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In the case of apparatus in general for generart ng—a pHasha—py—

I ntroduci ng a nicromave i nto a 15sppee¢esatebanber, the uniformty of

pl asma den5|ty trlbu n above a wafer surface to be treated is
particul arly THip&r P§n ?ﬁ 5&%?‘96‘ the unifornmity of processi ng such
as etching. In or¢®THOD e ARPRRATUS FOR PLASKMA GROCHSSINGas been
proposed a nethodAggARATUS

5 Background of the Invention
The present invention relates to plasma

processing methods and apparatus and more particularly
to a plasma processing method and apparatus fit for
processing a specimen such as a semiconductor

10 substrate (hereinafter called "wafer") by generatlng a
plasma using a microwave and a high-frequency wave in
the frequency range of 10 to 100 MH=z.

In the case of apparatus in general for

generating a plasma by introducing a microwave into a

15 process chamber, the uniformity of plasma density
distribution abové'a wafer surface to be treated is
particularly important in securing the uniformity of -
processing such as etching. In order to deal with
this problem, there has been proposed a method of

20 radiating a microwave in a ring-like shape from the
top surface of a process chamber to generate a ring-
shaped plasma, so that uniform plasma distribution is
obtained on the surface of a wafer as mentioned in,
for example, Document A, "The Japan Society of Applied

25 Physics, 1994, Autumn, 19p-ZV-4" or Document B, "The
Japan Society of Applied Physics, 1994, Autumn, 19p-
ZV-6." This is because the plasma tends to diffuse as
it is moved from its originating place in the
direction of the wafer. Although the uniformity of

30 the etching rate itself is ultimately required, the
apparatus may be desired to have a density
distribution adjusting means since the plasma density
distribution is concave or convex distribution rather
than a uniform one.

35 Moreover, another means for generating a ring-




20 radiating a mcrowave in a ring-like shape fromthe top surface
of a process chanber to generate a ring- shaped plasma, so that

uni form plasma distribution is obtai ned on the surface of a wafer as
menti oned in, for exanple, Docunent A, "The Japan Society of Applied
25 Physics, 1994, Autumm, 19p-2ZV-4" or Docunent B, "The . Japan

Soci ety of Applied Physics, 1994, Autumm, 19p- ZV-6." This is because
the plasnma tends to diffuse as ij:%s_nnved fromits originating place
in the direction of the wafer. ough the uniformty of 30 t he
etching rate itself is ultimately required, the apparatus may be

desi.-red to hgy éﬁc§i§éﬁ¥ is deQéfiEé@Uiiﬁ@wﬁgéuﬁﬁ'nﬁofﬁéﬁémgléce the
pl asma den5|ty distribution is concave or convex distribution rather

than a uni f of3R¥pRSe 3Batent Laj@r@eRRrNoanbl BLP1428R4-for generating a
ring- On the other hand, an inductive®y coupled RF

(high frequency) plasma source as representatively
5 disclosed in Japanese Patent Laid-Open No. 79025/1991
is in frequent use recently as a plasma source for CVD
and etching. This plasma source has made possible not
only a high density (10 - 10" cm™) but also low-
pressure (1 - 10 mTorr).action equivalent to what is
10 offered by a microwave ECR plasma source though it is
compact in construction. Even in this system,
however, it is still réquired to provide a definite
means for securing the plasma uniformity and to solve
a problem arising from the foreign matter produced by
15 wall-surface sputtering, which will be described
below, as in the case where a microwave is used.
First, a description will be given of a problem
concerning microwave plasma uniformity herein. The
ring-shaped plasma radiation means accordlng to the
20 above-described Documents A and B of the prior art has
been arranged so that it is fit for use in producing a
uniform plasma but the ultimate plasma density thus
attained thereby remains at a low level as given by
3 - 10 x 10" cm® '
25 and stiil fails to reach the following level which is
industrially required:
3 - 10" ecm™ or greater
This is considered attributable to the fact that in
both the cases above the absorption efficiency of a
30 microwave has not been optimized because a local
magnetic field by means of a permanent magnet is
employed at an outlet for the microwave nor has been
the design of a microwave transmission path for large
electrical power to be transmitted. According

35 Document A of the prior art, the introduction of a



shaped plasma is described |ikew se in, for exanple, Japanese Pat ent
Lai d- Open No. 112161/1994. Cn the ot her hand, an inductively
coupl ed RF (high frequency) plasma source as representatively 5

¢t scl osed in Japanese Patent Laid-COpen No. 79025/1991 is in frequent
use recently as a plasma source for CVD and etching. This plasm
source has nade possi bl e not only a high densi-ty (10[err] - 10[err]
cnferr]) but also | ow pressure g13-_1o mlorr) action equivalent to
what is 10 of fered by a m crowave ECR pl asma source though it is
conmpact in construction. Even in this system however, it is stil

required to gef F!Lgéa%eéeihﬂééedlmens%ﬁﬁi E‘E&u&%ﬁ&‘é‘ Eﬂtbh%h@ asma

unlformt and 0 solve g emar|3|ng fromthe orelgn natt er
pr oduced by pasfal ProGreEéRysphembernBaYnFPURewEPK eB8ndBgdtese do

bel ow, as inpgh rééﬁée&herQaﬁaﬁh§éobﬁ%%nk5LM&@dOpen No. First, a
description iﬁé}ﬁl/#ﬁgze of a obl em concerni ng m crowave plasma

uniformty h of tP?ngr%HEpéatpp§§ﬁ51P§§|591éﬁrﬁﬁgﬁ@eﬁﬁbordlng to

the 20 5aboya- dhsehi bedoBreENERbyefuade Bsobpehedpinos akipdias been
arranged so t It fo use I n_pr.oducin uni form pl asma but

the ultimate® nghawhéﬁ& F?SP 4§ 1in re Fﬁ@d%tﬁ&FERVaW@halns at a | ow
| evel as gi veadbpting portiof 1atgexs1@kﬁrr] cnferr] 25 and still fails

to reach the fO"R?hachEé%}owhhﬁﬁl %h squéﬂ%i tglall g%fgﬂ%red:

3 - 10[err] cnferr con Gtable to the
fact that inproblemothncerniageplaboae untidoxndaatiionn aalf iforedgn of a 30

m crovayg haﬁa%%%rbESﬂtQB&ighz%ﬂeb%%§%§%faé‘ﬂT@h—frequency wave.
The aforementioned prior art system ( Japanese
Patent Laid-Open No. 79025/1991) has presented
problems including causing the inner surface of a
vacuum chamber to be scraped down by sputtering due to

15 ion bombardment, thus increasing not only foreign
matter but also the frequency of replacing parts in
the vacuum chamber; lowering the plasma uniformity as
the.plasma tends to concentrate at the center of the
chamber and so forth.

