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SEMICONDUCTOR MANUFACTURING
APPARATUS

Matter enclosed in heavy brackets [ J appears in the
original patent but forms no part of this reissue specifica-
tion: matter printed in italics indicates the additions made
by reissue.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a semconductor
manufacturing apparatus, and more particularly to a
bias sputtering apparatus for depositing an insulating
thin film on a substrate. |

2. Discussion of Background

Presently, a sputtering method is widely employed
for formation of wiring materials and insulating thin
films for use in integrated circuits. Such a sputtering
method makes a thin film by introducing Ar gas into a
vacuum vessel and applying direct current or radiofre-
quency power to a cathode including a target material
mounted thereon to cause glow discharge. As a result of
this glow discharge, a target surface is negatively biased
(called a self bias) with respect to the plasma, and Ar
ions accelerated by this bias voltage collide with the
target surface to subject the target maternal to sputter-
ing and etching. Material particles so etched are depos-
ited on a wafer located in opposition to the target for
film making. In contrast, there is known the so called
radiofrequency bias sputtering process wherein radio-
frequency power is applied to a succeptor itself includ-
ing the wafer mounted thereon as well as target to de-
posit a film on the wafer surface, while sputtering and
etching are effected by the self bias formed on the wafer
surface simultaneously with the film deposition on the
wafer surface.

FIG. 5 is a schematic cross-sectional view of a typical
conventional bias sputtering apparatus. Designated at
501 is a target composed of a material such as 8102, Si3
N4, Al1;03, AIN and the like for example, and 502 desig-
nates a target electrode including the target mounted
thereon. Moreover, designated at 503 and 504 are re-
spectively a semiconductor wafer and a succeptor elec-
trode. Radiofrequency power 1s supplied to the target
electrode 502 and the succeptor electrode 504 wvia a
matching circuit, and a vacuum vessel 505 1s grounded.
For this application, a radiofrequency (RF) power
source having an oscillation frequency of 13.56 MHz 1s
typically employed. Moreover, for an actual apparatus,
besides those members described above, a vacuum ex-
haust unit, a gas introduction inlet, and a mechanism for
taking the wafer into and out of the apparatus are pro-
vided, but are not shown in the figure for the sake of
brevity.

The surfaces of the semiconductor wafer 503 and the
succeptor 504 are negatively biased with respect to the
plasma by the RF power applied to the succeptor, with
which the Ar ions accelerated by an electric field
caused by the self bias collide to permit the deposited
film to be partly resputtered. Such a radiofrequency
bias sputtering method assures a thin film excellent in
mechanical strength. In addition, this radiofrequency
bias sputtering method also enables a flat surface film to
be formed by making use of a property of the film, that
film formed at a stepped portion is likely to be sput-
tered. This method however suffers from a severe prob-
lem during manufacturing a semiconductor integrated
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circuit in that the substrate of the semiconductor wafer
is damaged due to the collision of the Ar ions acceler-
ated by the self bias with the semiconductor wafer re-
sulting in deteriorated characteristics of the constituent
elements. These problems hinder the bias sputtenng
apparatus from being put into practical use.

SUMMARY OF THE INVENTION

In view of the drawbacks of the prior techniques, 1t 18
an object of the present invention to provide a semicon-
ductor manufacturing apparatus capable of forming a
high quality insulating thin film without damaging an
underlying substrate.

