the power source circuit.

Namely, only a

- relatively large arcing which is produced as a result of

the slight arcing at the initial stage can be detected.

Since the time of extinction of the relatively large

arcing between the cathode and anode is in the order of

ms, it is necessary to stop the output from the power

source for more than several ms.

Further, since the size

of an insulation formed on the surface of the target

material at the time of generation of arcing already

becomes large, the arcing occurs frequently.

This Sheet Has Been Replaced
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bel i eved t hat exge gﬂﬁ ity with little defects can be obtained
since sputtering |EEWFMENWH 4'rn ermttently with an interval of every

peri od, whereby ery thin filmig intermttently fornmed on the substrate
with an interval {of %2 NOV 1996

- g -

accordingly, an abnormal state of output is detected from
the DC power source, the shut-off of several ms is
repeated, and it 'is very difficult to continue the normal
sputtering operation.

For the above-mentioned reasons, the slight arcing
can not be detected in a case that the ordinary DC power
source is used for sputtering, and there will be a
problem such that the shutting-off of more than several
ms is repeated when a large arcing occurring subsequent
to the élight arcing takes plaée.

The inventors of this application have found through
iﬁtensive observations of the waveform of arcing that the
crest value (the maximum value of the waveform of
current) in initial arcing before a large arcing takes
place in a series and the time of extinction of the
initial arcing are substantially constant when the same
apparatus is used.

Therefore, they have found that the progress of
arcing in a series can be prevented by minimizing the
energy of arcing. Specifically, the sputtering method
comprises applying a negative voltage intermittently in a
constant periodic cycle to a cathode disposed in a vacuum
chamber, wherein the negative voltage is intermittently
applied so that a time during which the negative voltage
is not apﬁlied includes a time during which the voltage
is controlled to be zero volt in a range of from 10 us to

10 ms, and the zefo voltage time is equal to or longer

This Sheet Has Been Replaced
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every pegiad. _and filmdeposition is carried out while an

oxi dation reaction OTREPURCEMM SAEET ils conpleted during every period.

Thus,

it

i s possi bl be—eb+a+ﬁ—&ﬁ—excellent thin film

12 NOV 1996

(- 10 -

than the time required by one arcing from its generation
to extinction. |

The slight arcing can be seen with a waveform
observing device such as an oscilloscope or the like.

Further, they have found through intensive
observations of the waveform of arcing that a tiﬁe from
the application of a negative voltage to the generation
of the initial arcing is substantially constant when the
construction of the apparatus is the same.

Therefore, they have found that by using a voltage

waveform wherein the time during which the negative

voltage is intermittently applied is within a range of

from 10 s to 10 ms and is equal to or shorter than the
period of time from the application of the negative
voltage to the generation of arcing, the accumulation of
electric charges on an insulation having a small surface
area on the surface of a target can be minimized; tﬂe
voltage is controlled to be zero volt before the arcing
takes place, and the electric charges are neutralized by
plasma near the target, wheﬁeby the frequency of
occurrence of the initial arcing can be reduced.

As described above, it is possible to continue
sputtering operations for a long time by specifying the
time during which the voltage is controlled to zero volt,
and this effect can be increased by specifying the time

during which the negative voltage is intermittently

applied.

laced At
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conposed mai nly of sl .de which has little defects macroscopically
or m croscopically, RPE 1 gl Hal i barrier property can be obtained
even when the filmig tenperature substrate. A thin
filmconposed nai nl ilicon nitrlide formed by the sputtering nethod or
the sputtering appargt dert invention is of higher quality than
a thin fil m obtained edi pg. - The thin filmconposed mainly
of silicon nitride flormed by t he sputtlering nethod of the present invention
is of high qualify Hrecedsary to heat the substrate, no arcing

Figure 1 is a diagram showing intermittent waveforms
according to an embodiment of the present invention;

Figure 2 is a diagram showing intermittent waveforms
in a case of applying a positive potential according to
an embodiment of the ptesent invention;

Figure 3 is a diagram showing a sputtering appatatus
according to a first embodiment of the present invention;

Figure 4 is a circuit diagram showing an embodiment
of an intermittent power processing portion of the
present invention;

| Figure 5 is a diagram showing the sputtering
apparatus according to a second embodiment of the present
invention;

Figure 6 is a first graph showing the effect of the
present invention;

Figure 7 is a second graph showing the effect of .the
present invention;

-Figure 8 is a diagram showing the sputtering
apparatus according to a third embodiment of the present
invention;

Figure 9 is a diagram showiﬁg an intermittent
waveform of an embodiment of the present invention;

Figure 10 is a diagram showing an intermittent
waveform according to an embodiment of the éresent

invention; and

Figure 11 ig a diagram showing an intermittent
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takes place during |t IREPSHRRMENT BHEET |t hat attachnent of particles is

little. Further, it |s'beI|eved that {since there is no fluctuatien—+nthe
sputtering condi ti dn dugzemo?qgmgg, L uniformfilmwth little nlcrosco iC

defects can be obtdi her, ilt [is believed that excel hegt Has Been Replaced
oljt ai ned, since sputterin ﬂ Juﬁn"
'th an interval off .evier v~ peri od, whereby

quality with littl
.rorme substrate mﬁth an interval of every

out intemttently
period, and osition.s rrled ut mhll n r|d|n reactlon on
t he substrat%hbgkggﬁpﬁgﬁgfaﬁﬂq %§+%gn 3e"the' Brade

filmis intermtten
invention.

fal)

Preferred embodiments of the present invention.will
be described with reference to the draﬁings.

Figure 1 shows waveforms according to an embodiment
of the present invention wherein the upper portion shows
a waveform of voltage and the lower portion shows a
waveform of current. Reference numeral 1 indicates a
time during which a negative voltage is intermittently
applied (hereinbelow, féferred to as an ON time), numeral
2 designates a time during which the voltage is
éontrolled to be zero voltage (hereinbelow, referred to
as a zero volt time) and numeral 3 shows a waveform
produced when aréing takes place. 1In Figure 1, when the
zero volt time is longer than the ON time, power
efficiency beéomes poor. However, the waveform is simple
because the power is simply turning-on and off.
Accordingly, it is advantageous in construction when the
power source portion has a sufficient capacity.

On the other hand, the inventors of the present
invéntion have found that the neutralization of charging
to an insulation can be effectively done in a shorter
time by using a voltage waveform wherein there is a time
during which a positive voltage is applied in a range of
from 1 us to 20 us in part of the zero volt-time. By
combining this waveform with the above-mentioned

specified ON time, a waveform having excellent power




Thus, it is possibl
silicon nitride whi

|lent thin filmconposed mainly of
ts macroscopically or

rﬁﬁﬁUﬂﬁMﬂWéﬁmﬁﬂe

m croscopi cal |y, whgrgby a nrgm =t barrier property can be obtai ned
even when the filmis}f tenperature substrate. If the
concentration of nitr [ efi pg gas is adjusted and/or power to be
supplied to a silicén ; iisted3so that the conposition ratio of
silicon nitride (at¢mc nolar ratio of NNSi) will be within a range of from

1.25 to 1. 363ff§ch§nggs&a silicon nitride having an excell ent

al kali barrier property.

Further, they have found to suppress the occurrence
of arcing for a long time and with excellent power
efficiency by suitably determinlng the zero volt time,
which is equal to or longer than the time of extinction
of afcing, only just after the arcing.

Figure 2 shows the waveform obtained by the
application of a positive voltage. 1In Figure 2, the
upper portion shows the waveform of voltage and the lower
portion shows the waveform of current. Reference numeral
21 indicates an ON time which is in a range of from 10 us
to 10 ms and which is equal to or shorter than the time
from the rise of voltage to the generation of an érc
discharge in the initial arcing.

Numeral 22 indicates a zero volt time, which is
determined by a time 23 during which a positive potential
is applied and a time 26 for a zéro volt after the time
23.

The zero volt time just before the time 23 during
which a positive potential is applied is preferably
short. However, a constant time of 1 us to 2 us is
actually set to protect the switching.element.

It is not necessary that the time 23 during which a
positive potential is applied is a long time, but it may
be a time which is sufficiené to apply the voltage to a
large-sized target, and a time of about 5 us to 20 us is

Preferable. The value of a positive potential can be a
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In the fil mdepositiln, nsparent conductive film by the
sputtering nethod offthe present invention, a negative voltage is
intermttently applifkd} aﬂtﬂﬂ ONc1996 1
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potential sufficient to apply the voltage to an actual
target, and may be 200 V or lower. '

It is desirable that the zero volt time 22 can be
adjusted depending on a situation of process by adjusting
the time 26 after the application of a positive
potential.

Namely, a desirable result can be obtained by
adjusting the zero volt time 26 so as to form the zero
volt time 22 equal to or longer than the time of
extinction of a slight arcing even when a slight arcing
smaller than a reference value for detection set in a
d;tection circuit takes place.

Numeral 25 indicates the waveform of arcing. The
zero volt time 24 just after the occurrence of arcing is
equal to or longer than the time for extinction of the
arcing. |

It is preférablé that thé above-mentioned conditions
can be changed because the optimum values are different
depending on the material for spﬁttering and the-
construction of the cathode electrode.

The function of the present invention is as follows.

In the present invention, by repeating ON/OFF, a
potential difference on the target surface can be
eliminated to prevent the occurrence of arcing.
Accordingly, a stable discharge can be maintained in
comparison with a conventional DC spdttering.

If arcing takes place, the arcing can be completely
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reduce the sputteri
Thus, the fil mdepg
productivity,

gte and an- ch|ng in sputtering can be elim nat ed.
d joff t he present invention is excellent in
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distinguished by giving a sufficiently long zero volt
time before the voltage'is ON, whereby the magnitude of
the arcing can be maintained small. Further, the initial
ercing appears sometime after the rise of voltage.
Accordingly, a waveform wherein a time during which the

voltage is controlled to be ON is in a range of from 10

‘us to 10 ms and equal to or shorter than a time of from

the rise of voltage to the generation of the initial
arcing is ueed,.a potential on the surface of a target is
neutralized, whereby the frequency of occurrence of
arcing and the magnitude of the arcing can be reduced.

By the anve—mentioned fuﬁction, the frequency of
occurrence of the initial arcing and the magnitude of the
arcing can be kept small, and a stable sputtering can be
continued for a long time even with a large power.

When the waveform shown in the upper portion of
Figure 2 wherein a positive potential is added for a
short time in the zero volt time is used, a potential
difference on the target surface can be effectively
eliminated to thereby prevent the occurrence of arcing.
Accordingly, a stable discharge can be maintained fo; a
long time in comparison with use of the ordinary DC
sputtering.

Further, by determining the zero volt time 24 to be
longer than the time of extinction of arcing just after
the arcing 25 has been detected, the frequency of

OCcurrence and the magnitude of the arcing at the initial
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As sputtering target]s € Pyttering target com posed néinly of
¢ SERLACEMERG SHEET

tin or tin oxide con
sputtering target ca
sputtering tgr
a sinple substance gr
group consi sting of fal um

tijnony or an antinony conpound, a
osed. mainly ¢f }i ndium or indium oxide containing tin
et 2ANOWI99% Nii il y of zinc or zinc oxide containing
a conmpound of jay | east one netal selected fromthe

ufh 16ndi um boron and silicon.

Sputtering power us for the nethod agnd apparatus of the present

i nvention i sspigé ecaMl e hREPtasmallagandaueis@abld Ghet BoPlngdcd Bet ar get,
as shown in FIG 1 wherein an

continued for a long time even with a large power.

Even when a slight arcing whose value is smaller than
a reference value of detection set in the detection
circuit takes place, a further stable sputtering can be
continued by adjusting the zero volt time 26 so that the
zero volt time 22 is longer than the time of extinction
of the slight arcing.

Figure 3 shows an embodiment of the power source
device for realizing the abové-mehtioned sputtering
method.

: The power source device of the present invention -
preferably has a sputtering power generating portion and
a power processing portion which should be separately
disposed. In Figure 3, numeral 31 designates a
sputtering power generating éortion, numeral 32
designates a power processing portion, numeral 33
designates a vacuum chamber, numeral 34 designates a
cathode electrode, numeral 35 designate anode electrodes
and numeral 36 designates a substrate. .

In this embodiment, the power processing portion 32
can be disposed closer to the cathode electrode 34 than
the sputtering power generating portion 31, whereby the
length of a power source cable between the output
terminal of the power processing portion 32 and the
cathode electrode 34 can be the shortest to thereby

minimize the inductance of the power source cable.
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can be applied to the cathode electrode 34 without any

distortion.

Figure 4 shows the construction of the power
processing portion 32 of the present invéntion.

The power processing portion 32 comprises a first
switching circuit 41 as main circuit, a second switching
circuit 42 for applying a positive potential, a control
circuit (not shown) for a switching element for
controlling the first and second circuits and a power
measuring circuit (not shown) for measuring current,
;oltage, and power for sputtering. .

The first switching circuit 41 is connected in series
between the negative pole of the sputtering voltage
generaiing portion 31 and.the cathode electrode 34. The
first switching circuit 41 is composed of a semiconductor
switching device and}a coil for protecting the same and
is operable to change a sputtering power to an
intermittént power. It has a switching speed of 10 us
(100 kHz) for ON/OFF. The second switching circuit 42 is
composed of a semiconductor switching device and a coil
for protecting the same, and is so.operable that power. of
DC power source 43 which supplies an optional value of
positive potential to the cathode electfode 34 is applied
to the cathode electrode 34,. beside of the sputtering
power generating portions 31.