20 In this case, the induction coil.placed outside
the vacuum chamber undergoes partial electrostatic |
coupling with the plasma other than the intended
inductive coupling therewith and ions are accelerated
by this electrostatic coupling toward the inner

25 . surface of the vacuum chamber, whereby the sputtering
of the inner surface is said to occur. Consequently,
an attempt was made to remove the electrostatically
coupled component by introducing an electrostatic
shield called a Faraday shield between the induction

30 _éoil and the vacuum chamber so as to suppress the
sputtering. However, the effect of the arrangement
above is not perfect and there still remains the
scraping problem because of sputtering: (e.g., Y.
Hikosaka et al., "Free Radicals in an Inductively

35 Coupled Etching Plasma," Jpn. J. Appl. Phys. Vol 133



pagneti ¢ field by neans of a permanent nagnet is enpl oyed at an outl et
for *the m crowave nor has been the design of a mcrowave transm ssion
path for |arge el ectrical power to be transmtted. According 35
Bocurment A of the prior art, the introduction of a

- 3- conpl i cated three di nmensi onal structure into the pl asma
processi ng chanber nay cause foreign natter to be produced. Japanese
Pat ent Lai d- Open No. 112161/ 1994 of 4the prior art describes an
arrangenent 5 i n which a coaxi al mavegU|de is opened in a tapered

shape, which results in rendering a m crowave radi ating portion

| ar ge- si zed. (1994) Bp 201495C! DigaN phird 1SURRLOYRNT lpcha. Glgeey) of 2 |
probl em concernin asfma uni form zati on and foreig matter control in

the case of a hig an@&u§N§§eWa9éS°1osed in JHﬁ?Q%ﬁﬂwﬁﬁ&ﬁﬂﬁnﬁﬁiqﬂw or art
system (Japapge® No. 79025/1991, further, a plasma generating area

over the whole top surface of the chamber and the
5 aforementioned piasma diffusion effect have combined
to have the plasma centralized.

Moreover, another problem pertaining to the prior
art plasma processing apparatus (Japanese Patent Laid-
Opeh No. 79025/1991) has arisen from the ignitability

10 and stability of plasma. When the induction system is
used to ignite a plasma, it is needed to form the top
surface 6f the process chamber with dielectric
‘material so as to introduce the magnetic flux
generated by the induction coil into the process

15 chamber. For this reason, the thickness of the
dielectric material needs increasing (i.e., in order -
to have vacuum force maintained), which results in
sharply'worsening the ignitability and stability of
the plasma as the distance between the induction coil

20 and the top surface of the plasma is increased.

A third problem is concerned with the structure
which is hardly able to ha%e a grounding electrode set
in parallel and opposite to a specimen since the thick
dielectric material has to be employed. Although an

25 attempt is made to increase processing accuracy
normally by applying a high-frequency bias to a
specimen-holding stage in the case of an etcher or
CvDh, the processing tends to lack uniformity in the
absence of such a grounding electrode positioned in

30 parallel and opposite to the specimen; that is, in a
case where the grounding electrode is positioned on
the side wall of the chamber, the length of the high-
.frequency bias circuit portion allowed to pass through
the plasma differs between the center of the wafer and

35 the outer periphery of the wafer. Thus the bias is



Pat ent Lai d- Open No. 79025/1991) has presented probl ens i ncl udi ng
causing the inner surface of a vacuum chanber to be scraped down by
sputtering due to 15 i on bonmbardnent, thus increasing not only foreign
matter but also the frequency of replacing parts in t he vacuum
chanmber; lowering the plasma uniformty as the plasma tends to
concentrate at the center of the chanber and so forth. 20 In
this case, the induction coil placed ougside t he vacuum chanber
undergoes partial electrostatic coupling with the plasma other than
t he i ntended I nductive coupling therewith and ions are accel erated

by this el ect, fi [} [ I : I f e vacuum
cyharrber,- Mepégggﬁgcgggigeéﬁ%é:@ q’g t%hea%r?e sculr%aligte%rg;iﬂf]to occur.

Consequent | ywafer has & dagse nedex (S reddvdnghes) ecihidgstatical ly

coupl ed conpgggggegyb@@kﬁ@@u@dﬂgﬁyadaugqtrostatic shield called a
Faraday shield between the induction 30 coi |l _and the vacuum chanber so as

to suppress the A fourhh anobyemQrdddmatas Eqe@ Wity &% ffbnent
above i s5not efgecest idad udieie abnidrimale @isthadrte: resulseirpi fgbmpr obl em

Pecause of S Rt b snbgeme, il AR KR lodly RS TR0 cals 10 ar
which makes the power supply terminal have a high
voltage, unstable discharge resulting from sputtering
and improper matching as electrostatically coupled
10 components go on increasing, ignitability impediment
and so on. _
' Summary of the Invention
An object of the present invention is to provide
a plasma processing method and apparatus capable of

15 generating a high-density plasma of an industrially
required level by generating a uniform plasma and
simultaneously transmitting large electric power
through compact, ring—shaped microwave radiation means
and of adjusting uniformity on a wafer surface.

20' Another object of the present invention is to
provide a plasma processing method and apparatus so
configured as to prevent any foreign matter from being
produced in a process chamber and capable of adjusting
uniformity on a wafer surface; particularly to provide

25 an electromagnetically coupled plasma processing
apparatus based on a novel principle according to
which the following four problems raised to deal with
a high-frequency plasma can be solved simultaneously
or partially:

30 (1) dimprovement of sputtering reliability. by removing
electrostatically coupled components;

(2) setting of a plasma close to an RF antenna:;
(3) installation of an opposed grounding electrode;
and

35 (4) lowering of coil impedance.



~4- - (1994) pp 2,157 - 2,163 Part 1. No. 4B, April 1994) I'n
the*system di scl osed i n Japanese Patent Laid- Open No. 79025/ 1991,
further, a plasm generating area over the whole top surface of the
chanber and the 5 aforenentioned plasma di ffusion effect have conbi ned

to have the plasma centralized. - Mor eover, anot her problem
pertaining to the prior - art plasnma processing apparatus (Japanese

Pat ent Lai d- Open No. 79025/1991) -hgs -arisen fromthe ignitability 10
and stability of plasma. Wen the induction systemis used to ignite a
plasma, it is-needed to formthe top surface of the process chanber
with dielectric To rmfdeival the abdve ichjerkse deinpkdsma f | ux

generated by _the inducti cqoil into 't rocess, 15.. chanber. For this
reason, the tplﬁocci?ﬁe%slg‘%ofo(}?ﬁe SPECJ‘B‘%ee 'erc}feiﬁoc %ﬁ%%’ aql%%reg(%)mfjh%’?e i ng
(i.e., in orddre plasma Hasvdndtepenidrorlce conttalilestl) , which results in
shar ply wor seni ng | ARqtabidd g Y, . j 1t . | asnma as the
di stance between t%%érﬁclbﬁqr#%%iq&%lg Zé;idéﬁﬁ%b%lpo%u?# ggheé)of t he pl asna
i s incredsedplasma is inflependenklablentrolietdnhan waesithenstructure
which is har dd4 et IR F Whrdie €l SCHIOAe $laient.