The above object, and other objects, are achieved
according to the present invention by providing a bias
sputtering apparatus for depositing an insulating thin
film on the surface of a semiconductor substrate 1n an
atmosphere of reduced pressure, including a target
composed of a material for the insulating thin film or of
at least one of constituent elements of the matenal for
the insulating thin film, a target electrode provided
mounted on and adjoining the target for applying first
radiofrequency power of a first frequency to the target,
a first radiofrequency power source for generating the
first radiofrequency power of the first frequency to
supply that power to the target electrode, a first match-
ing circuit provided between the target electrode and
the first radiofrequency power source for matching the
target electrode to the first radiofrequency power
source, a band reject filter disposed between the match-
ing circuit and the target electrode for selectively per-
mitting only the first radiofrequency signal to be trans-
mitted to the target electrode, a semiconductor sub-
strate disposed spaced away from the target in a con-
fronting relation therewith for permitting the insulating
film of the target to be deposited thereon as a result of
sputtering, a succeptor electrode for supporting the
semiconductor substrate thereon, a second radiofre-
quency power source for generating second radiofre-
quency power of a second frequency to the succeptor
thereby to permit a self bias to be applied to the surfaces
of the semiconductor wafer and the succeptor for
thereby resputtering the deposited film 1n part, the self
bias being negative in potential with respect to the
plasma, a second matching circuit disposed between the
succeptor electrode and the second radiofrequency
power source for matching the succeptor electrode to
the second radiofrequency power source, a second band
eliminator disposed between the succeptor electrode
and the matching circuit for selectively permitting the
second radiofrequency signal to be transmitted to the
succeptor electrode, and a vacuum vessel for enclosing
the target electrode, target, semiconductor substrate,
and succeptor, the first frequency being selected to be
lower than the second frequency.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete appreciation of the invention and
many of the attendant advantages thereof will be
readily obtained as the same becomes better understood
by reference to the followed detailed description when
considered in connection with the accompanying draw-
ings, wherein:

FIGS. 1(a), (b) and (d) are schematic diagrams re-
spectively illustrating a first embodiment of a semicon-
ductor manufacturing apparatus according to the pres-
ent invention;



Re. 34,106

3

FIG. 1c is a graph illustrating the filter charactensuc
of a band reject filter;

FIG. 2is a schematic diagram illustrating a measunng
unit for measuring a volt-ampere charactenstic of a
succeptor electrode;

FIG. 3 is a graph illustrating expenimental data con-
cerning the volt-ampere characteristic of the succeptor
electrode:

FIGS. 4(a) and 4(b) are schematic diagrams respec-
tively illustrating second and third embodiments of the
semiconductor manufacturing apparatus according to
the present invention;

FI1G. § is a schematic diagram illustrating a conven-
tional semiconductor manufacturing apparatus; and

FIG. 6 is an isometric view of a powerful magnet of
racing track type.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Referring now to the drawings, wherein like refer-
ence numerals designate identical or corresponding
parts throughout the several views, FIG. 1(a) illustrates
a first embodiment of a bias sputtering apparatus for
forming an insulating thin film according to the present
invention. In F1G. 1(a). designated at 101 1s a target of ?
a material such as Si10;, for example, mounted on a
target electrode 102. Radiofrequency power of, for
example, 13.56 MHz is applied to the target electrode
via a matching circuit in the same fashion as the conven-
tional apparatus (FIG. 5). Moreover, radiofrequency
power having a higher frequency than that apphed to
the target, for example 100 MHz, 1s applied to a silicon
wafer 103 and a succeptor 104 via a matching circuit.

In additon. band reject filters 102" and 104’ are re-
spectively provided for the target electrode 102 and the
succeptor electrode 104 so as to permit only high fre-
quencies of 13.56 MHz and 100 MHz to be supplied
thereto. The band reject filters used for the succeptor
electrode 104 may take an arrangement as illustrated n
FI1G. 1(b) for example. A paralle! L-C circuit has the
maximum impedance at its resonance frequency of

1 /(2 'l LiCy)

§

(F1G. 1(c)), and is substantially short-circuited at fre-
quencies other than that of the resonance frequency,
and hence it can select only a high frequency of a pre-
scribed one (f1= 100 MHz in the present case) to supply
it to the succeptor electrode. Hereupon, the arrange-
ment of FIG. 1(b) strictly shows the fundamental prin-
ciple of the present invention, to which various modifi-
cations for improvement may be applied, as a matter of
course.

For example FIG. 1(d) shows such an improvement.
In FIG. 1(d), although a circuit 104b is DC grounded,
when it is desired to float the circuit, a capacitor Cs may
be added, like capacitor 104d in FIG. 1(d), to cut off the
DC path, for example. It is needed thereupon to make
Cs sufficiently high such that it satisfies: to prevent
shifting of the resonance frequency from f;.

In this case, the L1-Cs senes circuit is adapted to
have zero impedance at the resonance frequency of
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and this is short-circuited at that frequency. Provided
frio> > 1/11C;

this resonance frequency f, 1s set to be equal to the
aforementioned frequency of 13.56 MHz applied to the
target, the succeptor can effectively prevent the radio-
frequency of 13.56 MHz from interfering therewith.