The second switching circuit 42 is operated only when
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the target surface

appl i cation vol tage (RNﬁAﬁEMHNBGHEBat

om2 to 10 times the average val ue W of

her£i,Raf rief
AT |
by the formul a

intermttently suppl
t he power per perio
The effective valu

Tis the period. Ifjt

FIG 2, Wis as sh
power Werr] wthin

- suppressed by adjusting the negative

the average value Werr] of the

erred to as the effective value W.
as represented by the fornula 1 where
o the case of the waveform as shown in

2> 18(n the other hand, the aver age

ittering actually takes place (when the

negative the first switching circuit 41 ds the main circuit is an

QOFF state.

A time of applying a positive potential in an

ON state can be about 20 s in maximum.

It is preferable that the power source 43 for

applying a positive potential is of about 200 V in

maximum, but it can be determined optionally.

By adjusting a turning on time of the semiconductor .

switching device of the second SWitching circuit 42 to be

about 20 us or less immediately after the semiconductor

switching circuit of the first switching circuit 41 has

been turning off, a positive potential of about 200 V or .

less can be applied to the cathode electrode 34, whereby

the occurrence of arcing can be suppressed and the

waveform having excellent power efficiency as shown in

Figure 2 can be produced.

The control circuit for the semiconductor switching

device.is capable of controlling the turning-on time to

be 5 us or more for the first switching circuit and the

turning-off time to be 5 us or more for the same, and

capable of turning-on the second switching circuit for

less than the time of turning-off the first switching

circuit and within a .range of from 1 us to 20 us when the
first switching circuit is turned off.

It is possible that the first switching circuit is in
a normally ON state while omitting the zero volt time.

The adjustment allows to use the conventional DC

sputtefing.
' This Sheet Has Been Rep
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voltage is applie

Fﬁq[eﬁg‘ rm—F-&—9) are as shown by the fornula 3.
Further, in FIG 4 "he sWBMg8HER tfage is Verr]=(-Vierr]), and if this is
inserted, Werr] ijs Jas shown by THe {fornul a 4. '
12NOV“ﬁ6
-lg_
The C1rCUIt EOr MeaslUring current, voltage or power

for sputtering has a function to measure a current value,
a voltage value and a power value effective to the
sputteripg and a function to compare the measured values
with predetermined reference values to detect arcing. 1In
this case, it is especially effective to judge whether
the current value or both the current value and the
voltage value are higher or lower.

The control circuit for the semiconductor switching .
device has a function to control the zero volt time 24
immediately'after the occurrence of arcing. The zero
volt time can be optionally set to be in a range of from
100 s to 10 ms.

Further, when the arcing is detected upon the
judgement aé to whether or not the sputtering current
value or voltage value (or the impedance at the arcing)
is higher or lower, the semiconductor switching device of
the switching circuit 41 operates so that the zero volt
.time is longer than the time of extinction of arcing,
only immediately after the arcing, whereby the magnitude
of arcing can be minimized and a stable sputtering can be
continued for a long time. |

Purther, a smoothing circuit 44 is preferably
disposed at the side of the input terminal of the power
processing portion, whereby the wavgfo;ms of voltage and

current at the output terminal of the power generating

portion 31 can be substantially in a direct current form.
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average val ue WA of poper 1s Tron12ﬁL 10 tinmes the effective value Wof

t he power, as shown pyjt F@?”ﬂ?’ If this is applied to the case of
t he wavef orm as showh h%& 8 ormula 6 is obtained. Therefore.
(-Verr]), aferr] (1p

20 -

The power generating portion generally has a function
t6 feed~-back the voltage, current or power at the output
terminal so that it can be kept constant. The function.
may cause hunting on controlling.

However, since the hunting can be prevented by the
smoothing circuit 44, the ordinary DC power source can be
used. Accordingly, the ordinary sputtering DC power
source may be used for the sputtering power generating
portion 31, 1In this case, the present invention can be.
practiced with a conventional sputtering apparatus with
the power processing portion 32.

In the sputtering method of the present invention, it
is preferable to measure and display the averége value of
power per period (hereinéfter referred to as the
effective value, see formula 1 given hereinafter). By
displaying the effective value, the film—deposition rate
can be controlled in the same manner as use of the power
for the conventional DC sputtering even when any type of
waveform is used for sputtering.

Further, it is preferable that the effective value is
fed-back to ﬁhe sputtering power generating portion 31
for a constant voltage control, a constant current
control or a constant power control.

When a sputtering apparatus having a plurality of
cathode ele¢trodes disposed in a vacuum chamber is used
and an intermittent power waveform is supplied to each of

the cathode electrode, interference such as a beat may
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'] (10 [err]s[err]b[err] 100 ns) shoul d be
formula 6 Good results can be. obtai ned

¥buefof internmittent electric power density
.S Wi thin af rpnge of from2.5 Wcenjerr] to 30
VVcn{err]‘ In §his case, the wagaaorn1nay not be necessarily be a
preci se rectangul n.as sh -ip1FG 9, and (-V[err]), a[err] and
b[err] nmay be optim zed dependlng upon the size and condition of the target
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does not have a function to shift the phase of waveform.

[err]s[err]alerr]
adjusted to satisffyfth
especially when tefav
[err] (see formul

Figure 8 shows an embodiment of the sputtering
apparatus of the present invention. In this embodiment,
two cathode electrodes 82a, 82b and ahode electrodes 83a,
83b are disposed in a vacuum chamber so that sputtering
is conducted simultaneously to a substrate 85. Power
generating means 8la and 81b supply power intermittently
wherein the phases of voltage waveform are shifted to
each other, Qhereby interference of plasma such as a beat
or the like can be eliminated and a stable plasma 84 is
pfoduced. _

Fufther, the waveforms shown in Figure 1 or Figure 2
can be produced by combining the apparatus with the power
source as shown in Figure 3. Thus, the optimum waveform
can be supplied by satisfying the conditions of process.

In the.sputtering apparatus of the present invention,
the frequency of occurrence of arcing can be reduced even
when a reactive sputtering is conducted. Further, a
larger power can be supplied to the cathode stably, and
the optimum intermittent power can be expected and
supplied to meet_various sputtering processes.
Accordingly, the sputtering apparatus of the'present
invention has high ability of film~-deposition.

A thin film composed mainly of silicon oxide formed
by the sputtering method of the present invention is of

hi :
‘gher quality than a thin film obtained by a DC
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serve effectively for

the formulas 1 to 7, V[}e | beHEEk

rate of the transparent donductive 1117
effective value Wof tHe inqgrmwﬂ?;gl)
exanple, in a case wherje jby the nethod
I ntended to obtain the jdest 1
conventional DC sputtering -nethod,

ordingly, in the cal cul ation of
n as O. The fil mdeposition
an easily be controlled by the
uppl i ed sputtering power. For
the present invention. it is
ition rate obtained by the

the de¢sired fil mdeposition rate can be

obtai ned bysaditwalriifg the eftec- trvevalue Wof the intermttently
supplied power to thé sane level as the DC electric power val ue.

The thin film composed mainly of silicon oxide formed
by the sputtering method and the sputtering apparatus of
the present invention is of high quality since no arcing
takes place during the sputtering so that attachment of
particles is little. Further, it is believed that since
ﬁhere is no fluctuation in the sputtering condition due
to arcing, a uniform film with little microscopic defects
can be obtained. Further, it is believed that excellent
film quality with little defects can be obtained, since

sputtering is carried out intermittently with an interval

: of every period, whereby a very thin £ilm is

intermittently formed on the substrate with an interval
of every period, and film-deposition is carried out while
an oxidation reaction on the substrate is completed
during every periéd.

Thus, it is possible to obtain an excellent thin £ilm
composed mainly of silicon oxide which has little defects
macroscopically or microscopically, whereby a high alkali
barrier property can be obtained even when the film is
formed on a low temperature-substrate.

A thinhfilm composed mainly of silicon nitride formed
by the sputtering method or the sputtering apparatus of.
the present invention is of higher quality than a thin
film obtained by the DC sputtering.

The thin film composed mainly of silicon nitride

formed by the sputtering method of the present invention

. This Sheet Has Been Replaéed
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Nanely, an equati f ghgprdgposition rate by the conventional DC
sputtering nethod/t ejfilm deposition rate according to the
present inventiorytihe effec- tivg yalue Wof power" substantially holds
good Thus, the |Irﬁh2el'p0¥|199ﬁ)n rgte can be adjusted by adjust- ing the
zero volt tinme sqg tjhat the effectli ye power value Wcorresponds to the power

of the conventional DC sputtering, fand §yie_quality of a film deposited on
t he substrate canlhe kpnf alnd-a—st-dbl e Sputtering is obtained for a | ong
time. Formula 1

is of high quallty since it is unnecessary to heat the
substrate, no arcing takes place during the sputtering so
that attachment of particles is little. Further, it is
believed that since there is no fluctuation in the
sputtering condition due to arcing, a uniform film with
little microscopic defects can be obtained. Further, it
is believed fhét excellent £ilm quality with little
defects can be obtained, since sputtering is carried out
intermittently with an interval of every period, whereby
a very thin film is intermittently formed on the
substrate with an interval of every period, and film-
déposition is carried out while a nitriding reaction on
the substrate is completed during every period.

Thus, it is possible to obtain an excellent thin £ilm
composed mainly of_silicon nitride which has little
defects macroscopically or microscopically, whereby a
high alkali barrier property can be obtained even when
the film ié formed on a low temperature substrate.

If the concentration of nitrogen in sputtering gas is
adjusted and/or power to be supplied to a silicon target
is adjusted so that the composition ratio of silicon®
nitride (atomic molar ratio of N/Si) will be within a
range of from 1.25 to 1.36, it is possible to produce
silicon nitride having an excellent alkali barrier
property.

In the film-deposition method of a transparent

conductive f£ilm by the sputtering method of the present _
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invention, a negative voltage is intermittently applied

and power of a large power density is instantaneously
supplied, and at the same time, problems of nodules of
sub oxide on the target material which reduce the
sputtering rate and an arcing in sputtering can be
eliminated. Thus, the film-deposition method of the
present invention is excellent in productivity.

As sputtering targets, there are a sputtering target
composed mainly of tin or tin oxide containing metal
antimony or an antimony éompound, a éputtering target
composed mainly of indium or indium oxide containing tin
énd a sputtering target composed mainly of zinc or zinc
oxide containing a simple substance or a compound of at
least one metal selected from the group consisting of
aluminum, gallium, indium, boron and silicon.

Sputtering power used for the method and apparatus of
the present invention is preferably have a voltage
waveform to be applied to a target, as shown in Figqure 1
wherein an application time of negative voltage is in a
range of from 10 us to 10 ms and a non-application time
is in a range of from 10 us to 100 ms, or a voltage
waveform to be applied to a target as shown in Figure 2
wherein an application time of negative voltage is in a
range of from 10 us to 10 ms and an application time of
negative voltage and a non-application time is in a range
of from 10 s to 100 ms. |

Further, setting of the value of negative voltage
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construction of t ER&NW@EMEMDﬁﬂggElrcuit, the—mave%efﬁfeaﬁ~be—pfﬁduced by
oscillation in th wer—source Ifself or the - pomer source
may be processed byla %ﬁuct Dr{ swi t chi ng €l

intermttent wavefio mffﬁi@iﬁt er ga;e, the effeg¢ i nvention
I's the sane. I n{t ving the constd |n FIG 5,
using a planar magnetron cat hode hayi rg2gn-aréea of. 10 X 80

(-Vy in Figure 9) is important for suppressing formation
of nodules, which is an object of the present invention.
As expressed in formula 5, arcing and formation of
nodules of sub oxide on the taréet surfacé can be
effectively suppressed by adjusting_the negative
application voltage (-Vy) so that the average value W, of
the ihtermitfently supplied power is from 2 to 10 times
the average value W of the power per period (hereinafter
referred to as the effective value W).

The effective value W of the power is as represented
by the formula 1 where T is the period. If this is
-épplied to the case of the waveform as shown in Figure 2,
W is as shown by the formula 2.

On the other hand, the average power W, within the
time when sputtering actually takes place (when the
negative voltage is applied) (a, in Figure 9) are as
shown by the formula 3. Further, .in Figure 2, the
average voltage is V, = (-Vy), and if this is inserted,
Wa is as shown by the formula 4.

To effectively remove nodules, it is preferred that
the average value W, of power is from 2 to 10 times the
effective value W of the power, as shown by the formula
5. 1If this is applied to the case of the wavéform as
shown in Figure 2, the formula 6 is obtained. Therefore,
(=Vy)r a; (10 ps <3 £10 ms), and b; (10 s < b, < 100
mS) should be adjuséed to satisfy the formula 6.