Further, preferably, the density distribution of
the plasma is controlled on the basis of the kind of
material of the specimeﬁ.

10 Further, preferably, the specimen is uniformly
processed by independently controlling a plasma
density distribution, a gés distribution and a bias

' distribution. '

| To achieve the above objects, a plasma processing

15 apparatus comprises a microwave introducing device, a
magnetic field coil for generating a static magnetic -
field, a process chamber for generating a plasma by an
introduced microwave, a gas supplying device for
suﬁplying a gas to the process chamber, a specimen

20 stage. for holding a wafer, and a vacuum evacuating
device for evacuating the process chamber, and is
characterized in that the microwave introducing device
is arranged to transmit a microwave in coaxial TEM
mode.

25 Preferably, a plasma processing apparatus
comprises a microwave introducing device, a'magnetic
field coil for generating a vertical static magnetic
field, a process chamber for generating a plasma by an
introduced microwave, a gas supplying device for

30 supplying a gas to the process chamber, a specimen
stage for holding a wafer, and vacuum evacuating
device for evacuating the process chamber, and is
characterized in that the microwave introducing device
is equipped with a coaxial waveguide converter, a

35 small-diameter waveguide, a discoid parallel-plate



i.n parallel and opposite to a specinen since the thick dielectric
material has to be enployed. Al though an 25 attenpt is nade to increase

processi ng accuracy normal |y by applying a high-frequency bias to a
speci men- hol ding stage in the case of an etcher or CVvD, the processing
tends to lack uniformty in the absence of such a grounding el ectrode
positioned in 30 paral l el and opposite to the specinen; that is, in a
case where the grounding el ectrode is_p@sitioned on the side wall of

t he chanber, the length of the high- frequency bias circuit portion

al l owed to pass through the plasma differs between the center of the

waf er and 35wavegeidel eanp@nlpigeyd eoadialwiRieguiidisardia bias is
- 5- unevenl v _a pLi%g Lo t.he wafer and “ﬁcially when t he waf er
has a | arge Hﬁ&ﬁg¥gyg(§n[§FF]cf?q NEFEm Wﬂﬁﬁ?) pr obl em becomes
conspi cuous. Preferably, R,, R,, R;, R, and b are selected so

that a small-diameter coaxial waveguide characteristic

5 impedance Z, (= 601n(R,;/R,), R,;: in-coaxial-tube

conductor radius, R,;: out-of-coaxial-tube conductor

radius) coincides with an impedance Z, (= 60b/R;, b:

parallel disk distance)_pf the disk-shaped waveguide

at a junction with the disk-shaped waveguide, and so

10 that an enlarged coaxial waveguide impedance Z, (=
601m(R,/R,), R,: out-of-coaxial-tube conductor radius,
R,: in-coaxial-tube conductor radius) coincides with an
impedance Z, (= 60b/R;) of the disk-shaped waveguide at
a junction with the disk-shaped waveguide.

15 Preferably, an outer diameter R, of the enlarged
coaxial waveguide is smaller than an inner diameter R;
of the process chamber connected to the microwave
vacuum window (R, < R;).

Preferably, a microwave has a frequency between

20 of 500 MHz and 5 GHz.

Preferably, a plurality of microwave sources of
different frequencies are used at the same time.

Preferably, a variable frequency microwave source
is used. _

25 Preferably, in é vacuum window portion, a plasma
contact portion of the portion other than a portion (R,

. < R < R,) equivalent to a microwave radiating part is
provided with a grounding conductor plate or a
semiconductor plate, such as Si or SiC.

30 Preferably, a magnetic field coil or a permanent
magnet is provided by utilizing a portion other than a
portion (R; < R < R,) equivalent to a microwave
radiating part.

Preferably, the discoid parallel-plate waveguide

35 includes two small- and large-diameter ring-shaped



A fourth problemoriginates froma variety of bad 5 effects including

abnormal discharge resulting from the high input inpedance of the

i nduction RF coil whi ch nakes the power supply term nal have a high
vol t age, unstabl e discharge resulting fromsputtering and i nproper

mat ching as el ectrostatically coupled 10 conponents go on increasing,
ignitability inpedi nment ‘and so on. Summary of the
| nventi on An object of the pregent invention is to provide a
pl asma processi ng net hod and apparatus capable of 15 generating a

hi gh-density plasma of an industrially required level by generating a

uni form pl as %e%’i‘i'xg port&'df@é' tae«iaeq&:@ Bér;lra%@%@ Tddaﬁﬁallarvﬂaaréﬂtﬁféé ':LCs power
t hrough conpact, rlngbs aped _m crowave radiati on neans

adj usti ng unFEBNRGEE ﬁoae\mpfsmqea@@erg@g POTtiQNs her Obj ect of t he

present inventionprefedably, RHRYidH o gi@UBRAILCRRBIduIRIdI0d and

P oduced i n AT5TEE Besan e HT RS e TS RETHTy 1SR (RR Y m ty on a

waf er susfac¢p fayem.cul arly to provide 25 an el ectromagnetically coupl ed

Wi oh the Tol | ow i3 FSIPBTSH ok W Sepragbesaid OB oh fr squency
ic e follow 56t €

pl asma can bgrsnip/,ecttamu.lst arndegnovisiorrofpardares |for 3ecuilly

oo e oAttty U HHHH- e dadind PN ve pIASGH R 21 O3 1Y

coupl ed conponents; pl"asma” CI 0s antenna;-
(3) installatfiagh r@fmoanngop@sldd-%mﬁm rRpud teans,odn

10 electromagnetically coupled Rf antenna system in place

of an inductively coupled RF coil is employed
according to the present invention. The RF antenna
comérises a central conductor for ‘letting a high-
frequency current flow into a closed space surrounded
15 with a conductor and a slit situated on one side of
the closed space facing the plasma, the slit being
ingeniously opened so as not to look directly at the
plasma on the central conductor. The central '
conductor and the closed space form a cavity resonator
20 for electromagnetically creating a resonance
condition. An electromagnetic wave leaking from the
cavity resonator via the slit propagates into and
generates the plasma. Such an electromagnetic
coupling system'using a resonant cavity makes it
25 possible to obviate completely and theoretically the
generation of an electrostatically coupled component
commonly observed in the prior art and to solve the
problem of sputtering and wall scraping, for example.
At the same time, the consfruction so designed as to
30 solve the four problems enumerated previously can be
materialized through this coupling system.
Preferably, the antenna system is to be installed
not beyond but on this side of a dielectric window
constituting a vacuum chamber.