Again referring to FIG. 1(a), a vacuum vessel 1035 1s
electrically grounded. In addition, a permanent magnet
106 is provided for enhancing the electrical discharge
inside the vacuum vessel 105 by making use of magne-
tron discharge. Moreover, the apparatus includes an
exhaust unit, a gas introduction mechanism, and a mech-
anism for taking in and out of the silicon wafer 103,
which are omitted for brevity’s sake.

Here, the bias sputtering apparatus of the present
invention arranged as described above assures film mak-
ing of an insulating thin film by bias sputtering without
damaging the underlying semiconductor wafer. The
reason is explained with the aid of FIGS. 2 and 3.

FIG. 2 is a schematic diagram illustrating a device for
measuring the volt-ampere charactenistic of the succep-
tor electrode. A bias sputtering apparatus employed
s here is the same as that shown in F1G. 1. But, a DC
power source 201 and an ammeter 202 are connected 1o
one of the aforementioned electrodes (the succeptor
electrode 204 in this figure) via a low pass filter 203
which has a high impedance at high frequency signals

o to be applied to the succeptor and which is substantially
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short-circuited. for DC signals.

FIG. 3 is a graph plotting a relationship between DC
voltage V to be applied to the succeptor electrode and
a current flowing therethrough as obtained upon intro-
duction of Ar gas at pressure of $x 10— Torr into the
vacuum vessel 105 to cause electrical discharge therein.
Thereupon, the frequency of the radiofrequency power
source 205 is made variable with results plotted in the
figure for three frequencies 14 MHz, 40.68 MHz, and
100 MHz. Currents flowing into the electrode are as-
sumed there to be positive.

For example, referring to the characteristic of 100
MHz, I =0 holds when V is approximately —95 V (this
value is expressed by vsp); 1<0 when V> Vgpg; and
>0 when V< Vgg This value of Vspis called a self-
bias which is DC bias voltage naturally appearing when
the electrode is floating. That is, when the electrode has
this potential, numbers of ions and electrons flowing
from the plasma into the electrode are equal to and
cancel out each other to result in zero current flow. The
current is thereupon allowed to flow by controlling the
potential of the electrode by making use of a DC bias
applied from the outside. For example V > Vsp causes
many electrons to flow into the electrode to result in
1<0.

A gainst this, when V <Vgg holds, a potential barrier
against the electrons is made high such that, the number
of electrons flowing into the electrode is reduced,
whereby the ion current is made higher to permit a
positive current to flow through the electrode. With V
being further increased negatively, the current is satu-
rated at V=V, up to a constant. This 1s equal to the
current carried only by the ions. In view of the above-
described investigation, the slope of the 1-V characteris-
tic when V>V, corresponds to the width of energy
distributions of those electrons. That is, a larger slope
means a narrow energy distribution width. FIG. 3
clearly shows the width of the energy distnbution at
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100 MHz is reduced to about 1/10 of that at 14 MHz.
Assuming the width of the energy distnbution of the
ions to be AE,,, and that of the electrons to be AE.,
there is substantially a proportional relationship, and
hence the width of the energy distribution of the 10ns is
also reduced to about 1/10.

Furthermore, Vsgis also reduced by 4 or less in terms
of absolute values from —400 V at 14 MHz to about
—95 V at 100 MH:z.

Prior methods of bias sputtering suffered as descnbed
above from the fact that the underlying substrate was
damaged to deteriorate the characteristics of the resul-
tant semiconductor device. This occurred because the
electric discharge was produced at the frequency of
13.56 MHz to result in |V, =400 V to 6000 V,
whereby those ions accelerated by this high voltage
collide against the semiconductor substrate. In addition,
the energy distribution of the ions i1s broadened to per-
mit many ions to have sufficiently higher energy than
the mean value of the energy even if that mean value 1s
controlled. Such high energy ions bombard, the sub-
strate to damage the same. ,

However, the first embodiment of the present inven-
tion is adapted to apply a radiofrequency wave of 100
MHz to the wafer succeptor electrode 104 to reduce
'Vs!| to about 4 to 1/5 and to reduce AE;» to 1/10 or
less as compared with the prior case in which FR power
at 13.56 MHz was used. Thus, the first embodiment of
the present invention can prevent the semiconductor
substrate from being damaged.