Good re§ults can be obtained especially when the
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cm a target mater aaﬁfﬁiﬁggﬁéﬁ‘@?

and oxygen havi ng
doped with boron whas| deposited by s
di schar gi ng pressujfef oft BNOY1®Pérr]] |Torr and an effective power value of 2
kW When a DC di schay ge was conduct gd, arcing suddenly and frequently took

pl ace after about P mnuies and econgg and the sputtering could not be

conti nued.

that an intermttent dlrect current was

| silicon, and a gas nixture of argon
as| |ntrodUC|ng gas, a filmof Siderr]
ttering on a substrate under a

D

d in the same nanner as above except

Sput ti

in the upper $HIITH Vilpe L 11n5ﬁrm1ttent electric power density wy

(see formula 7) is within a range of from 2.5 W/cm2 to 30
W/cm2. |

In this case, the waveform may not be necessarily be
a precise rectangular waveform as shown in Figure 9, and
(-V,), a; and b; may be optimized depending upon the size
and condition of the target and the particular apparatus.

In a case where positive voltage is applied as shown
in Figure 10 or 11, application of such positive voltage
does not serve effectively for sputtering, and
accordingly, in the calculation of the formulas 1 to 7,
%b is to be taken as 0.

The film-deposition rate of the Eransparent
conductive film can easily be controlled by the effective
value W of the intermittently supplied.sputtering power.
For example, in a case where by the method of the present
invention, it is intended to obtain the desired f£ilm-
deposition rate obtained by the conventional DC
sputtering method, the desired film-deposition rate can

be obtained by adjusting the effective value W of the

intermittently supplied power to the same level as the DC

electric power value.

Namely, an équation of "the film-deposition rate by
the conventional DC sputtering method/the DC power = the
film-deposition rate according to the present

invention/the effective value W of power" substantially

holds good. ) :
This Sheet Has Been Replaced
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ON tine during which a negative voltage is applied was 100_ps_and a zero
volt time was 40 [err]s. As a result. arcing gradually increased and the
frequency of occurrénce of the arcing after about 30 ni nut dBis Shest HabBesh REaced

times/ mn. I n observing the current waveformduring arcin
atinme of extinction of the initial arcing, there was detect ;

[err]s. Sputtering was conducted in e same manner as above excep

an intermttent direct current was useg wherein the ONtine was 100 [err]s

and the zero vo [ was..200 Jerr]s.., As a result., the_frequency of

occurrence of a&&p%gnngb%éiﬂiéepoéltlon rate can be adjus%ed b¥
adjusting the zero volt time so that the effective power

value W correspondé to the power of the éonventional DC
sputtering, and the quality of a £ilm deposited on the
substrate can be kept and a stable sputtering is obtained
for a long time.

Formula 1

1 T
W=—- s V(t) I (t)dt
T )
0
Formula 2 (-=Vy) a,
W= — S I (t) dt
a. +b| 0
Formula 3 ' 1 2,
Wi = S V(t) I (t) dt
2 0
F .
ormula 4 - V. 2, _
W. = S I (t) d¢t
a 0

Formula 5

Formula 6 W a, +b
A t t
2 g = < 10
v W a,
ormula 7
Wa
W = S : Target surface area

S
Now .
r the present invention will be described in
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LIS case, the initial arcing frequently
etr]s of the rise of voltage.

t ook place after 9(

Sputtering was condudted i n the safefnanner asThisiShertHas BeanRepladedt an
intermttent direct] qurqyeg s¢diwherein th 80 [err]s and
the zero volt tine There was fo requency of

O The

occurrence of arci N %@g_about 30 times/mn. .
frequency of occurrfence of arcing in thg above-nentioned four tests is

shown in FIG 6. In the nmeasurenent of arcing, a current value 10% or nore
than the maxdetailavithorefediense to Examples. However, it should be

understood that the present invention is by no means

restricted by such specific Examples.
EXAMPLE 1

Figure 5 shows an example of the sputtering apparatus
of the present invention.

In Figure 5, reference numeral 51 designates a DC
power source for generating intermittently a negative DC
voltage, numeral 52 désighates a cathode electrode with a
targei material, numeral 53 designates an anode
electrode, numeral 54 designates a substrate to be -
subjected to a film-deposition treatment, numeral 55
designates an area of gloﬁ discharge effective to
sputtering, numefal 56 designates a slight arcing
produced on the surface of the target and numeral 57
designates arcing produced between the cathode electrode
and the anode electrode.

In the present invention, output from the DC power
source generating an intermittent DC voltage may not be
of a rectangular wave, but may be of a trapezoidal, a
triangular or a sign waveform to obtain the same effect.
Further, in construction of the power source_ciicuit, the
waveform can be produced by oscillation in the power
source itself or the output of the DC power source may be
processed by a semiconductor switching element to form an

intermittent waveform. 1In either case, the effect of the

present invention is the same, - THIS SHEET HAS BEEN
REPLACED
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In the apparatus having the construction shown in
Figure 5, using a planar magnetron cathode having an area
of 10 x 80 cm,-a target material of boron-doped silicon,
and a gas mixture of argon and oxygen having a ratio of
1:1, as introducing gas; a £ilm of Si0, doped with boron
was deposited by sputtering on a substrate under a
discharging pressure of 3.0 x 10~3 Torr and an effective
power value of 2 kW. When a DC discharge was conducted,
arcing suddenly and frequently took place after about 2
minutes and 30 seconds and the sputtering could not be .
continued.

Sputtering was conducted in the same manner as above
except that an intermittent direct current was used
wherein in the waveform shown in the upper portion of
Figure 1, an ON time during which a negati&e voltage is
applied was 100 us and a zero volt time was 40 u4s. As a
result, arcing gradually increased and the frequency'of
occurrence of the arcing after about 30 minutes was about
60 times/min. |

In observing the current waveform during arcing and
measuring a time of extlnctlon of the initial arcing,
there was detected 160 to 180 us.

Sputtering was conducted in_the same manner as above
except that an intermittent direct current was used
wherein the-ON time was 100 us and the zero volt time was

200 ps. As a result, the frequency of occurrence of

ar
cing after about 60 min was about 60 times/min. 1In
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this case, the initial arcing frequently took place after
90 s to 100 us of the rise of voltage.

" Sputtering was conducted in the same manner as above
except that an intermittent direct current was used
wherein the ON time was 80 us and the zero volt time was
200 g#s. There was found that the frequency of occurrence
of arcing after about 60 min was about 30 times/min. The
frequency of occurrence of arcing in the above-mentioned
four tests is shown in Figure 6. In the measurement of
arcing, a current value 10% or more than the maximum
value of ordinary current waveform was used as a
éetection level in the oscilloscope and the number of
occurrence detected was recorded.

EXAMPLE 2
A cathode having an area of 40 x 300 cm, aluminum-
doped silicon as a target material and a gas mixture of

argon and oxygen having a ratio of 2:10 as introducing

gas were used in the apparatus shown in Figure 5.

Sputtering was conducted under aldischarge pressure of
2.0 x 1073 Torr and at an effective power value of 13 kW
to deposit a £ilm of SiO, doped with aluminum on a
substrate.

When a direct current was used for discharge, arcing
suddenly took place after about 35 min and the sputtering
could not be continued. In observing the waveform during

the discharge, a. time of extinction of the initial arcing

was about 400 us.
' This Sheet Has Been Replaced
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Sputtering was conducted in the same manner as above
except that the waveform shown in the upper portion of
Figure 1 was used wherein the zero volt time was 500 us
and the ON time was 500 ws. A time required for the
occurrence of the initial arcing was aboﬁt 220 us after
the risé of voltage.

Sputtering was conducted in the same manner as above
except that the ON time was 220 us and the zero volt time
was 500 us. The frequency of occurrence of arcing was 20
times/min of lower even after the lapse of 4 hrs.

The frequency of occurrence of arcing in the case of
ﬁéing a direct current and the case of using the
intermittent waveform wherein the ON time is 220 xs and
the zero volt time is 500 us is shown in Figure 8. The
condition of detecting arcing is the same as that of
Example 1.

EXAMPLE 3

In a vacuum chamber, N-typé silicon (phosphorus doped
single crystal) having a specific resistance of 1.2 Q-cm
was placed as a target on a cathode, and on the opposite
side of the target, a soda lime glass sheet was disposed
as a substrate. The vacuum chamber was evacuated to 1 x
1075 Torr. Then, a gas mixture of argon and oxygen was
introduced as sputtering gas, and conductance was
adjusted so.that the pressure is 2 x 10-3 Torr.

Then, the voltage as shown in the upper portion of

Fi .
tqure 2 wag applied to the cathode. Here, the ON time

This Sheet Has Been Replaced
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EXAMPLE 1
pr esent
source for

I nvention
gener atli A
desi gnates a cat hqdd

grence numers al

21 desi
' a negative Eﬁ / %i raI 52
el ect rod tthla target na
ol 4@ NOY 139% ral 54 de5|g te to be
ep05|t|o tirent, _numeral 55 deS|gnates an area of
d, Fureral 56 designates a slight
e target and nuneral 57

21 was 50 us Wthh is the same as the time of starting

nates a DC power

the initial arcing and the zero volt time 22 was 50 us
which is the same as the time of extinction of the
initial arcing in which the time 23 for applying a

positive potential was about 12 us. Here, the negative

voltage was adjusted so that the application power in the

application of this voltage was 500 W. The positive
voltage was kept to be 100 V.

The substrate temperature was maintained to be at

room temperature, and an electric
at an oxygen concentration in the

After the pre-discharge of 5 min,

discharge was started
sputtering gas of 60%.

the shutter was opened,

and the film-depositioﬁ time was adjusted so that the
thickness'of film was 250 A, whereby a thin film composed
mainly of silicon oxide was deposited on a soda lime
glass substrate.

When 120 min passed after the initiation of
discharge, a £ilm was deposited on another soda lime
glass substrate. However, little arcing was observed.
COMPARATIVE EXAMPLE 1

Sputtering was conducted to deposit a f£ilm in the
same manner as Example 3 except that an intermittent DC
voltage having the waveform as shown in the upper portion
of Figure 1 was applied to the cathode wherein the ON
time was 50 s and the zero volt time was 25 us.

Although little arcing was observed just after the

initiation of fllm—dep051tlon, occurrence of arcing




designates arcin roduced between the cathode el ectrode and the anode

el ectrode. In the R E rmvent+eof, output fromthe DC power source
generating an inge MF M)@HE_EH ge may not be of a rectangul ar wave, but
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e of time, and continuous discharge
of red-hot particles was observed on the target surface
at the completion of film-depositién. |

When 120 min passed after the initiation of
discharge, a film was deposited on another soda lime
glass substrate. Arcing took place very frequently.
COMPARATIVE EXAMPLE 2

Sputtering was conducted in the same manner as
Example 3 except that a radio frequency voltage of 13.56
MHz was applied to the cathode.

After 120 min from the initiation of discharge, a
film was deposited on another soda lime glass substrate.
In this case, there was no arcing. :

fhe coated side of each of the coézéd glass obtained
in Example 3 and Comparative Examples 1 and 2 was
contacted with pure water at 90°C fér 24 hours, whereupon
the amount of out diffused sodium atoms (zg/cm?) in this
pure water was measured by atomic absorptiometry.

Results are shown in Table 1. |

fable 1

Film-deposition Film-deposition
after 5 min from - after 120 min from
initiation of initiation of
- discharge - discharge
Example 3 0.02 0.02
Comparative
Example 1 1.3 . 5.6
Comparative
Example 2 0.32 0.31

This Sheet Has Been Replaced
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As is clear from the above Exémple and Comparative
Examples, according to the present invention, it is
possible to form a thin f£ilm of silicon oxide having a
high alkali barrier property without heating the
substrate for a long period of time and in a stable
manner. Further, since the film-deposition is conducted
by the DC sputtering, deposition of a film with a large
area or alfiim-deposition at é high speed can be
facilitated, whereby application to e.g. a transparent
conductive substrate for liquid crystal can be made
possible on an industrial production scale.

EXAMPLE 4

N-type silicon having a specific resistance of 1.2
Q-cm and a surface area of 160 mm x 40 mm was used as a
target, and the voltage'as shown in the upper portion of
Figure 2 was applied to the targets. Here, the negative
voltage was adjusted so that the application power in the
application of this voltage was 200 W. The positive
voltage was kept to be 100 V. Other conditions was the
same as those of Example 3.

Discharge was started at an oxygen concentration in
sputtering gas of 40%. After 5 min, the shutter was
opened to deposit a film of silicon nitride having.a
thickness of 200 A on a flat soda lime silicate glass at
room temperature.

Then, when 120 min passed after the initiation of

discharge, the shutter was again opened to deposit a

This Sheet Has Been Replaced




recor ded. BEXAMRLE 2 A cat hode having an area of
40x300 cm al um nu Jgg@ﬁcﬂwmvk HEEs |a target naterial and a gas m xture of
argon and oxygen halvipng a ratrio or 2:110 as introducing gas were used in the
apparatus shown in ¥l ? gq ilnd was conducted under a di scharge
pressure of 2.0x10[Jery] Torr an at gn effective power value of 13 kWto
deposit a filmof Ht . agsinLnum on a substrate. When a
direct current was Jused for discharggq, arcing suddenly took place after

about 35 m n, AN LN PPITEE F P of 200 A on another soda lime glass

substrate. During the film-deposition operations, no
arcing was observed.
COMPARATIVE EXAMPLE 3

Sputtering was conducted in the same manner as in
Example 4 except for application of a DC power of 200 W.
In film-deposition after 5 min from the initiation of
discharge, no arcing was observed.