35 Preferably, a slit conductor is potentially



and 35 ° (4) lowering of coil inpedance. _

-6- To achi eve the above objects, during plasna processi ng
of a specinen, the density distribution of the plasnma is independently
eontrol | ed. Preferably, the density distribution of the 5 plasna
I's independently controlled by an position adj ustment of ECR or a
magnetic field gradient. Further, preferably, the density

di stribution of the plasma is contgolled on the basis of the kind of
materi al of the specinen. 10 ~ Further, preferably, the specimen is
uniformy processed by independently controlling a plasm density

di stributiong gﬁtgﬂﬁbgéskfbmukiﬁgtﬁﬂg %ob%agroundiQBSBBEQHEE%ﬂ'and To
achi eve the above objects asma~processSi ng
vice versa.

A plasma generation area will be located directly

below a ring radiation source and a ring-shaped plasma

5 will be generated if a microwave in a coaxial ring-
like shape is radiated so as to regulate the intensity
(B = 875 gausses when a microwave of 2.45 GHz is
employed) of a static magnetic field for use in
causing electron cyclotron resonance (ECR). Since the
10 plasma diffuses, it is evenly distributed when it is

conveyed to the wafer surface.

If the intensity of microwave radiation from the
respective ring-shaped sources is changed by altering
the diameters of the coaxial rings or providing a

15 double ring radiation source, the plasma uniformity
may be varied. In other words, the plasma _
distribution will concentrate heavier at the center of
the wafer if the intensity of the radiation is
strengthened on the inner peripheral side of the

20 double ring radiation source and heavier on the outer
periphery of the wafer if the intensity is
strengthened on the outer peripheral side thereof.

If an ECR position is lowered so that a microwave '
cannot be absorbed by a blasma immediately after the

25 microwave leaves the ring radiator, the microwave
strength distribution diffuses and is then absorbed by
the plasma, so that the plasma uniformity above the
wafer surface becomes variable. In other words, the
uniformity can also be changed by changing the static

30 magnetic field strength. )

In the present invention, the ring-shaped
microwave radiating source is installed on an
atmospheric side via the vacuum introducing window,
the likelihood of the occurrence of foreign matter

35 caused by the radiating source itself is eliminated.



?

15 appar atus conprises a mcrowave introducing device, a magneti c

fielld coil for generating a static nagnetic field, a process chanber
for generating a plasna by an i ntroduced m crowave, a gas 'suppl ying
devi ce for supplying a gas to the process chanber, a specinen 20

stage for holding a wafer, and a vacuum evacuati ng device for
evacuating the process chanber, and is characterized in that the

m crowave introduci ng device is ar{gnged to transmt a mcrowave in
coaxi al TEM node. 25 Preferably, a plasm processing apparatus
conprises a mcrowave introducing device, a nmagnetic field coil for

generating a vert |s:1a{c§tﬂ{é qlﬁ@&@dl%toxa lg‘ iiph.oved) opesiss chamber fgr
]gg?eggtl ngugé)l a%galf Jtrbsft':ﬂé'l In?'ﬁro ced m Croa/vave %E‘? S sup&gls?ggee}/lo?e
hol di ng a wafeentraald paction e cih in‘ﬂilator.dE\Bpm:iﬁcﬂ/B}CUEél ng the
nt  oduci ng dEUTvER 1o} expe o FE RS ouabs, (lach R oRP Sier ter, a
35 snuld - dispEmstusves i detauativeeniih pdriath edn pplgetrode is
difficult to install at a position opposing the wafer,
so that a high-frequency bias is difficult to apply
uniformly, but the present invention makes it possible
to solve this conventional problem. 1In the central
10 portion, it is possible to install a gas pipe for
discharging a processing gas or a member for absorbing
the excess radicals contained in a processing plasma
(for example, a Si plate scavenger for fluorine
radicals). '
15 If the microwave radiating source is installed at
a position away from the inner side wall of the plasma
processing chamber, a plasma generation position does
not directly touch the wall, so that it is possible to
keep out foreign matter due to the accumulation of
20 high-degree dissociated radicals or prevent damage to
a side wall material.
A high-frequency type plasma will subsequently be
described. | )
First, a detailed description will be given of
25 the principle of the aforementioned electro-
magnetically coupled plasma generation by reference to
drawings.
Fig. 2(a) is a diagram illustrative of the
principle of the invention. As shown in Fig. 2(a), an
30 RF power supply 1 is led via a matching box 2 to a
loop antenna body 3. The loop antenna is surrounded
by a cavity resonator 4 on all sides and slits 5 are
opened in only the side which faces a plasma. As
shown by a vertical sectional view of Fig. 2(b), two

35 layers of slits 5 are alternately arranged so that



- 7- ' wavegui de, an enl arged coaxi al wavegui de and a m cr owave

I nt roduci ng vacuum wi ndow. Preferably, Rerr], Rerr], Rerr],
Rlerr] and b are sel ected so that a snall-di ameter coaxi al wavegui de
characteristic 5 inpedance Z[err] (= 60In(Rerr]/Rerr]), Rerr]:

I n-coaxi al -tube conductor radius, R err]: out-of-coaxial-tube

conduct or - radius) coincides with an i npedance Zerr] (= 60b/R err], b:
paral | el disk distance) of the disk-shgpged wavegui de ~at a Junctlon

wi th the disk-shaped wavegui de, and so 10 that an enl arged coaxi al
wavegui de i npedance Z[err] (= 601n(Rlerr]/Rerr]), Rerr]:

out - of - coaxi they uitre Catrtucver Lappeds, wherebf ALY : tha- edakitab=t ube

conductor radius). coincides with a dance err 60b/ Rl err]) of
Che di sk- snapeRssS trve SenboReRfe; £agipERS\PERR, S’ GhekhoAapen
wavegui de. 1Be propag®tedetabbyd anpbasmea diaheﬁermakﬁhg]thé t he enl arged

coaxi al mav§%gtg§ gsbg Iéeio§gagl§gc{§gegtd£§e b gﬁRhsrr%dom/( of the

process cha connec M Cro Rlerr] <
Rlerr]).5 detaile®rdescnbbPion witiofimvthaasbe givguenfytbésween 20  of

500 Mz and @i {#&tjon. In rengéﬂEébggat ﬁguggégtgfﬁg,nh%rggave sources

of different frequencies are use ]
Preferably, 2S$@re@btRatraguahtgrnptingagursentcd is made toedloms

Preferably, fﬂr@ugﬁcﬂﬂnbﬂﬁéﬂﬁﬁ’B@ﬁ&ﬁ@ﬂor? PA2$8Rurn current 1°

passes through the side and back plates of the cavity

10 resonator screwed down with screws on its way back.
(No current flows through the slits as any flow
channel is not formed therein). An alternating-
current magnetic field H is created by the antenna
current 1 and the return current 1', and part of ‘the.