The self-bias voltage Vsp is further reduced as the
frequency of the radiofrequency power source is 1n-
creased. Accordingly, such a frequency capable of pro-
viding a DC bias necessary and sufficient to effect the
RF bias sputtering may be selected so as to be apphed to
the succeptor.

In FIG. 1(a), 13.56 MHz is applied to the target elec-
trode 102 in the same manner as in the prior case to
cause a greater self-bias for thereby promoting sputter-

ing owning to higher ion energy, whereby the rate of 40

sputtering for the target is prevented from being de-
creased. Furthermore, the embodiment of FIG. 1(a) 1s
adapted to include a magnet 106 provided in the vac-
uum vessel 105 to concentrate 1ons produced by magne-
tron discharge in the vicinity of the target substrate
thereby further to increase the rate of sputtering.

According to the RF bias sputtering apparatus of the
present invention, as described above, the RF bias sput-
tering for an insulating film can be assured with the rate
of film making kept higher without damaging the sub-
strate.

Moreover, the energy of the ions entering the succep-
tor can be controlled by applying a DC bias to the
succeptor electrode as illustrated in FIG. 2, but this is
not effective in forming an insulating thin film associ-
ated with the present invention. The reason is that the
surface potential of such an insulating film is fixed to
Vg at all times independently of that of the electrode.
It is therefore impossible to finely control the energy of
the ions entering the substrate without any rehance on
the present invention.

Although the frequencies of the RF power to be
supplied to the target and the succeptor were 13.56
MHz and 100 MHz in the above description, they are
not limited thereto as a matter of course. Briefly, the
frequency for the latter succeptor may be made higher
than that for the former target, and actual values of
those frequencies may be determined in consideration of
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a required rate of film making and a coated shape of a
formed film at the stepped portion, etc., which rely on
respective particular purposes.

However, the use of a microwave power having a
frequency such as 2.45 GHz, for example, undesirably
causes non-uniform film thickness because the wave-
length of the electromagnetic wave becomes less than
the size of the wafer.

In order to make a uniform film, the RF wavelength
from the RF power source for use in the RF discharge
needs to be at least twice the wafer diameter or more.
This frequency preferably ranges from 100 MHz 10 1
GHz. But, it is needless to say that another frequency
out of this range may be employed depending on the
wafer diameter.

In addition, the magnet 106 mounted on the back of
the target electrode 102 is not limited to the arrange-
ment shown in FIG. 1. As disclosed for example in the
second embodiment of the present invention shown in
FI1G. 4(a), a powerful magnet 409 of racing track type
of which example is shown in FIG. 6 may be installed
and scanned to assure a more uniform magnetic filed.
Thereupon, provided a scanning system 410 1s disposed
outside a vacuum vessel 405 as shown in F1G. 4(a), for
example, a reaction system is favorably prevented from
being contaminated by any dust produced owning to
mechanical operation thereof. Moreover, the magnet
106 may be omitted, of course, if necessary without
departing from the scope of the present invention.

It is furthermore permitted to install a magnet also on
the side of the succeptor to improve the efficiency of
resputtering. In addition, the magnet employed there
may be stationarily mounted such as 106 of FIG. 1, or
may be movably mounted, such as the magnet 410 of
FI1G. 4(a).

Moreover, in order to reduce further any damage on
the semiconductor substrate, the following method, for
example, may also be useful. That is, in depositing an
insulating film such as $iO; directly on the exposed
surface of silicon, RF power supplied to the sthcon
substrate is first set to zero without resputtering when a
first film of thickness from about several tens A 1s
formed, and thereafter the system is changed over to the
bias sputtering. This prevents the surface of the silicon
substrate from being damaged because of no resputter-
ing occurring where the silicon surface 1s exposed and
because of the initiation of sputtering for film making
after a thin film is formed on the silicon surface.

FIG. 4b) illustrates a third embodiment of the pres-
ent invention, capable of freely selecting energy for
resputtering with reduced damage onto the semicon-
ductor substrate. This is different from the first embodi-
ment shown in FIG. 1(a) because the FIG. 4(b) embodi-
ment is adapted to selectively apply any of two different
frequencies of fj and f; to the succeptor by changeover
thereof with a new band eliminator 401 for which the
previous one is exchanged, depending on the frequency
employed between f; and f3.