After 120 min from the initiation of discharge, film-
deposition was conducted on another soda lime glass
substrate. 1In this case, arcing frequently took place,
ahd discharge of red-hot particles from the target
surface was observed.

COMPARATIVE EXAMPLE 4

Sputtering was conducted in the same manner as in
Example 4 except N-type silicon having a specific
resistance of 1.5 Q-cm and a diametér of 6 inches was.
used as a target, the nitrogen concentration in
sputtering gas was adjusted to 100%, and a radio
frequency voltage of 13.56 MHz was'épplied so that a

- power of 300 W was supplied.

When 120 min p&ssed after the initiation of
discharge, a film was deposited on another soda 1iﬁe
glass substrate. No arcing was observed.

COMPARATIVE EXAMPLE S
Films of silicon nitride each having a film thickness

of 200°& were deposited on flat soda lime silicate glass

“This-Sheet Has Been Rep. laced




could not be continued, ln ob t he waveform during the discharge. a
|SMEEEr 10

tinme of extinctionfogppiASEMENT
was conducted in the

t he upper portion ¢f |FI
and the ON tine wa
initial arcing wasjafjout 220

I ng was about 400 [err]s. Sputtering
hbove except that the waveform shown in

ﬁps di wherein the zero volt tinme was 500 ps

n

et the rise of voltage.

| fre required for the occurrence of the

Sputtering was

conducted in the sdne nmanner as abové-eggeept that the ON tine was 220

[err]s and the zer

[err]s.

The frequency of occurrence

_Of arc'ng‘ME%ﬁgkrates at a temperature of about 600°C by CVD method

in each case that the ratio of ammonia gas/silane gas in
material gas was 3, 5, 10 or 15.

The coated side of each of the coated glass obtained
by Example 4 and Comparative Examples 3 to 5 was
contacted with pure water at 90°C for 24 hours, whereupon
the amount of sodium atom out diffused into the pure
water from soda lime glass through silicon nitride film
was measured by atomic absorptiometry. The results of
Example 4 and ComparatiQe Examples 3 and 4 are shown in
Table 2 and the results of Comparative Example 5 are

shown in Table 3.
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times/min or |ovwer dv@EPLKIEOENTHSHEEIp§e of 4 hrs.  The frequency of
occurrence of arcing igrtfre~Ccdase or juging a direct current and the case of

using the intermttgnt m?éﬁgﬂygygﬂe eiln the ONtine is 220 [err]s and the
zero volt tinme is 50 f e in FIG 8. The condition of detecting
arcing is the sanme as ell. EXAMPLE 3

I n a vacuum.chanber.} N-type silicon (gdhospherus doped single crystal)
havi ng a specific res+stamce—of—1IT"Z"T¢err] cmwas placed as .a target on a
cathode, and on the Qppasite side af the target soda |ime gl ass sheet

was di sposed as a
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substrate. The vacuum chanber was evacuated to 1x10[err] Torr. Then, a gas

m xture of argon and ox 0o- duced as sputtering-gas, and
conduct ance was adiq&pgﬂx&ﬂgﬂhgﬂg@ﬂm pressure is 2x10[err] Torr.

. This Sheet Has Been R ced
avoves || R

Table 3

Ratio of
ammonia/silane 3 5 10 15

Composition
(N/si) 1.27 1.36 1.49 1.56

Amount of
out diffused Na 0.047 0.038 0.056 0.062

(ug/cm?)

In comparing Examples with Comparative Examples
described above, silicon nitride f£ilm deposited by the
present invention shows that the ambunt of out diffused
sodium atoms through this film is low, and there is clear
superiority in the present invention.

Further, it is understood that the silicon nitride
£ilm having a high alkali barrier property can be
deposited stably for a long period of time.

Further, it_becomes possible to deposit a silicon
nitride £ilm having a high alkali barrier property
without heating the substrate, and coating of alkali
barfier on a substrate having a low heat resistance is
possible.

EXAMPLE 5

By using an ordinary magnetron sputtering device as
shown in Figure 5, the voltage as shown in the upper
portion of Figure 1 wherein the ON time was 100 «s and
the zero volt time was 400 us, was applied to an indium
oxide target 52 chéaining 10 wtgs of tin. As a substrate

54 on which a f£film is to be deposited, non-alkali glass

THIS SHEET HAS BEEN

REPLACED



- 20 - Then. the voltage as shown in the upper portion of FIG 2 was
tinme 21 was 50 ps which is the sane as

applied to the cat .
the tinme of starti ERLACEMENT SHEET ¢ ng and the zero volt time 22 was 50
[err]s which is th ane as the 11 of extinction of the initial arcing in
which the time 23 12 NOV 1996 :
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(AN glass by Asahi Glass Company Ltd.) previously heated

to 200°C was used.

A film-deposition chamber was evacuated to 1 «x 10-5
Torr or lower. Then, argon gas'containing 1l vols of
oxygen gas was introduced so that gas pressure was 3 x
1073 Torr. Sputtering power was adjusted to be 1.1 kW in
terms of effective value.

EXAMPLE 6

Sputtering was conducted in the same manner as in
Example 5 except that the voltage as shown in Figure 2
wherein the ON time 21 was 100 us, the'application time
of positive voltage 23 having an amplitude of about 10%
to the power value in the applicaticn of a negative
voltage was 10 us and the zero volt time 26 was 390 us.
COMPARATIVE EXAMPLE 6

Sputtering was conducted in the samé manner as in
Example 5 except that the conventional magnetron
sputtering apparatus and the conventional DC sputtering
power source were used.

Occurrence of nodules after continuous sputtering of
23 hours, the frequency of occurrence of arcing and thé
characteristic of ITO films were examined on Examples 5

and 6 and Comparative Example 6.

o :This:Sheet Has Been Replaced
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When 120 m n passed af o
on another soda line g a
COVPARATI VE EXAMPLE 1
sanme manner as Exanpl e} 3|

of drseha%ge——a—#+#n¥was deposi ted

ver, arC|ng mas observed.
onduc ° ¢ilmin the
nternlt e havi ng t he
wavef orm as shown in the upper FI G o the cat hode
wherein the ON tine wa d Zero volt tine mas 25 [err]s.
Al though little arcing was observed just after the initiation

. As seen in Table 4, occurrence of nodules is slight

portion o

even after continuous sputtering for 23 hours (a target
of a thickness of 6 mm was completely digged down) and
there is no substantial reduction in sputtering rate.
Further, the frequency of occurrence of arcing is reduced
to about 1/5 - 1/3 in comparison with the conventional
sputtering method shown in Comparative Examples. The
specific resistance of ITO film is substantiaily the same
as that of a sample by the conventional sputtering
method.

In Comparative Examples, the decrease of the
éputtering rate was remarkable by about 40%. The
specific resist;nce is reduced from 1.9 x 10°% Q-cm (at
the initial stage of sputtering) to 4. x 1074 Q-cm due to
the reduction of sputtering rate. Nodules were véry
rigid and it wés necessary to conduct meqhanical grinding
for cleaning.

The film-deposition method for a transpareﬁt
conductive film and the film-deposition apparatus of the
present invention exhibit excellent effect in depoéiting
a transparent conductive £ilm without stopping film-—
deposition steps, which reduce productivity, and to
suppress occurrence of nodules of sub oxide on the target
surface which causes reduction in sputtering rate.
Further, it provides excellent effect to suppress arcing
which causes defects in the transparent conductive f£ilm.

Since arcing can be suppressed, a large electric power-
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passed after the
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Exanpl e 3 except

e conple- tio f filmdepos a@QO mn
t 12 NOV ®96di scharge, a fi I:’\ on anot her
Strate. Arcing tjook place ver

p s eod@ueted in the sane nanner
ft a radio frequyency voltage of 13.56 MHz was

can be used and a high film-deposition rate is obtainable

in comparison with the conventional DC sputtering method.

Further, use of the power processing portion of the

present invention suppresses arcing without adding an

arcing preventing circuit which is used for a

conventional DC sputtering power source.

Further, by

controlling the effective value of intermittently

supplied power, conditions for film-deposition can be

controlled in the same manner as the conventional DC

sputtering method, and a transparent conductive film

having the same property as the conventional £ilm can be

6Etained.

In accordance with the present invention, since a

potential difference on the target surface is eliminated

and occurrence of arcing is prevented, a stable discharge

can be maintained in comparison with a conventional DC

sputtering.

The frequency of occurrence and the scale of initial

arcing can be small, a stable sputtering can be continued

for a long period of time even when a large power is

used.

- Further, excellent efficiency of electric power is

obtainable.

The sputtering apparatus of the.present invention can

reduce the frequency of occurrence of arcing even in a

case of reactive sputtering, and a . large electric power

can be supplied stably to the cathode.

has high film-deposition ability.

Accordingly, it
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applied to the cathode. ALLEL—ﬁZO mn fromthe initiation of dischargé, a

filmwas deposif egtppRcEMENTNGHEBDa | i me gl ass substrate. In this case,
there was no arti pg -

)
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The power processing portion of the present invention
is of a simple structure and is applicable to a
conventional sputtering apparatus so that sputtering by a
pulse-like intermittent DC powe} can be realized.-

By using the power processing portion of the present
invention, an intermittent voltage waveform can be eésily
optimized depending on the size of apparatus, material,
electric power used and the scale of initial arcing.

In the film-deposition method of a thin film composed
mainly of silicon oxide according to the present
ihvention, since arcing is not generated during film-
deposition, a film héving high quality and little
éttachment of particles can be obtained.

Further, in the'film-deposition method of a thin film
composed mainly of silicon nitride according to the
present invention, since arcing is not generated during
film-deposition, a thin £ilm of high quality and little
attachment of particles can be obtained.

The film-deposition method for an ITO film of the
present invention can provide stable operations for a
long period of time because arcing can be prevented and
occurrence of nodules of sub-oxide formed on the target
surface can be suppressed while the quality of a £ilm and
the film-deposition rate are the same as those obtained

by the conventional DC sputtering method.
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CLAIMS:

l. A sputtéring method which cbmprises applying a
negative voltage intermittently in a constant periodic
cycle to a cathode disposed in a vacuum chamber, wherein
the negative voltage is intermittently applied so that a
time during which the negative voltage is not applied
includes a time during which the voltage'is controlled to
be zero volt in a range of from lO-ys to 10 ms, and the
zZero voltaée time is equal to or longer than the time
required by one arcing from its generation to extinction.
2. The sputtering method according to Claim 1, wherein
the time during which the negative voltage is applied is
within a range of from 10 us to 10 ms and is equal to or
shorter than the period of time from the épplication of
the negative voltage to the generation of arcing.

3. The sputtering method according to Claim 1, wherein
the time during which the voltage is controiled to be
zero voltage includes a period of time during which a
positive voltage is applied within a range of from 1 us
to 20 us.

4. The sputtering method acéording to any one of Claims
l to 3, wherein the fime during which the voltage is
controlled to be zero wvolt is immediately éftér aréing.
.5. A sputtering apparatus comprising a cathode disposed
in a vacuum chamber, a sputtering power generating
portion and a power processing portion, the cathode being

applied with a intermittent negative voltage, wherein the

e

T




wat er was mneasur ' g,tp@g&gri‘tlorretry Results are shown in Table 1.
TABLE 1 GF#H-‘LE(EE%?W dgposi tion Fi | m deposition

after 5 mn from ter 120 min firgm ThisShedt Hid Bebn Rdp
initiation of 12 NOV 1996 “"di schar ge di'sc

Exanpl e 3 . 02 0. 02 Conpar ati ve mnﬁl"’”"”l”m
5.6 Exampl e 1 _ _

wherein the negative voltage is intermittently applied so
that a time during which the negative voltage is not
applied includes a time during which the voltage is
controlled to be zero.volt in a'range of from 10 us to 10
ms, and the zero voltage time is equal to or longer than
the time requieed by one arcing from its generation to
extinction.
6. The sputtefing apparatus according to Claim 5,
wherein the power processing portion is disposed'closer
to the'cathode than the sputtering power generating
portion. |
7. The sputtering apparatus according to Claim 5,
wherein a plurality of cathodes, sputtering power
generating portions and power processing portions are
provided, and the plurality of power processing portions
are synchronously operated to prodqce waveforms having a
different phase.
8. A power processing portion for a sputtering apparatus
having a cathode to which a negative voltage is
intermittently applied, wherein;

the power processing portion comprises a first
switching circuit, a second sw1tch1ng circuits, a control
circuit for a switching element and a circuit for
measuring current, voltage or power for sputtering;

the first and the second switching circuits are
respectively_formed of a semiconductor switching device

and a protection circuit for protecting the device;
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n P@?gb?’ mgnrier . Further, since the fil mdeposition

or a filmdepositjon at a high spedd can be facilitated, whereby

application to e fa

Birst switching circuit is connected in series
between the négative pole of the sputtering power
generating portion and the cathode electrode;

the second SWitching éircuit is connected in series'
betwegn the cathode electrode and a DC éower source,
other than the sputtering.power'generating portion, for
supplying a positive potential to the cathode electrode;

the control circuit for the semiconductor switching
device is capable of controlling a turning-on time of 5
us or more for the first switching circuit and a turning-
off time of 5 us or more for the same, and capable of
fﬁrning-on the second switching circuit for less than the
time of turning-off the first switching circuit and
within a range of from 1 us to 20 us when the first
switching circuit is turned ofﬁ;'and

the circuit for measuring current, voltage or power
for sputtering has a function to measure a current value,
a voltage value or a power value effective to sputtering
and a function to compare the measured values with
predetermined reference values to detect arcing.
9. The power processing portion according to claim 8,
which further comprises a smoothing circuit to change the
waveform of Qoltage at an output terminal of the
sputtering power generating portion to be a DC voltage
waveform.
10. A film-deposition method by sputtering a thin film

composed mainly of silicon oxide by applying a negative

depogig- tion of a filmwith a |large area

THIS SHEET HAS BEEN

1L T —— REPAACED
=L m s x _ T



transparent conduftREPGACEMENT SHEET
an industrial profuftTon scale.
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Ve voltage
voltage intermittently in a constant periodic cycle to a
cathode compoéed mainly of silicon in a vacuum chamber
and using oxygen and/or inert gas as sputtering gas,
wherein the negative voltage is.intermittently applied so
that a time during which the negative voltage is not
applied includes a time during which the voltage is
controlled to be zero volt in a range of from 10 s to 10
ms, and the zero voltage time is equal to or longer than
the time required by one arcing from its generation to
extinction.