15 magnetic field leaks out via the slits. Because of
the magnetic field that has leaked outside, a rlng—
shaped electromagnetic field E and other
electromagnetic fields (not shown) are successively
formed on a plane perpendicular to the magnetic field

20 in accordance with the Maxwell's law of radio-wave
propagation and transmitted in the direction of a
plasma 6. Thus bnly the electromagnétic wave
compoﬁent radiated from an antenna chamber in a closed
space is coupled to the plasma according to the

25 present invention and a spurious component such as an
electrostatically coupled component and the like
radiated from a single antenna body is never radiated .
generally. As the sputtering of a structural member
caused by abnormal discharge or abnormal ion

30 acceleration is preventable, a reliable plasma source
can be formed.

Another (second) advantage of the closed space

structure by means of the cavity resonator is as
follows: Even though a metal conductor is installed

35 in a space other than the closed one, the radiation of



contact ‘portion of the portion other than a portion (Rlerr] < R < R2)

equirvalent to a mcrowave radiating part is provided with a groundi ng
conductor plate or a sem conductor plate, such as Si or SiC 30
Preferably, a magnetic field coil or a permanent magnet is provided by
utilizing a portion other than a portion (Rerr] < R< Rerr])

equi valent to a m crowave radi ati ng part. Preferably, the
discoid parallel-plate waveguide 35 _ipgludes two small- and

| ar ge- di anet er ring-shaped - 8-
opening portions and the enl arged coaxial waveguide is connected to
each of (he @Reni-38iB0WekR toward the PRl fé&eepédl {efl coaxial
wavegui des I ncl ude means for varylng m crowave power buted 5

to them "affecteqy r@P@Peﬁc&omgqﬂﬁ9raﬁéﬁéﬁm¥f:&ﬂﬁﬁﬂ?ﬂﬁﬂﬂﬁﬁy

placed close to the prior art induction coil, magnetic
flux is blocked off at that place and the problem is
5 that no plasma can be generated in this case.

However, this problem is solvable accbrding to the
present invention; in other words, the structure
according to the present invention is advantageous in
that the opposed grounding electrode is readily

10 installed.

Still another (third) advantage of the closed
space structure by means of the cavity resonator is
that the input_impedance of an antenna is reducible.
The antenna impedance of the prior art induction coil

15 is roughly determined by the inductance L of the coil,
which is turned -out to be joL (®w = angular frequency).
In the closed space structure, the antenna module
forms a kind of coaxial distribution constant line and
the impedance is given by the following equation: |
20 Z = (L + C)¥

C in this equation represents the capacitance
between the central conductor and the inner wall of
the cavity resonator, wherein C can be set greatef;
consequently, the impedance can be set smaller throﬁgh

25 a structural design. Simultaneously, the value of L
can be set smaller and the impedance can also be set
smaller as it is feasible to form the central
conductor into a flat shape. Since this arrangement
is based on a distribution constant system, the

30 terminal impedance can be brought close to pure
resistance on condition that the antenna length
(éffective) and the applied frequency are properly
chosen, so that impedance matching is facilitated.

- According to the closed space structure by means of

35 this cavity resonator, there is a further (fourth)



group, that is, the provision of nmeans for securing uniformty in a

hi gh- frequency i nductive plasma and for renoving wall-surface
sputters, an 10 el ectromagnetically coupled Rf antenna systemin place

of an inductively coupled RF coil is enployed according to the present
I nvention. The RF antenna conprises a central conductor for letting a
hi gh- frequency current flowinto a closed space surrounded 15 with a
conductor and a slit situated on one si of t he cl osed space facing
the plasma, the slit being I ngeni ously opened so as not to | ook
directly at the pl asma on the central conductor. The central

conduct o andupeohds e st Of Hicke Aot LAY O padelg L

el ectronmagnet | l'y creating resonance on _
wave | eaki ngSpPRem ShEucture gdemopsiteades o deifdnite wfifeqk opagates into
and gen§b§h@.%ihﬁef@o?f§%cu§lig% i‘ﬂg@nﬁCUrﬁ'ﬁﬁ:‘?ﬁtﬂf and tHi@Pling system

using a resonant cavity makes it ossi bl e to obviate conpletely and
t heoreti cal | Yithebe desgaiibest by referenge&a dhand@ningsoupfi€+ conponent

common| ysobsegmdls:rxaw@%rprﬂn@rfoaféd &@islti@rﬁaﬂecﬁgq;trhior ﬁ@?&rﬁ@r@{ he

sputtering and wal |l..scraping, r exanpl.e. e sane tine,

constructi on1§or&€§ilaﬁ(eéﬁ§§%t"@b§§ whssSHE @né‘ﬁ‘%{ﬂd pﬁ%m%%tﬁiﬁ at ed

previously c8f beil hasmbiesn ahateeéd Hroughat e ipMgdd NG ERMis

Preferably, ga% glﬁegna sysiem s tq be installed 4, not beyond but on
el eCtri

this side of “a O P8 WO FSRET A & FeAg FHARED RERSRAN cHAfber . 35
Preferably, 3(¢l)i referdudicor icavidiyenieismnance system according to

10 the present invention.
As already described, the induced electric field

E formed under the electromagnetic induction law is
deviated toward the center since the pattern of a
magnetic line of force H generated by each induction

15 coil 3 is also deviated toward the center according to
the prior art of Fig. 3(a), so that no uniform plasma
can be produced. As shown in Fig. 3(b) then, it is
readily thought of to supply current to the coils 3
separated from each other but this is still

20 unsatisfactory. Even when the coils are thus
separated, the magnetic line of force H that has been
formed passes through the center of the chamber,
whereby a strong induced electric field E is still
formed in the vicinity of the center. The magnetic

25 line of force formed as shown in Fig. 3(c) has a
different pattern. The presence of the cavity
resonator 4 surrounding an antenna conductor 3 has.the
magnetic line of force H confined within the cavity
resonator and consequently the plasma generation area