Designated at 402 and 403 are respectively LL.C reso-
nance circuits having resonance frequencies of f| and f3.

17@r N 1,6 )
1/@mr N LiCy )
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f3
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A band eliminator 401 including the two resonance
circuits 402 and 403 connected in senes 1s adapted to
have high impedances only at the two frequencies of f)

and f» and short-circuited at frequencies other than
those two frequencies, and hence serves to selectively
supply only the RF waves of these two kinds to the
succeptor.

For example fp=13.56 MHz, ;=100 MHz, and
f; =40 MHz. In addition, in depositing an insulating film
such an SiQ- directly on the exposed surface of stlicon,
for example, the RF frequency applied to the succeptor
104 is made | (100 MHz) when a first film having the
thickness of from several tens A to 100 A is formed.
Thereafter, the frequency is changed over to f; (40
MH2z) to permit a thick film (0.5 to 1 um for example) to
be formed. Such arrangement permits resputtering to be
effected at a small self bias of about 95 V corresponding
to 100 MHz when the silicon surface is exposed further
to reduce any damage on the semiconductor substrate.
The changeover of the frequency to 40 MHz upon
completion of covering of the surface with S105 to the
thickness of about 100 A increases the self-bias to'250 V
and assures an enhanced effect of the resputtering.
However, since the surface of the sihcon has already
been covered with SiO3, the substrate is protected from
damage.

Such a technique is particularly important in control-
ling the surface flatness of the insulating film deposited
by the method of the bias sputtering, because such a
change in the frequency enables energy of the Ar ions
to be controlled for the most effective resputtering and
the optimum energy to be selected without fear of dam-
age 10 the substrate.

Although here only the case of the two different
frequencies of f) and f; were described, three frequen-
cies of f;, f; and f: may be employed as a matter of
course. But, in this situation, for a frequency f] to be first
applied to th e electrode, it is important that f; have a
frequency higher than f;and f3to prevent damage to the
substrate. In addition, upon the use of a plurality of
frequencies, it is desirous to select those frequencies, ),
f> ... including the frequency fp for the target such that
they do not satisfy a relationship of higher harmonics
with respect to each other, because a nonlinear dis-
charge space may cause RF waves of harmonic fre-
quencies fp, f1, f2 . . . to interfere with each other de-
pending on the discharge conditions to result in mnaccu-
rate settiement of a desired condition.

Although the embodiments of the present invention
are mainly illustrated for the disposition of the S10;film
in the foregoing description, they are not lmited
thereto as a matter of course. For example, the present
invention may be applied to film making from matenals

such as PSG, BPSG, nitrided silicon, Al2O3, and AIN,
etc.

In addition, although the present invention is de-
scribed by exemplary application to the technique of
RF bias sputtering with use of Ar ions, it ts also applica-
ble to reactive RF bias sputtering wherein upon making
of a film of Si3N4for example, a Si substrate i1s employed
as the target with N> or NHi employed as the introduc-
tion gas to make a film of SizNa4. In making a film of
AIN, Al may be employed as the target substrate to-
gether with N; or NHj as the introduction gas.

Moreover, the present invention is applicable as
needed to the formation of macromolecular matenals
such as polyimide films and resists, for example.
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Furthermore, it is a matter of course that the substrate
for use in film making is not limited to the semiconduc-
tor wafer.

According to the semiconductor manufacturing ap-
paratus of the present invention, as descnibed above, a
high quality insulating film excellent in surface flatness
can be manufactured with ease without causing any
damage onto the substrate.

Obviously, numerous additional modifications and
variations of the present invention are possible in light
of the above teachings. It is therefore to be understood
that within the scope of the appended claims, the inven-
tion may be »racticed otherwise than as specifically
described herein.