11. A film-deposition method by sputtering a thin film
composed mainly of silicon nitride by applying a negative
voltage intermittently in a constant periodic cycle to a
cathode éomposed mainly of silicon in a vacuum chamber
and using nitrogen and/or inert gas as sputtering gas,
wherein the negative voltage is intermittently applied so
that a time during which the negative wvoltage is not
applied includes a time during which the voltage is
controlled to be zero volt in a range of from 10 us to 10
ms, -and the zero voltage time is equai to or longer than
the time required by one arcing from its generation to
extinction.

12, The film-deposition method according to Claim 11,
wherein the composition ratio of the silicon nitride
(atomic molar ratio of N/Si) is 1.25 to 1.36.

13. The film-deposition method by sputtering a

transparent conductive thin f£ilm composed mainly of oxide
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by u51ng a sputterlng target capable of forming a

transparent conductive film, disposed in a vacuum
chamber, applying a negative voltage intermittently and
usihg oxygen and/or inert gas as sputtering gas, wherein
the negative voltage is intermittently applied so that a
time during which the negative voltage is not applied
includes a time during which the voltage is controlled to
be zero volt in a range of from 10 us to 10 ms, and the
zero voltage time is equal to or longer than the time
required by one arcing from its generation to éxtinction,
14, The film-deposition method according to Claim 13,
wherein the sputtering target is composed mainly of tin
or tin oxide.

15. The film—~deposition method according to Claim 14,
wherein the sputtering target contains metal antimony or
an antimony compound.

16. The film-deposition method according to Claim 13,
wherein the sputtering target is composed mainly of
indium or indium oxide.

17. The film-deposition method according to Claim 16,
wherein the sputtering target contains tin.

18. The film-deposition method according to Claim 13,
wherein the sputtering target is éomposed mainly of zinc
or zinc oxide.

19. The film-deposition method according to Claim 18,
wherein the sputtering target contains a simple substance

or a compound of at least one metal selected from the
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METHOD OF_ AN.APPARATUS FOR SPUTTERING

ABSTRACT

A sputtering method comprises applying a negative
voltage intermittently in a constant periodic cycle to a
cathode disposed in a vacuum chamber, wherein the
negative voltage is intermittently applied so that a time -
during which the negative voltage is not applied includes
a time during which the voltage is controlled to be zero
volt in a range of from 10 us to 10 ms, and the zero
voltage time is equal to or longer than the time required

by one arcing from its generation to extinction.
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SPUTTER COATING POWER PROCESSING
PORTION

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a sputtering method in
which a pulse-like DC voltage is applied, a film-deposition
method by sputtering, an apparatus for obtaining sputtering
and a power processing portion for sputtering.

2. Discussion of Background

A cathode for DC sputtering (hereinbelow, referred to as
sputtering) can not be used for forming a film of high quality .
at a high deposition rate upless a problem of abnormal
discharge is overcome.

Various causes are considered concerning the abnormal
discharge occurring around the cathode (hereinbelow,
referred to as arcing). As one of the causes, electric charges
are accumulated on a small insulating substance, which is
deposited or grown on the surface of a target material, and
the electric charges cause arcing to a potentially opposite
site, e.g. a substrate on which a film is to be formed, an
anode clectrode, the inner wall of a vacuum chamber or the
surface of the target. |

The arcing occurs frequently in a case that an insulating
film is produced from a conductive target material by
reactive sputtering. When the arcing is generated, arcing
energy concentrates locally to a portion of the target surface
in a reactive gas atmosphere, this forming an insulation or
insulations, whereby the arcing happens frequently in a
series. Accordingly, a stable glow discharge effective to
sputtering can not be maintained; a sputtering rate becomes
unstable and the production of films of uniform quality is
impossible. Occasionally, a substrate on which a film is
formed is damaged by arcing, or a mechanical component
constituting a cathode or a target material or a cathode is
molten by arcing.

In order to avoid the aboveomenuoned disadvantage, a
method of using electric power of a high frequency such as

- 13.56 MHz has been used.
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Recently, a technique of preventing arcing by using a
waveform proposed in Japanese Unexamined Patent Publi-
cation Nos. 148644/1993 and 331634/1993 or using a device
to obtain such waveform (the device is commercialized as.
SPARC-LE by Advanced Energy in U.S.A. Namely, the
waveform having a frequency of several kHz which is
comparable to the effect obtained by a discharge in 13.56
MHz by applymg a pulse-like positive electric potential of
about 5 ps—10 ps is applied in a periodic cycle to a cathode
so that positive electric charges accumulated on a small
insulating substance, which is deposited or grown on the
surface of a target material are neuu'ahzcd by attracting
electrons in plasma.

Recently, another techmque of neutralization of a poten-
tial difference on the target surface has been developed as
seen in U.S. Pat. No. 5.082,546. Namely, an alternating
current havmg an intermediate frequency such as several
tens kHz is applied to a pair of closely disposed cathodes to
ignite glow discharges between the two cathodes alternately.
In this case, when the electric potential of the cathodes is
negative, sputtering is conducted, and when the electric
potential is positive, positive electric charges accumulated
on a small insulating substance, which is deposited or grown
on the surface of a target material are neutralized by attract-
ing electrons in plasma. :

The sputtering method using a radio frequency power .
source having 13.56 MHz is believed to suppress arcing
because an insulation can be sputtered. However, it is
difficult to form a sputtering apparatus using a radio fre-
quency power source of 13.56 MHz because a power source
having an output of 10 kW or more is large and expensive,
and an impedancc-matching circuit of high voltage and large
current is needed.

A sputtenng method wherein DC power is used to apply

a positive potential intermittently and the power is intermit-
tently off is a useful technique because a potential difference -

- on the target surface can be neutralized and the generation

of arcing at the initial stage can be suppressed. Thus, the

generation of arcing could be effectively suppressed in

comparison with the ordinary DC sputtering method.
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However, this method has no ability of sputtering an insu-
lating substance unlike the sputtering method using 13.56
MHz, and accordingly, arcing occurs when a continuous
discharge is conducted for a long time. When the arcing is
generated, discharge energy concentrates locally on the
target surface in a reactive gas atmosphere, which further
forms an insulation or insulations and results in arcing
frequently in a series.

Namely, the neutralization of petential difference on the
‘target surface by applying a positive voltage or 0 voltage
intermittently is effective only to a small insulating sub-
stance accumulated with a small amount of electric charges
if the application time of positive voltage or 0 voltage is
short. Accordingly, it is impossible to obtain complete
neutralization of an insulating substance accumulated with a
large amount of electric charges by sputtering for a long time
or of an insulating substance having a large amount of
electric charges produced by arcing, with use of a simple
intermittent DC power. '

In the sputtering method of applying an alternating cur-
rent to the two closely disposed cathodes, an alternating
current of several tens kHz is used. Accordingly, it can be
said that this method uses the same principle as the sput-
tering method with use of the before-mentioned intermittent
DC power, i.e. a potential difference on the target surface is

. neutralized. Further, in this method, the same electrode is
- used as a cathode and an anode. Accordingly, there is an
advantage that whea the electrode is used as a cathode, the
surface of it is sputtered and cleaned, and when it is used as
an anode, the surface is always cleaned whereby a continu-
ous discharge can be stably carried out for a long time.

However, this method requires the two closely disposed
cathodes and an AC power source of several tens kHz.
Accordingly, it is impossible to suppress arcing and stabilize
a normal discharge in a simple manner with use of a
currently used DC sputtering apparatus.

As another cause of the occurrence of arcing, when a
target material is eroded by sputtering, minute protrusions
appear in the surface of the target material depending on the
kind of material. An electric field concentrates to the pro-
trusions whereby arcing occurs at a local portion.
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Accordingly, the composition of the target material is
changed whereby a portion having a different sputtering
yield may appear and uniform sputtering of target surface
can not be obtained. _
. In particular, when an ITO (indium-tin-oxide) film is to be

- produced by the sputtering method., and when an ITO target .
or an IT (indium-tin) target is used, indium oxide which is

 believed to be sub oxide, or a large number of minute black
protrusions (hereinbelow, referred to as nodules). are pro-
duced on the target surface during continuous sputtering,
and the deposition rate of the ITO film is gradually

_decreased. Further, the arcing frequently occurs, whereby
small pieces of the target material scattering by the arcing
deposit on the substrate to reduce the quality of the ITO film.

As a common technique to remove the protrusioas formed
by the erosion of the target is to physically remove them by
causing a discharge in ar inert gas atmosphere such as Ar
gas. i.e. sputter-etching.

Further, when the ITO target is used. a method of remov-
ing the nodules by a discharge in a N, gas atmosphere is
proposed in Japanese Unexamined Patent Publication No.
293767/1992. '

However, the above-mentioned methods are only effec-
tive under the condition that a vacuum chamber is main-
tained vacuum after the nodules have been formed. and they
can not suppress the occurrence of arcing and can notrealize
a method of a long time stably discharge. _

As another technique, there is a method of improving the
surface condition of the target formed by the erosion of the
target, by increasing the density of a target material of ITO
in sintering. However, this method pushes up the cost of the
target material and effect can not be expected.

As another technique, there is a method of increasing the
density of power at the sputtering to change the erosion of
the target. When the density of power is simply increased,
the frequency of occurrence of arcing increases and a
discharge energy of arcing also increases. So, this method
increases adverse effects of the arcing.
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It is possible in principle to realize the above-mentioned
methods, apparatus and the power processing portion of the
present invention with use of an ordinary DC power source
if such a function that the arcing at the initial stage is

- detected-to quickly stop the output and the output is again
- produced after the passing of the time of the extinction of
arcing, is added to a DC power source. However, when a
detection circuit of arcing is actually installed in the power
source, it is necessary to detect through a power source cable
an abnormal condition of current or voltage supplied from
the positive pole to the negative pole by the power source. .

Such method of detection can only detect arcing between
‘the cathode electrode as a target material and the anode
electrode disposed near the target material. However, a
slight arcing at the initial stage which starts on the surface .
of the cathode material can not be detected because the slight
arcing is filtered by the impedance of the power source cable
and the circuit constant of the power source circuit. Namely. .
only a relatively large arcing which is produced as a result
of the slight arcing at the initial stage can be detected.

Since the time of extinction of the relatively large arcing
between the cathode and anode is in the order of ms, it is
Decessary to stop the output from the power source for more
than several ms. Further, since the size of an insulation
formed on the surface of the target material at the time of

- generation of arcing already becomes large. the arcing -
occurs frequently. Accordingly. an abnormal state of output
is detected from the DC power source, the shut-off of several
ms is repeated, and it is very difficult to continue the normal
sputtering operation.

For the above-mentioned reasons. the slight arcing can

- not be detected in a case that the ordinary DC power source
is used for sputtering, and there will be a problem such that
the shutting-off of more than several ms is repeated whea a
large arcing occurring subsequent to the slight arcing takes
place. | .

SUMMARY OF THE INVENTION

The inventors of this application have found through
intensive observations of the waveform of arcing that the
crest value (the maximum value of the waveform of current)
in initial arcing before a large arcing takes place in a series
and the time of extinction of the initial arcing are substan-
tially constant when the same apparatus is ysed.
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Therefore, they have found that the progress of arcing in
a serics can be prevented by minimizing the energy of
arcing. Specifically, the sputtering method comprises apply-
ing a negative voltage intermittently in a constant periodic
cycle to a cathode disposed in a vacuum chamber, wherein
the negative voltage is intermittently applied so that a time
during which the negative voltage is not applied includes a
time during which the voltage is controlled to be zero volt
in arange of from 10 ps to 10 ms, and the zero voltage time
is equal to or longer than the time required by one arcing
from its generation to extinction.

The slight arcing can be seen with a waveform observmg
device such as an oscilloscope or the like.