30 becomes ring-shaped directly below the antenna. In
the course of isotropic diffusion onto the specimen
wafer, the plasma is ultimafely averaged and
uniformized as anticipated. In other words, the
cavity resonance system according to the present

35 invention makes it possible for the first time to



.- 9- ) switchable fromfloating to a groundi ng potential and Vi ce

ver sa. A plasma generation area wll be located directly
bel ow a ring radiation source and a ring-shaped plasma 5 will be generated
if a mcrowave in a coaxial ring- | i ke shape is radiated so as to
regul ate the intensity (B = 875 gausses when a microwave of 2.45 GHz
S enpl oyed) of a static nmagnetic field for use in ~causing
el ectron cyclotron resonance (ECR). Sigpge_the 10 pl asma di ffuses, it is
evenly distributed when it is conveyed to the wafer surface.
If-the intensity of nicromave radiation fromthe respective ]
ri ng- shaped t e

vial Fingh or bt O RLETASTond 1oipEL AR BhEctheh ) asm

coaxial rings or prOV|d|n
uni formty Unifommite ‘Wh%PéHhelﬁl%$%%r words, the plasma ~~ distributjon

wi Il concentrate heavi edriadf thesGeip€fo®fof the Drawings
Fig. 1 is an explanatory view of a first
5 embodiment of the present invention. _
Fig. 2 is a diagram showing the principle of the
present invention. . '
Fig. 3 is a diagram showing the pfinciple of the
present invention. _
10 Fig.4 is an explanatory view showing plasma test
results according to the present invention.
Fig. 5 is an explanatory view showing the
dimensional relationship'of the present invention.
Fig. 6 is an explanatory view showing a second
15 embodiment (1) of the present inventiQn.
' Fig. 7 is an explanatory'view showing a second
embodiment (2) of the present invention.
Fig. 8 is an explanatory view showing a second
embodiment (3) of the present invention.
20 Fig. 9 is an explanatory view showing a third
‘ embodiment of the present invention.
Fig. 10 is'an explanatory view showing a fourth
embodiment of the present invention. .
Fig. 11 is an explanatory view showing a fifth
25 embodiment of the present invention.
Fig. 12 is an explanatory view showing a sixth
embodiment of the present invention. -
Fig. 13 is an explanatory view showing a seventh
embodiment of the present invention.
30 Fig. 14 is an explanatory view showing an eighth
embodiment of the present invention.
Fig. 15 is an explanatory view showing a seventh
embodiment of the present invention.
Fig. 16 is an explanétory view showing a tenth
35 embodiment of the present invention.



.the wafér if the intensity of the radiation is strengt hened on the
i nner peripheral side of the 20 doubl e ring radi ati on source and heavi er

on the outer peri phery of the wafer if the intensity is

strengthened on the outer peripheral side thereof. If an ECR
position is lowered so that a m crowave - cannot be absorbed by a plasma
| mredi ately after the 25 m crowave | eaves the ring radiator, the

m cr owave strength distribution €i¥3uses and is then absorbed by

the plasma, so that the plasma uniformty above the waf er surface
beconmes variable. In other words, the uniformty can al so be changed

by changi ng t heDetailed3Descmiprdonc offi &he Frefegrad Embodimentsn the
present Inventi On'rh’éhgtrfe'é&gxhts Q%t&gnviﬁglﬁ%%@aﬁésmbéﬁ RRHMP | S

i nstall ed on an nospheri c si e vacuum | ntroduci ng “wi ndow,

the 1ikel i hosgferense decditsepbosimestei g igat dedS32 Pazddddd by the
radi ati ng sogieat lehvati®vndlll iR &howing in longitudinal section

-10- 5 4 plasma processing apparatus according to one
embodiment of the present invention. In Fig. 1, a
microwave is sent through a:waveguide Al and transfers
to a coaxial TEM mode in a coaxial waveguide converter
A2 before being conducted through a small-diameter

10 coaxial tube A3. The microwave leaves the coaxial
tube A3 and transfers to a parallel disk waveguide A4.
After having radially enlarged, the microwave
transfers to a large-diameter coaxial tube portion A5
and enters a process chamber A6. The process chamber

15 is surrounded by electromagnetic coils A7 for
generating static magnetic fields, thus forming an ECR
plane A3. A plasma generating portion A9 assumes a
ring shape corresponding to this ECR plane and the
plasma is uniformized above a wafer installation

20 electrode Al10. In Fig. 1, reference numeral All
denotes a vacuum introducing window which is made of
quartz or the like. Fig. 4 ((a), (b)) shows the
result obtained by examining the condition in which a
plasma is generated under this systeﬁ. Fig. 4 ((a),

25 (b)) refers to the consequence of two-dimensional
distribution measurement on a saturated ion current
density (equivalent to a plasma density directly above
the wafer) at a position above the electrode (in Fig.
4(a), the ECR_plane: 79 mm above the wafer; and in

30 Fig. 4(b), the ECR plane: 99 mm above the wafer),
wherein thorough uniformity or concave distribution is
seen to become obtainab;e depending on the magnetic
field condition. The current density thus obtained is
as high as 10 mA/cm? or above in the case of a C,F,

35 plasma and reaches the equivalent level required. The



Since the ring radiator is enployed, it is possible to install a

waf er - opposed el ectrode in the central portion of the radiator.
Specifically, a . conventional type of ECR m crowave plasma processing 5
apparatus has a structure in which an electrode is difficult to instal
at a position opposing the wafer, so that a high-frequency bias is
difficult to apply uni formy, but the present invention nakes it

possi bl e to solve this conventioralléproblem In the central 10
portion, it is possible to install a gas pipe for di scharging a
processi ng gas or a nenber for absorbing t he excess radical s contai ned
In a processimpuplméerowave (poverxddpl b, -a2 SkWphndetbeavenggrifier f| uorine
radicals). 15, not oééfﬂggtghcrgggvgx%ﬂgigt|ng source is installed at

a position away Fom { I nner " si de wa t he plasma processi ng
chanber, a pl asnmeThernéinepshopasi sperifbeations ﬁétSHPheétly touch the

wal I, so thq{amfow&a%éabéeofomu stiB8BqaLhtigr BbUAEBI 1 Beqdyg to the
accumul ation of |go Fe ree di ssoci at éd radicals or prevent damage to

a side wall ’ﬁ%@%ﬁ??—%‘l:e ig- S5.a fi aﬁaHeaaéwegf,ef-‘yﬁeamaén&uwa||
subsequent | ych€racter d€6LE bﬁﬁedance Z, = FOI3}! ,a pacdBiéEdidsiscri ption

w il be givep of .25 & the afore tloned electro-
anet) ool | yLBReRrEge phATh R A Sl PARd L ROEELOR gr avd ngs.
Fig. 2(a) isimpedageantj Ineesd rednfierming heo each other so that the
reflection of a microwave is prevented from occurring
10 at each junction. The impedance Z, was newly derived

as there was no publicly known document about it. The
result is as follows:

bz, Y,2 (KR)
2njR Y 2(KR)

15
where b: disk-to-disk distance, R: radial position, 70
= 377 Q, j: imaginary unit, Yf: linear Hankel fuhction
of the second kind, and K = 2n/A; wave number, input
wavelength.