What is claimed as new and desired to be secured by
Letters Patent of the United States 1s:

1. A [semiconductor} manufacturing apparatus for
depositing [an insulating] & thin film on the surface of
a [semiconductor] substrate in a vacuum vessel at an
atmosphere of reduced pressure, comprising;:

a target composed of a material for said [insulating}
thin film or of at least one of constituent elements
of said material for the [insulating]) thin film;

wherein the [ semiconductor} substrate 1s adapted to
be disposed spaced apart from the target in a con-
fronting relation therewith for permitting the [in-
sulating J film of the target to be deposited thereon;

a first radiofrequency power source for generating
first radiofrequency power of a first frequency for
application to the target;

a succeptor electrode adapted to support the [semi-
conductor] substrate thereon;

a second radiofrequency power source for generating
second radiofrequency power of a second fre-
quency for application to the succeptor electrode;
and

said first frequency being selected to be lower than
satd second frequency.

2. A semiconductor manufacturing apparatus accord-

ing to claim [1] /3, comprising,

a target electrode provided adjoining said target and
mounted on the target for applying first radio-fre-
quency power of the first frequency to said target;

a first matching circuit provided between said target
electrode and said first radiofrequency power
source for matching the target electrode to said
first radiofrequency power source;

a first band reject filter disposed between the match-
ing circuit and the target electrode for selectively
permitting only the first radiofrequency power to
be transmitted to the target electrode;

a second matching circuit disposed between the suc-
ceptor electrode and the second radiofrequency
power source for matching the succeptor electrode
to the second radiofrequency power source; and

a second band reject filter disposed between the suc-
ceptor electrode and the matching circuit for selec-
tively permitting only the second radiofrequency
power to be transmitted to the succeptor electrode.

3. A semiconductor manufacturing apparatus accord-
ing to claim 2, wherein said first frequency is 13.56 MHz
while said second frequency is not less than 100 MHz.

4. A semiconductor manufacturing apparatus accord-
ing to claim 2, wherein said second band reject filter
used for said succeptor electrode comprises:

a paralle] L-C circuit presenting a maximum impe-

dance at a resonance frequency of
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frequency f} being higher than said frequency {7,

said
Fl = 1727 \ L1Cy) frequency f) being changed over to f2, wherein radio-
frequency power of said frequency fi is first applied
where L) is the inductance of an inductor L. and Cyis 3 to said succeptor electrode in making a thin film,
the capacitance of a capacitor C connected in parallel and thereafter said radiofrequency of said fre-
with the inductor L. quency f3 is applied to form a further thick film on

5. A semiconductor manufacturing apparatus accord- said thin film.

ing to claim 2, comprising: 10. A semiconductor manufacturing apparatus ac-

permanent magnets in said vacuum vessel for use in 10 cording to claim 2, wherein said succeptor electrode has
magnetron discharge effected in the vicinity of the a plurality of radiofrequency powers of a plurality of
semiconductor substrate for promoting the rate of different radiofrequencies corresponding to said powers
sputtering. applied from a plurality of the radiofrequency power
6. A semiconductor manufacturing apparatus accord- sources thereto for reducing any damage on the sub-
ing to claim 2, wherein said second radiofrequency 15 strate, the radiofrequency power first apphed to the
power source for use in the radiofrequency discharge succeptor having a radiofrequency higher than the ra-
provides a radiofrequency having a wavelength at least diofrequencies of the other power sources.
twice the size of the semiconductor substrate for assur- 11. A semiconductor manufacturing apparatus ac-
ing uniform film making. cording to claim 10, wherein said plurality of radiofre-
7. A semiconductor manufacturing apparatus accord- 20 quencies are selected so that not one of said plurality of
ing to claim [27] 35, wherein said magnet for magnetron radiofrequencies is an integer multiple of the radiofre-
discharge comprises an elongated closed loop magnet. quency of another radiofrequency in order to avoid
8. A semiconductor manufacturing apparatus accord- nonlinear interaction among said plurality of radiofre-
ing to claim 2, comprising: quencies.
magnets provided on the side of the semiconductor 25  12. A semiconductor manufacturing apparatus ac-
substrate for improving the efficiency of the resput- cording to claim 2, wherein said insulating thin film of
tering. the target is a material selected from the group consist-
9. A semiconductor manufacturing apparatus accord- ing of SiQ3, BPSG, silicon nitride, Al2O3, and AIN.
ing to claim 2, wherein the second radiofrequency 13. A manufacturing apparatus according to claim I,
POWET SOUTce COMPrISes: 30 wherein said substrate is a semiconductor substrate, and
means for generating and applying to the succeptor wherein said thin film is an insulating thin film.
powers of two different frequencies f and f2, said L A
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