Further, they have found through intensive observations
of the waveform of arcing that a time from the applicaﬁon
of a negative voltage to the generation of the initial arcing
is substanua]ly constant whcn the constmcuon of the appa-
ratus is the same.

. Therefore, they have found that by using a voltage wave- -
form wherein the titne during which the negative voltage is
intermittently applied is within a range of from 10 ps to 10
ms and is equal to-or shorter than the period of ime from the
apphcanon of the negative voltage to the generation of -

. arcing, the accumulation of electric charges on an insulation
having a small surface area on the surface of a target can be
minimized; the voltage is controlled to be zero volt before

. the arcing takes place, and the electric charges are neutral-
ized by plasma pear the target, whereby the frequency of -

- occurrence of the initial arcing can be reduced.

- As described above, it is possible to continue sputtering
operations for a long time by specifying the time during
which the voltage is controlled to zero volt, and this effect
can be increased by specifying the time during which the
negative voltage is intermittently applied.

BRIEF DESCRIPTION OF THE DRAWINGS

In drawings: :

FIG. 1 is a diagram showing intermittent waveforms
according to an embodiment of the present invention;

FIG. 2 is a diagram showing intermittent waveforms in a
case of applying a positive potential according to an embodi-
ment of the present invention;

FIG. 3 is a diagram showing a sputtering apparatus

- according to a first embodiment of the present invention;



positive volt

ﬁ gSHEERDI i tude of about 10%to the power value in

the applicati a—regatT Ve (vl t age was 10 [err]s and the zero volt tine
26 was 390 [ erfr]ls COMPARATI VE EXAMPLE 6 Sputtering was
conducted in the s\arﬁe-‘%mp as tin Exanple 5 except that the conventi onal
magnetron sput}ef-_ing appa-attug and the conventional DC sputtering power
source were uskd. Qccurrence nodul gs after continuous sputtering of 23

hours, the fre ney—ef—occurrence of arC| ng and the char-

" FIG. 4 is a circuit diagram showing an embodimeat of an
intermittent power processing portion of the preseat inven-
tion; :

FIG. S is a diagram showing the sputtering. apparatus
according to a second embodiment of the present invention;

FIG. 6 is a first graph showing the effect of the present
invention; '

FIG. 7 is a second graph showing the cffcct of the present

invention;
FIG. 8 is a diagram showing the sputtering apparatus

according to a third embodiment of the present invention;

FIG. 9 is a diagram showing an intermittent waveform of
an embodiment of the present invention;

FIG. 10 is a diagram showing an intermittent waveform
according to an embodiment of the present invention; and

FIG. 11 is a diagram showing an intermittent waveform.
according to an embodiment of the present inveation.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Preferred embodiments of the present invention will be -
described with reference to the drawings.

FIG. 1 shows waveforms according to an embodiment of
the present invention wherein the uppér portion shows a
waveform of voltage and the lower portion shows a wave-
form of current. Reference numeral 1 indicates a time dunng
which a negative voltage is intermittently applied .
(hereinbelow, referred to as an ON time), numeral 2 desig- -
nates a time during which the voltage is controlled to be zero -
voltage (hereinbelow, referred to as a zero volt time) and -
numeral 3 shows a wavefarm produced when arcing takes
place. In FIG. 1, when the zero volt time is longer than the
ON time, power efficiency becomes poor. However, the
waveform is simple because the power is simply turning-on
and off. Accordingly, it is advantageous in coastruction
when the power source portion has a sufficient capacity.

On the other hand, the inventors of the present invention -
have found that the neutralization of charging to an insula-

" tion can be effectively done in a shorter time by using a
voltage waveform wherein there is a time during which a
posxnve voltage is applied in a range of from 1 ps to 20 us
in part of the zero volt time. By combining this waveform
with the above-mentioned specified ON time, a waveform
having excellent power efficiency can be obtained.
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Further, they have found to suppress the occurrence of
arcing for a long time and with excellent power efficiency by
suitably determining the zero volt time, which is equal to or
longer than the time of extinction of arcing, only just after
the arcing.

FIG. 2 shows the waveform obtained by the application of
a positive voltage. In FIG. 2, the upper portion shows the
waveform of voltage and the lower portion shows the .
waveform of current. Reference numeral 21 indicates an ON
time which is in a range of from 10 s to 10 ms and which
is equal to or shorter than the time from the rise of voltage
to the generation of an arc discharge in the initial arcing,

Numeral 22 indicates a zero volt time, which is deter-
mined by a time 23 during which a positive potential is
applied and a time 26 for a zero volt after the time 23.

The zero volt time just before the time 23 during which a
positive potential is applied is preferably short. However, a .
constant time of 1 ps to 2 ps is actually set to protect the
switching element. _

It is not necessary that the time 23 during which a positive
potenual is apphed is a long time, but it may be a time which

is sufficient to apply the voltage to a large-sized target. and
a time of about 5 us to 20 ys is preferable. The value of a
positive potential can be a potential sufficient to apply the
voltage to an actual target, and may be 200 V or lower.

It is desirable that the zero volt time 22 can be adjusted
depending on a situation of process by adjusting the time 26
after the application of a positive potential.

Namely. a desirable result can be obtained by adjusting
the zero volt time 26 so as to form the zero volt time 22 equal
to or longer than the time of extinction of a slight arcing even
when a shght arcing smaller than a reference value for
detection set in a detection circuit takes place. '

Numeral 25 indicates the waveform of arcing. The zero
volt time 24 just after the occurrence of arcing is equal to or
longer than the time for extinction of the arcing.

It is preferable that the above-mentioned conditions can -
be changed because the optimum values are different
depending on the material for sputtering and the construc-
tion of the cathode electrode.
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The function of the present invention is as follows.

In the present invention, by repeating ON/OFF, a potential
difference on the target surface can be eliminated to prevent
the occurrence of arcing. Accordingly, a stable discharge can
be maintained in comparison with a conventional DC sput-
tering.

If arcing takes place, the arcing can be completely dis-
tinguished by giving a sufficiently long zero volt time before
the voltage is ON, whereby the magnitude of the arcing can
be maintained small. Further, the initial arcing appears
sometime after the rise of voltage. Accordingly, a waveform
wherein a time during which the voltage is controlled to be
ON is in a range of from 10 ps to 10 ms and equal to or
shorter than a time of from the rise of voltage to the
generation of the initial arcing is used, a potential on the
surface of a target is neutralized, whereby the frequency of
occurrence of arcing and the magnitude of the arcing can be
reduced.

By the above-mentioned function, the frequency of occur-
rence of the initial arcing and the magnitude of the arcing
can be kept small, and a stable sputtering can be continued
for a long time even with a large power.

‘When the waveform shown in the upper portion of FIG
2 wherein a positive potential is added for a short time in the

. zero volt time is used, a potential difference on the target
surface can be effectively eliminated to thereby prevent the
occurrence of arcing. Accordingly, a stable discharge canbe
maintained for a long time in comparison with use of the
ordinary DC sputtering.

Further, by determining the zero volt time 24 to be longer
than the time of extinction of arcing just after the arcing 25
has been detected, the frequency of occurrence and the
magnitude of the arcing at the initial stage can be kept small,
and a stable sputtering can be continued for a long time even
with a large power. '

- Even when a slight arcing whose value is smaller than a
reference value of detection set in the-detection circuit takes
place, a further stable sputtering can be continued by adjust-
ing the zero volt time 26 so that the zero volt time 22 is
longer than the time of extinction of the slight arcing.
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FIG. 3 shows an embodiment of the power source device
for realizing the above-mentioned sputtering method.

The power source device of the present invention prefer-
ably has a sputtering power generating portion and a power
processing portion which should be separately disposed. In
FIG. 3. pumeral 31 designates a sputtering power generating

portion. numeral 32 designates a power processing portion.
numeral 33 designates a vacuum chamber. numeral 34
designates a cathode electrode. numeral 35 designate anode
electrodes and numeral 36 designates a substrate.

In this embodiment, the power processing portion 32 can
be disposed closer to the cathode electrode 34 than the
sputtering power generating portion 31. whereby the length
of a power source cable between the output terminal of the
power processing portion 32 and the cathode electrode 34
can be the shortest to thereby minimize the inductance of the
power source cable. Accordingly. the waveform of an inter-
mittent DC voltage can be applied to the cathode electrode
34 without any distortion. _

FIG. 4 shows the construction of the power processmg '
portion 32 of the present invention. '

The power processing portion 32 comprises a first switch-
ing circuit 41 as main circuit, a second switching circuit 42
for applying a positive potential. a control circuit or control
unit 48 for a switching element for controlling the first and
second circuits and measuring circuits 45-47 for measuring
current (45), voltage (46), and power (47) for sputtering.

The first switching circuit 41 is conmnected in series
between the negative pole of the sputtering voltage gener-
ating portion 31 and the cathode electrode 34. The first
switching circuit 41 is composed of a semiconductor switch-
ing device and a coil for protecting the same and is operable
to change a sputtering power to an intermittent power. It has
2 switching speed of 10 ps (100 kHz) for ON/OFF. The
second switching circuit 42 is composed of a semiconductor
switching device and a coil for protecting the same, and is
so operable that power of DC power source 43 which

..supplies an opuonal value of positive potential to the cath-
ode electrode 34 is applied to the cathode electrode 34,
beside of the sputtering power generating portions 31.
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The second switching circuit 42 is operated only when the
first switching circuit 41 as the main circuit is an OFF state.
Atime of applying a positive potential in an ON state can be
about 20 ps in maximum. .

It is preferable that the power source 43 for applymg a
positive potential is of about 200 V in maximum, but it can
be determined optionally.

By adjusting a turning on time of the semiconductor
switching device of the second switching circuit 42 to be
about 20 ps or less immediately after the semiconductor
switching circuit of the first switching circuit 41 has been
turning off, 2 positive potential of about 200 V or less can be
apphed to the cathode electrode 34, whereby the occurrence

_ of arcing can be suppressed and the waveform having.
excellent power efficiency as shown in FIG. 2 can be
produced.

The control circuit 48 for the semiconductor switching
device is capable of controlling the turning-on time to be 5
ps or more for the first sthchmg circuit and the turning-off
time to be 5 ps or more for the same, and capable of
turning-on the second switching circuit for less than the time
of turning-off the first switching circuit and within a range
of from 1 ps to 20 ps when the first switching circuit is
turned off.

It is possible that the first switching circuit is in a normally
ON state while omitting the zero volt time. The adjustment
allows to use the conventional DC sputtering.

The circuits 45-47 for measuring current. voltage or
power for sputtering function to measure a current value, a
voltage value and a power value effective to the sputtering
and also function to compare the measured values with
predetermined reference values to detect arcing. In this case,

- it is especially effective to judge whether the curreat value
or both the current value and the voltage value are higher or
lower.
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The coatrol circuit 48 for the semiconductor switching
device functions to control the zero volt time 24 immedi-
ately after the occurrence of arcing. The zero volt time can
be optionally set to be in a range of from 100 ps to 10 ms.

Further, when the arcing is detected upon the judgement
as to whether or not the sputtering current value or voltage
value (or the impedance at the arcing) is higher or lower, the
semiconductor switching device of the switching circuit 41
operates so that the zero volt time is longer than the time of
extinction of arcing, omly immediately after the arcing,
whereby the magnitude of arcing can be minimized and a
stable sputtering cam be continued for a long time.

Further, a smoothing circuit 44 is preferably disposed at
the side of the input terminal of the power processing
portion, whereby the waveforms of voltage and current at
the output terminal of the power generating portion 31 can
be substantially in a direct current form.

The power generating portion generally has a function to
feed-back the voltage, current or power at the output termi-
nal so that it can be kept constant. The function may cause
hunting on controlling,

However, since the hunting can be prevented by the
smoothing circuit 44, the ordinary DC power source can be
used. Accordingly, the ordinary sputtering DC power source
may be used for the sputtering power generating portion 31.
In this case, the present invention can be practiced with a
conventional sputtering apparatus with the power processing
portion 32.

In the sputtering method of the present invention, it is
preferable to measure and display the average value of
power per period (hereinafter referred to as the effective
value, see formula 1 given hereinafter). By displaying the
effective value, the film-deposition rate can be controlled in
the same manner as use of the power for the conventional
DC sputtering even when any type of waveform is used for
sputtering.

Further, it is preferable that the effective valuc is fed-back
to the sputtering power generating portion 31 for a constant
voltage control, a constant current control or a constant
power control.
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When a sputtering apparatus having a plurality of cathode
clectrodes disposed in a vacuum chamber is used and an
Intermittent power waveform is supplied to each of the
cathode clectrode, interference such as a beat may appear.
Accordingly. the power processing portion should have a
function to shift the phase of waveform.

FIG. 8 shows an embodiment of the sputtering apparatus
of the present invention. In this embodiment, two cathode
electrodes 824, 82b and anode electrodes 83a, 836 are
disposed in a vacuum chamber so that sputtering is con-
ducted simultaneously to a substrate 85. Power generating
means 814 and 815 supply power intermittently wherein the
phases of voltage waveform are shifted to each other.
whereby interference of plasma such as a beat or the like can
be eliminated and a stable plasma 84 is produced.