20 If KR > 1, ZI(R) asymptotically approximates to

Z,(R) ="'Z;b/2nR = 60b/R

The impedance Z, of the enlarged coaxial portion
is expressed as

Z, = 601n R,/R,

25 Therefore, the unknowns R,, R,, R;, R, and b may be
determined so that Z, = Z,(R,;) and Z, = Z,(R;) are
obtained.

Fig. 6 shows a second embodiment of the present
invention. It is desirable that plasma uniformity is

30 made adjustable over the range of perfect uniformity
to convex and concave uniformity. This means that the
etching uniformity of a specimen to be processed is
made controllable by the uniformity of processing gas
and a high-frequency bias other than the plasma

35 uniformity and that the plasma unifofmity is set



sprincipfe of the invention. As shown in Fig. 2(a), an 30 RF power supply 1
Is ted via a matching box 2 to a | oop antenna body 3. The | oop antenna
I s surrounded by a cavity resonator 4 on all sides and slits 5 are
opened in only the side which faces a plasm. As shown by a vertical
sectional view of Fig. 2(b), tw 35 | ayers of slits 5 are alternately
arranged so that they are not overl apped, whereby only

t he el ectro- nagnetlc wave conponet s-radi ated fromthe antenna can

be propagated toward a plasnma w thout making the antenna body 3 | ook
directly at the plasma. A 5 detailed description will further be given of
this si adjustablel sor ekerttencever Ehgsinzaapncebbf ianyl ®ther assuned

that an alteLAZELDNs 8Y bR kS P ASCha,! BMonourd a0 aR ANt enna

conductor. Areturn ¢ asses he "si dé and back pl ates
of the cavite¢tching uniformity is secured Fig. 4 shows an

arrangement in which a ring radiation part is provided
5 double so that a microwave is emitted from each of the
inner and outer peripheral rings. By changing the
disk distance b and an opening diameter AR of the
inner peripheral ring, the distributibn of power
varies and so does the distribution of the microwave
10 within the process chamber. To change AR, a disk
component A4l-may be repléced. Otherwise, b may be
changed by operating a screw mechanism A42 from above
as shown in Fig. 7 or a ceiling member A43 for the
parallel disk may be set variable by means of a
15 plunger mechanism as shown in Fig. 8. The system of
Fig. 6 makes it necessary to replace the parts each
time the uniformity is changed. However, the
waveguide is simpler and more reliable than those
shown in Figs. 7 and 8. Although the efficiency of
20 adjusting the uniformity is conversely improved in the
examples shown in Figs. 7 and 8, the movable parts
taken in the waveguide raises a reliability problem at
the time large power is passed therethrough.
Fig. 9 shows a third embodiment of the present
25 invention, wherein an electrically conductive
structure (Al or the like) is introduced on the bottom
side of the paraliel disk facing the process chamber A
to form an opposed electrode 13 with respect to the
wafer. This arrangement islinténded to improve the
30 uniformity of high-frequency bias. The use of Si or
SiC for a member at this position allows the excess
fluorine contained in the plasma to be absorbed, so
that underlying layer (Si) selectivity in an SiO,
etching process is made improvable thereby. A

35 processing gas blowing mechanism Al4 using this space



40 resonator screwed down with screws on its way back. (No current
flows through the slits as any flow channel is not forned therein). An
al ternating- current magnetic field His created by the antenna
current 1 and the return current 1', and part of the 15 magnetic field

| eaks out via the slits. Because of the magnetic field that has

| eaked outside, a ring- shaped el ectromagnetic field E and ot her

el ectromagnetic fields (not shown) are jgiccessively formed on a pl ane
perpendi cular to the magnetic field 20 in accordance with the Maxwell's

| aw of radi o-wave propagation and transmtted in the direction of a

pl asma 6. This ppbyitibd ateordangghet thewpresent davpamndéoh tadi ated from an

ant enna chanber .in ¢l.gs ce | oupl, to.the plas according to
the 25" presenEiFRpasEPEn einaraoRRRiRg, Bo80 B sort i Rrau =158
el ectrost at i saprpcessphgdgesnfdownflandrome thekeentralr pordtied from a f
single anten ' ha ; g , puttering o

Oy ocror o BgHEy b BEYTEnEethobbieson, ORRECRLL, Snblifct

a structural y nor mal argé or normal ion 30
accel er abi on(roipr evepeampraecng mapnekleopl asmagoedicebody 836 kenf or med.

Anot her (seceadxne@&@mbagenofm&eesgheéegn%p%cﬁ.aﬁneti%umﬁteue%-by means. of
the cavity resonator 1s as foll ows:” Even tRAough a netal conductor is

i nstal | ed 35£0TFR gt¥Psiurst RdY LFanleRe ddsposedons, shewny 48i Xdidon of

9, whereby the plasma uniformity can be increased.’
A description will subsequently be given of a
10 series of inventions cohcerning a high-frequency
~ plasma system. Fig. 10 is an explanatory view of a
fifth embodiment of the present invention. In Fig.
10, é process chamber 10 comprises a cylindrical side
wall 11, a guartz ceiling panel 12 and a specimen-

15 holding sfage 13. Ring-shaped antenna modules 9 are
placed on the surface of the quartz ceiling panel 12.
The antenna module 9 includés a loop antenna 3, a
cavity resonator 4, a slit 5 and the like. The radio
wave 14 emitted from the cavity resonator 4 is

20 ‘radiated as shown by an arrow of Fig. 10, thus causing
a plasma 6 to be generated. As the plasma diffuses,
it becomes a uniform plasma over the whole surface of
a specimen when it reaches the specimen-hoiding stage
13. _

25 Fig. 10(b) is a bottom plan view taken from under
the antenna module 9, wherein part of a double-layer
slit 5 is removed to make the antenna body 3 visible.