Further, the waveforms shown in FIG. 1 or FIG. 2 can be .
produced by combining the apparatus with the power source
as shown in FIG. 3. Thus, the optimum waveform can be
supplied by satisfying the conditions of process.

In the sputtering apparatus of the present invention, the.
frequency of occurrence of arcing can be reduced even when
a reactive sputtering is conducted. Further, a larger power .
can be supplied to the cathode stably, and the optimum
intermittent power can be expected and supplied to meet
various sputtering processes. Accordingly, the sputtering
apparatus of the present invention has high ability of film-
deposition. '

A thin film composed mainly of silicon oxide formed by
the sputtering method of the present invention is of higher
quality than a thin film obtained by a DC sputtering.

The thin film composed mainly of silicon oxide formed by .
the sputtering method and the sputtering apparatus of the
present invention is of high quality since no arcing takes
place during the sputtering so that attachment of particles is
little. Further, it is believed that since there is no fluctuation
in the sputtering condition due to arcing, a uniform film with
little microscopic defects can be obtained. Further, it is
believed that excellent film quality with little defects can be
obtained, since sputtering is carried out intermittently with
an interval of every period, whereby a very thin film is
intermittently formed on the substrate with an interval of

£ ’
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every period, and film-deposition is carried out while an
oxidation reaction on the substrate is completed during
every period.

Thus, it is poss:ble to obtam an excellent thin film
composed mainly of silicon oxide which has little defects
macroscopically or microscopically, whereby a high alkali -
bamrier property cam be obtained even when the film is
formed on a Jow temperature substrate.

A thin film composed mainly of silicon nitride formed by
the sputtering method or the sputtering apparatus of the
present invention is of higher quality than a thin film
obtained by the DC sputtering.

The thin film composed mainly of silicon nitride formed
by the sputtering method of the present invention is of high
quality since it is unnecessary to heat the substrate, no arcing
takes. place during the sputtering so that attachment of
particles is little. Further, it is believed that since there is no
fluctuation in the sputtering condition due to arcing, a
uniform film with little microscopic defects can be obtained. -
Further, it is believed that excellent film quality with little
defects can be obtained, since sputtering is carried out
intermittently with an interval of every period, whereby a
‘very thin film is intermittently formed on the substrate with
an interval of every period, and film-deposition is carried out
while a nitriding reaction on the substrate is completed
during every period.

Thus, it is possible to obtain an excellent thin film
composed mainly of silicon nitride which has little defects
macroscopically or microscopically, whereby a high alkah_
barrier property can be obtained even when the film is
formed or a low temperature substrate.

If the concentration of nitrogen in sputtering gas is
adjusted and/or power to be supplied to a silicon target is
adjusted so that the composition ratio of silicon nitride .
(atomic molar ratio of N/Si) will be within a range of from'
1.25 to 1.36, it is possible to produce silicon nitride having
an excellent alkali barrier property.

In the film-deposition method of a transparent conductive
film by the sputtering method of the present invention, a
negative voltage is intermittently applied and power of a
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large power density is instantaneously supplied, and at the
same time, problems of nodules of sub oxide on the target
materjal which reduce the sputtering rate and an arcing in
sputtering can be eliminated. Thus, the film-deposition
method of the present invention is excellent in productivity.”

As sputtering targets, there are a sputtering target com-
posed mainly of tin or tin oxide containing metal antimony

or an antimony compound, a sputtering target composed
mainly of indium or indium oxide containing tin and a
sputtering target composed mainly of zinc or zinc oxide
containing a simple substance or a compound of at least one-
metal selected from the group coasisting of aluminum,
gallium, indium. boron and silicon.

Sputtering power used for the method and apparatus of .
the present invention is preferably have a voltage waveform
to be applied to a target, as shown in FIG. 1 wherein an
application time of negative voltage is in a range of from 10
ps to 10 ms and a non-application time is in a range of from
10 ps to 100 ms, or a voltage waveform to be applied to a
target as shown in FIG. 2 wherein an application time of
negative voltage is in a range of from 10 ps to 10 ms and an
application time of negative voltage and a non-application
time is in a range of from 10 ps to 100 ms.

Further, setting of the value of negative voltage (—V, in

'FIG. 9) is important for suppressing formation of nodules,
which is an object of the present invention. As expressed in
formuia 5, arcing and formation of nodules of sub oxide on
the target surface can be effectively suppressed by adjusting
the negative application voltage (—V,) so that the average
value W, of the intermittently supplied power is from 2 to
10 times the average value W of the power per period
(hereinafter referred to as the effective value W).

The effective value W of the power is as represented by
the formula 1 where T is the period. If this is applied to the
case of the waveform as shown in FIG. 2, W is as shown by
the formnia 2.

On the other hand, the average power W, within the time
when sputiering actually takes place (when the negative
voltage is applied) (a, in FIG. 9) are as shown by the formula
3. Further, in FIG. 2, the average voltage is V,=(-V,), and
if this is inserted, W, is as shown by the formula 4. '
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To effectively remove ‘nodules, it is preferred that the
average value W, of power is from 2 to 10 times the
eﬁ_ecﬁve value W of the power, as shown by. the formula 5.

If this is applied to the case of the waveform as shown in
FIG. 2, the formula 6 is obtained. Therefore, (=V ) 2, (10
Ms=a,; =10 ms), and b, (10 ps=b,=100 ms) should be
adjusted to satisfy the formula 6. .

Good results can be obtained especially when the average
value of intermittent electric power densny W, (see formula
7) is within a range of from 2.5 W/cm? to 30 W/cm?. '

In this case, the waveform may not be necessarily be a
precise rectangular waveform as shown in FIG. 9, and
(=V,). a; and b, may be optimized depending upon the size
and condition of the target and the particular apparatus.

In a case where positive voltage is applied as shown in
FIGS. 10 or 11, application of such positive voltage does not
serve effectively for sputtering, and accordingly, in the
calculation of the formulas 1 to 7, V,, is to be taken as Q.

The film-deposition rate of the tramsparent conductive
film can easily be controlled by the effective value W of the
intermittently supplied sputtering power. For example, in a
case where by the method of the present invention, it is
intended to obtain the desired film-deposition rate obtained
by the conventional DC sputtering method, the desired
film-deposition rate can be obtained by adjusting the effec-
tive value W of the intermittently supplied power to the
same level as the DC electric power value. ;

. Namely, an equation of “the film-deposition rate by the
conventional DC sputtering method/the DC power=the film-
deposition rate according to the present invention/the effec-
tive value W of power” substantially holds. good.

Thus, the film- dcposmon rate can be adjusted by adjust- :
ing the zero volt time so that the effective power value W
corresponds to the power of the conventional DC sputtering, '
and the quality of a film deposited on the substrate can be
kept and a stable sputtering is obtained for a long time.

T  Formula 1
Wi j , Yeorods. |
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construction of the power source circuit, the waveform can
be produced by oscillation in the power source itself or the
output of the DC power source may be processed by a
semiconductor switching element to form an intermittent
waveform. In either case, the effect of the present inveation
is the same.

In the apparatus having the construction shown in FIG. S,
using a planar magnetron cathode having an area of 10x80
cm. a target material of boron-doped silicon. and a gas
mixture of argon and oxygen having a ratio of 1:1, as
introducing gas, a film of SiO, doped with boron was
deposited by sputtenng on a substrate under a discharging
pressure of 3.0x10™> Torr and an effective power value of 2
kKW. When a DC discharge was conducted, arcing suddenly
and frequently took place after about 2 minutes and 30
seconds and the sputtering could not be continued.

 Sputtering was conducted in the same manner as above
- _except that an intermittent direct current was used wherein
in the waveform shown in the upper portxon of FIG. 1. an
ON time during which a negative voltage is applied was 100
ps and a zero volt time was 40 ps. As a result. arcing
gradually increased and the frequency of occurrence of the
arcing after about 30 minutes was about 60 times/min.

In observing the current waveformm during arcing and
measuring a time of extinction of the initial arcing, there was
detected 160 to 180 us.

Sputtering was conducted in the same manner as above
except that an intermittent direct current was used wherein
the ON time was 100 ps and the zero volt time was 200 ps.
As aresult. the frequency of occurrence of arcing after about
60 min was about 60 times/min. In this case. the initial
arcing frequently took place after 90 ps to 100 us of the rise
of voltage.

Sputtering was conducted in the same manner as above
except that an intermittent direct current was used wherein

- the ON time was 80 ps and the zero volt time was 200 ps.
There was found that the frequency of occurrence of arcing
after about 60 min was about 30 times/min. The frequency
of occurrence of arcing in the above-mentioned four tests is-
shown in FIG. 6. In the measurement of arcing, a current
value 10% or more than the maximum value of ordinary
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Now, the present invention will be described in detail with |
reference to anmples. However. it should be understood
that the present invention is by no means restricted by such -

specific Examples
EXAMPLE 1

FIG. § shows an example of the sputtering apparatus of
the present invention.

In FIG. 5, reference numeral 51 designates a DC power
source for generating intermittently a negative DC voltage, -
numeral 52 designates a cathode electrode with a target,
material, numctal53dwgnatcsananode electrode, numeral
54 designates a substrate to be subjected to a film-deposition
treatment, aumeral 8§ designates an area of glow discharge

 effective to sputtering, numeral 56 designates a slight arcing
produced on the surface of the target and numeral 57
designates arcing produced between the cathode electrode
and the anode electrode. -

In the present invention, output from the DC power source
generating an intermittent DC voltage may not be of a
rectangular wave, but may be of a trapezoidal, a triangular
or a sign waveform to obtain the same effect. Further, in
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current waveform was used as a detection level in the
oscilloscope and the number of occurrence detected was
recorded.

EXAMPLE 2

A cathode having an area of 40x300 cm. aluminum-doped
silicon as a target material and a gas mixture of argon and
oxygen having a ratio of 2:10 as introducing gas were used
in the apparatus shown in FIG. 5. Sputtering was conducted
under a discharge pressure of 2.0x10™ Torr and at an
effective power value of 13 kW to deposit a film of SiO,
doped with aluminum on a substrate.

When a direct current was used for discharge, arcing
suddenly took place after about 35 min and the sputtering
could not be continued. In observing the waveform during
the discharge. a time of extinction of the initial arcing was
about 400 ps.

Sputtering was conducted in thc same manner as above

- except that the waveform shown in the upper portion of FIG.
1 was used wherein the zero volt time was 500 ps and the
ON time was 500 ps. A time required for the occurrence of
the initial arcing was about 220 s after the rise of voltage.

Sputtering was conducted in the same manner as above
except that the ON time was 220 ps and the zero volt time
was 500 ps. The frequency of occurrence of arcing was 20 -
times/min or lower even after the lapse of 4 hrs. |

The frequency of occurrence of arcing in the case of using
a direct current and the case of using the intermittent
waveform wherein the ON time is 220 us and the zero volt
time is 500 ps is shown in FIG. 8. The condition of detecting
arcing is the same as that of Example 1.

EXAMPLE 3

In a vacuum chamber, N-type silicon (phosphorus doped
single crystal) having a specific resistance of 1.2 Q-cm was '
placed as a target on a cathode, and on the opposite side of -
the target, a soda lime glass sheet was disposed as 2
substrate. The vacuum chamber was evacuated to 1x10~°
Torr. Then, a gas mixture of argon and oxygen was intro-
duced as sputtcnng gas, and conductance was adjusted 50

* that the pressure is 2x10™ Torr.
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- Then. the voltage as shown in the upper portion of FIG.
2 was applied to the cathode. Here. the ON time 21 was 50
ps which is the same as the time of starting the initial arcing’
and the zero volt time 22 was 50 us which is the same as the
time of extinction of the initial arcing in which the time 23
for applying a positive potential was about 12 us. Here. the
negative voltage was adjusted so that the application power
in the application of this voltage was 500 W. The positive
voltage was kept to be 100 V.

The substrate temperature was maintained to be at room
temperature, and an electric discharge was started at an
oxygen concentration in the sputtering gas of 60%. After the
pre-discharge of 5 min, the shutter was opened, and the
film-deposition time was adjusted so that the thickness of
film was 250 A, whereby a thin film composed mainly of
silicon oxide was deposited on a soda lime glass substrate.

When 120 min passed after the initiation of discharge, a
film was deposited on another soda lime glass substrate.
However, little arcing was observed.

. COMPARATIVE EXAMPLE 1

Sputtering was conducted to deposit a film in the same
manner as Example 3 except that an intermittent DC voltage
having the waveform as shown in the upper portion of FIG.
1 was applied to the cathode wherein the ON time was 50 ps
and the zero volt time was 25 ps.

Although little arcing was observed just after the initiation
of filtm-deposition, occurrence of arcing was observed with
the lapse of time, and continuous discharge of red-hot
particles was observed on the target surface at the comple-
tion of film-deposition.

When 120 min passed after the initiation of discharge, 2
film was deposited on another soda lime glass substrate.
Arcing took place very frequently.

COMPARATIVE EXAMPLE 2

Sputtering was conducted in the same manner as Example
3 except that a radio frequency voltage of 13.56 MHz was
applied to the cathode.

After 120 min from the initiation of discharge, a film was
deposited on another soda lime glass substrate, In this case,
there was no arcing.
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The coated side of each of the coated glass obtained in:
Example 3 and Comparative Examples 1 and 2 was con-
tacted with pure water at 90° C. for 24 hours, whereupon the
amount of out diffused sodium atoms (pg/cm?) in this pure
water was measured by atomic absorpuometzy Results are
shown in Table 1.

TABLE 1

Film-deposition Film-deposition
after 5 min from after 120 min from

initiation of initiation of
discharge discharge
Example 3 0.02 002
Comparative 13 5.6
Example 1 '
Comparatt 032 031
Example 2 ' '

As is clear from the above Example and Comparauvé

~ Examples, according to the present invention, it is possible

to form a thin film of silicon oxide having a high alkali
barrier property without heating the substrate for a long
period of time and in a stable manner. Further, since the.

- film-deposition is conducted by the DC sputtering, deposi-

tion of a film with a large area or a film-deposition at a high
speed can be facilitated, whereby application to e.g. a
transparent conductive substrate for liquid crystal can be
made possible on an industrial production scale.

EXAMPLE 4

N-type silicon having a specific resistance of 1.2 Q-cm
and a surface area of 160 mmx40 mm was used as a target,
and the voltage as shown in the upper partion of FIG. 2 was
applied to the targets. Here, the negative voltage was
adjusted so that the application power in the application -of
this voltage was 200 W. The positive voltage was kept to be

- 100 V. Other conditions was the same as those of Example

3.
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Discharge was started at an oxygen concentration in

- sputtering gas of 40%. After 5 min, the shutter was opened

to deposit a film of silicon nitride having a thickness of 200
A on a flat soda lime silicate glass at room temperature.

Then, when 120 min passcd after the initiation of
discharge, the shutter was again opened to deposit a silicon
nitride film of 200 A on another soda lime glass substrate.

- During the film-deposition operations, no arcing was
observed.

COMPARATIVE EXAMPLE 3
Sputtering was conducted in the same manner as in
Example 4 except for apphamon of a DC power of 200 W.

In ﬁlm-deposmon after 5§ min from the initiation of
discharge, no arcing was observed. :

After 120 min from the initiation of discharge, film-
deposition was conducted on another soda lime glass sub-
strate. In this case, arcing frequently took place, and dis-
charge of red-hot patucles from the target surface was
observed.

COMPARATIVE EXAMPLE 4

Sputtering was conducted in the same manner as in
Example 4 except N-type silicon having a specific resistance
of 1.5 Q-cm and a diameter of 6 inches was used as a target,
the nitrogen concentration in sputtering gas was adjusted to
100%, and a radio frequency voltage of 13.56 MHz was
applied so that a2 power of 300 W was supplied.

When 120 min passed after the initiation of discharge, a
film was deposited on another soda lime glass substrate. No
arcing was observed.

COMPARATIVE EXAMPLE 5

Films of silicon nitride each having a film thickness of
200-A were deposited on flat soda lime silicate glass sib-
strates at a temperature of about 600° C. by CVD method in
each case that the ratio of ammonia gas/silane gas in material

‘gas was 3. 5, 10 or 15,
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The coated side of each of the coated glass obtained by
Example 4 and Comparative Examples 3 to 5 was contacted
with pure water at 90° C. for 24 hours, whereupon the
amount of sodium atom out diffused into the pure water from.
soda lime glass through silicon nitride film was measured by
atomic absorptiometry. The results of Example 4 and Com-
parative Examples 3 and 4 are shown in Table 2 and the
results of Comparative Example 5 are shown in Table 3.

TABLE 2
.Film-deposition after 5 min from Film-deposition after 120 min
__initiation of discharge from initiation of discharge _
Amount of out Amount of out
Composition diffused Na Composition diffused Na
- QNISE) (ug/em?) N/si) (@fem?)
Example 4 133 0.005 1.33 0.005
Comparative . 133 0.008 1.32 091
Example 3 .
_ Comparative . 1.36 0.015 1.36 0.015
- Example 4
TABLE 3
Ratio of '
ammonia/silane 3 5 10 15
Composition 1.27 136 149 156
e » @Usi) _
Amount of 0.047 0.038 0.056 0.062
out diffused Na '
(ug/em®)

~ In comparing Examples with Comparative Examples
described above, silicon nitride film deposited by the present
invention shows that the amount of out diffused sodium -
atoms through this film is low, and there is clear superiority
in the present invention.
Further, it is understood that the silicon nitride film having
a high alkali barrier property can be deposited stably for a

long period of time.



the control nmeans is capable of controlling a turning-on time of at
least 5 [err]s for the first switching circuit and ~ a turning-off tine
of at least 5 ps for the__f_L_r.s.t.—s—w-i-,hl ng circuit, and wherein said
control neans is E&.er "\iTCSHEBT5 of turning-on the second switchi ng
circuit for I -t-ha-ﬁt of turning-off the first swtching
circuit and wthir rﬁggz ﬁfﬁpﬁ ] [&Fr_]s to 20 ps when the first
switching circuit t 6 0] ot e nd he neans for neasuring at |east one
of a current, a i qower for sputtering neasures at | east
one of .a current vlhlue, a voltage vglue and a power

Further, it becomes possible to deposit a silicon nitride
film having a high alkali barrier property without heating the
substrate, and coating of alkali barrier on a substrate having
a low heat resistance is possible.

EXAMPLE 5
By usmg an ordinary magnetron sputtenng device as

shown in FIG. §, the voltage as shown in the upper portion
" of FIG. 1 wherein the ON time was 100 ps and the zero volt

time was 400 us, was applied to an indium oxide target 52 _
containing 10 wt % of tin. As a substrate 54 on which a film
is to be deposited, non-alkali glass (AN glass by Asahi Glass .
Company Ltd.) previously heated to 200° C. was used.

A film-deposition chamber was evacuated to 1x10™° Tomr
or lower. Then, argon gas containing 1 vol % of oxygen gas
was -introduced so that gas pressure was 3x10~3 Torr.
Sputtering power was adjusted to be 1.1 XW in terms of
effective value.

EXAMPLE 6
Sputtering was conducted in the same manner as in
Example 5 except that the voltage as shown in FIG. 2
wherein the ON time 21 was 100 ps. the application time of
positive voltage 23 having an amplitude of about 10% to the

-power value in the application of a negative voltage was 10
us and the zero volt time 26 was 390 ps. :

COMPARATIVE EXAMPLE 6

Sputtering was conducted in the same manner as in
Example 5 except that the conventional magnetron sputter-
ing apparatus and the convennonal DC sputtering power
source were used.

Occurrence of nodules after continuous sputtering of 23
hours, the frequency of occurrence of arcing and the char-
acteristic of ITO films were examined on Examples 5 and 6

and Comparative Example 6.



val ue -effective for sputtering and conpares the nea- sured values with
det ersmi ned reference val ues to detect ar ci ng. 2. The power

processi ng portlon according to claim1l1, which further conprises a
snoothing circuit' to change a waveform of voltage at an output term nal of

the sputtering po rR@iﬂEEMENTgSHEET' onzto be a DC vol tage waveform
-25.
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TABLE 4
Comparative Example §  Example 5 Example 6
Formation of nodules Many nodules were Almost nil Almost nil
(after sputtering for observed the entire
23 hours) erosion region except
for the erosion center

Frequency of arcing 15 times/min or more 3 times/min or less Once/min or less
(after film-sputtering
for 23 bours)
Specific resistance of 19x10™ 19x 107 19 x 107
ITO film (Q - em)
Immediately after
initiation of film-
spuftering .
Specific resistance of 4.0 x 107* 20 x 107 19x10™
TTO film (after film- '
sputtesing for 23
hours) '
Change in the Decreased by about 40%  Almost nil Almost nil
sputtering rate (after

' _sputtering for 23
- hours)

As seen in Table 4, occurrence of -nodules is slight even
after continuous sputtering for 23 hours (a target of a
thickness of 6 mm was completely digged down) and there
is no substantial reduction in sputtering rate. Further, the
frequency of occurrence of arcing is reduced to about Y5-1/3
in comparison with the conventional sputtering method
shown in Comparative Examples. The specific resistance of

- ITO film is substantially the same as that of a samplie by the .
conventional sputtering method.

In Comparative Examples, the decrease of the sputtering
rate was remarkable by about 40%. The specific resistance
is reduced from 1.9x10~* Q-cm (at the initial stage of
sputtering) to 4x10™* Q-cm due to the reduction of sputter-
ing rate. Nodules were very rigid and it was necessary to

“conduct mechanical grinding for cleaning.

The film-deposition method for a transparent conductive
film and the film-deposition apparatus of the present inven-
tion exhibit excellent effect in depositing a transparent
conductive film without stopping film-deposition steps,
which reduce productivity, and to suppress occurrence of
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nodules of sub oxide on the target surface which causes
reduction in sputtenng rate. Further, it provxdes excellent
effect to suppress arcing which causes defects in the trans-
parent conductive film. Since arcing can be suppressed, a
. large electric power can be used and a high film-deposition
rate is obtainable in comparison with the conventional DC
sputtering method. -

Further, use of the power processing portion of the present
invention suppresses arcing without adding an arcing pre-
- venting circuit which is used for a conventional DC sput-
tering power source. Further, by controlling the effective -
value of intermittently supplied power, conditions for film-
deposition can be controlled in the same manner as the
conventional DC sputtering method, and a transparent con-
ductive film having the same property as the conventional
film can be obtained.

In accordance with the present invention, since a potential
difference on the target surface is eliminated and occurrence
of arcing is prevented, a stable discharge can be maintained
in comparison with a conventional DC sputtering.

The frequency of occurrence and the scale of initial arcing
can be small, a stable sputtering can be continued for a long
period of time even when a large power is used. Further,
excellent efficiency of electric power is obtainable.

The sputtenng apparatus of the present invention can
reduce thZfrequency of occurrence of arcing even in a case
of reactive sputtering, and a large electric power can be -

- supplied stably to the cathode. Accordingly, it has high -

film-deposition ability.

The power processing portion of the present invention is
of a simple structure and is applicable to a conventional
sputtering apparatus so that sputtering by a pulse-like inter-
mittent DC power can be realized.

By using the power processing portion of the present
invention, an intermittent voltage waveform can be easily

. optimized depending on the size of apparatus, material,

electric ‘power used and the scale of initial arcing.
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In the film-deposition method of a thin film composed
mainly of silicon oxide according to the present invention,
since arcing is not generated during film-deposition, a film
having high quality and little attachment of particles can be
obtained.

Further, in the film-deposition method of a thin film -
composed mainly of silicon nitride according to the present
invention, since arcing is not gemerated during film-
deposition, a thin film of high quality and little attachmeant
of particles can be obtained.

The film-deposition method for an ITO film of the present
invention can provide stable operations for a long period of
time because arcing can be prevented and occurrence of
nodules of sub oxide formed on the target surface can be
suppressed while the quality of a film and the film-
deposition rate are the same as those obtained by the
conventional DC sputtering method.
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We claim:

1. A sputter coating apparatus power processing’ portion
comprising a sputtering cathode to which a negative voltage
is intermittently applied, wherein:

the power processing portion comprises a first switching
circuit, a second switching circuit, control means, and
means for measuring at least one of a current, a voltage
and a power for sputtering;

the first and the second switching circuits are respectively
formed of a semiconductor switching device and a
protection circuit for protecting the device;

the first switching circuit is connected in series between a
negative pole of a sputtering power generating portion
and the cathode;

thé second switching circuit is connected in series
. ‘between the cathode and a DC power source other than

the sputtering power generating portion, for supplying
a positive potential to the cathode electrode;

the control means is capable of controlling a turning-on

time of at least 5 ps for the first switching circuit and .
a turning-off time of at least 5 ps for the first switching .

circuit, and wherein said control means is further .
capable of turning-on the second switching circuit for
less than the time of turning-off the first switching
circuit and within a range of from 1 ps to 20 us when -
the first switching circuit is turned off; and
the means for measuring at least one of a current, a
voltage and a power for sputtering measures at least
one of a current value, a voltage value and a power
value effective for sputtering and compares the mea-
sured values with determined reference values to detect
arcing.
2. The power processmg portion according to claim 1,
which further comprises a smoothing circuit to change a
waveform of voltage at an output terminal of the sputtering
power generating portion to be a DC voltage waveform.

* % X k%
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SPUTTER COATING POWER PROCESSING
PORTION
ABSTRACT

A sputtering method comprises applying a negative voltage
intermittently in a constant periodic cycle to a cathode
disposed in a vacuum chamber, wherein the negative voltage
is intermittently applied so that a time during which the
negative voltage is not applied includes a time during which
the voltage is controlled to be zero volt in a range of from -
10 ps to 10 ms, and the zero voltage time is equal to or longer
than the time required by one arcing from its generation to
extinction. |

THIS SHEET HAS BEEN
REPLACED

This Sheet Has Been Replaced
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PORTION (X
ABSTRACT

A sputtering method comprises applymg a pegative voltage
intermittently in a constant periodic cycle to a cathode
dxsposcd 1n 2 vacuum chamber, wherein the negative voltage
is intermittently apphcd so that a time during which the
negative voltage is not applied includes a time during which
the voltage is controlled to be zero volt in a range of from
10 ps to 10 ms, and the zero voltage time is equal to or longer
than the time required by one arcmg from its generation to
extinction.
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