“Fig. 11 is an explanatory view of a sixth
embodiment of the present invention. 1In general, it

30 is preferred for the distance between an antenna
module and a plasma to be shorter in the case of an
electrode-coupled plasma in view of ignitability of
the plasma. According to the prior art, however, the
electrostatically coupled component simultaneously

35 increases, which also poses a problem of abnormal ion



e 12 -7 the radi o wave toward the plasma is not essentially

af fected. Wen a conductor plate is inadvertently pl aced close to the
prior art induction coil, nagnetic flux is blocked off at that place
and the problemis 5 that no plasma can be generated in this case. _
However, this problemis solvable according to the present invention;

I n other words, the structure according to the present invention is
advant ageous in t hat the opposed. grgoundi ng el ectrode is readily 10

i nstall ed. Still another (third) advantage of the cl osed

space structure by neans of the cavity resonator is that the input

i npedance of aéBeB8t&BNoni SahaduonBequently The antenna icopadames of the

prior art inductjion goil 15 i s.roughly determ ned by the inductance L of
the coil, b R%?EﬁgigeFﬁrﬁga B&Fspg‘be jlerr]L ([err] = angul ar
frequency). Sihntbethkoetdctrastasticalilyr epupledaniompanenidulse

R L | DR Ry
5 the antenna can be set sufficiently close to the
plasma and the ignitability can thus be increased. In
Fig. 12, the cavity resonator 4 is also used as a
vacuum boundary and coupled to the prbcess chamber’
body 12 with an O-ring 15. A cover 16 (made of
10 quartz, alumina ceramics or sapphire) is fitted to the
_front of the antenna module lest the plasma is
directly exposed to heavy metal. In order to avoid
the ignition of the plasma in the cavity resonator in
a vacuous condition, an exhaust port 17 is provided'
15 separately and by means of differential exhausting,
the cavity resonator is kept under extreme vacuum to °
prevent discharging therein.
In the sixth embodiment of the invention, other
sécondary important effects are brought about. When
20 the plasma processing apparatus is applied to etching
or a spﬁtter CVD apparatus in general, a high
frequency 19 of a system different from what is
intended for génerating a plasma is applied to the
specimen-holding stage to apply self-bias to the
25 specimen so as to draw ions in the plasma onto the
surface of a specimen perpendicularly for the purpose
of improving specimen processing accuracy and a
processing rate. 1In the prior art, however, the
distance between a high-frequency circuit and the
30 center of the specimen via the plasma differs from the
distance between the circuit and the end portion of
the specimen because a conductor to be used as the
opposed grounding électrode of the circuit of the
second high frequency 19 forms the inner side wall 12

35 of the process chamber; consequently, uniformity in



.Cin this equation represents the capacitance bet ween the central
conductor and the inner wall of the cavity resonator, wherein C can be
set greater; consequently, the inpedance can be set snaller through 25
a structural design. Sinultaneously, the value of L can be set
smal | er and the inpedance can al so be set smaller as it is feasible to
formthe central conductor into a flat shape. Since this arrangenent .
is based on a distribution constant sysiem the 30 term nal inpedance can
be brought close to pure resi stance on condition that the antenna

| engt h (effective) and the applied frequency are properly chosen,
so t hat i npepnocessinghhag beehaunbchiewdble becauser tthegimpetiancel osed

' [ , th [ furth
space {1 Uct PkfialitsEAI3uAl . 351n bPESrCRY! brebERENILEK ofhere 1S a further

advant age. Msnéfapmityi tnl pyocesgingesdéy is preferred for a
grounding parallel, flat plate-like electrode to be

5 placed opposite to the specimen. Hoﬁever, such an
electrode could not be placed in the way stated above
in the prior art because the inductively coupled high-
frequency plasma intercepted the indﬁced magnetic
flux. According to the second embodiment of the

10 invention, the antenna module and the metal ceiling
panel 18 of the inner wall of the antenna module face
the plasmé via the sufficiently thin cover 16 and |
capable of functioning as an opposed grounding
electrode set in parallel to the whole surface of the

15 specimen, so that processing uniformity is improved.
(Regarding the high-frequency circuit, the impedance -
of a capacitive capacitor element will be éufficiently
low if the cover 16 is thin. Thus the conductor 18
can be made to function as a grounding electrode.

20 When a high frequency of 13.56 MHz is used as the
second high frequency 19, for example, a cover of
quartz not greater than 3 mm thick may be
satisfactory).

Fig. 12 shows a seventh embodiment of the present

25 invention. According to this embodiment of the
present invention, an insulating spacer 20 formed of
quartz, alumina deramics or the like is inserted
between the antenna body 3 and an antenna exit 5.

This spacer is hermetically fitted with respect to the

30 cavity resonator 4 or sealed under vacuum by means of
an O-ring. Consequently, the differential exhaﬁsting
described in reference to Fig. 3 according to one
embodiment of the present invention can be dispersed
with and the structure is simplified.

35 According to this embodiment of the invention, as



space structure denonstrates a definite effect resulting from securing

plasma uniformty and this w Il be described by reference to the
drawings. Fig. 5 3(b) shows an inproved version of the prior art which

is readily presumabl e wherein a nmethod-of w nding the Rf coil has been
changed in that peripheral winding is adopted so as to generate a

ri ng- shaped plasma. Fig. 3(c) refers to a cavity resonance system
according to 10 the present invention2l - As al ready described, the

i nduced electric field E formed under the el ectromagnetic induction |aw
IS deviated toward the center since the pattern of a magnetic |ine

of force H gnatedt édn bhecsunmanyuofi theldnvepitiod,i £hel soteéemeat ed t oward
the center aﬁﬁQ%ﬂ'Bglhﬁs abtheaBB%HEra%EcBB g%% e%@%bt so that no uniform

pl asma can rodiced shown 1n Fig hen, it is readily
t hought of t§°§ﬁﬁﬁﬁyt§§rﬁéﬁtCPBSFﬁétc§PF§U3t of §é§§F&P§GlPFoﬁPéach ot her

but this is ghikl mdResUitatieshizableyto EvaRr iR Lh@esidnke @i thlus
separated, the magnetic line.of force Hthat has been formed passes

t hr ough Phe &éﬁ?eFnonFHe°éhéHE§Fa51ng Wher Sy rendt APy LPHEELBE el ectric

field E i s sthkl voltager Begdauset Boupling Wmf at Iivia@enat gk impeovednetic 25
| i ne of forchforned as._s ' ' fe%ena pattern. The

hgﬂn I n F'ﬂt 3C
presence of PRe*CHVFRF "I “P&EsGHATEPT4® Pﬁ&ﬁ&ﬁﬁb Qﬁ 3 M2*conduct or 3
has t he dﬁgnhargeﬂiaeouhdfmheeaHtennhlﬂsdxmpbﬂeﬂ bige lowerting

o e SPECUBIAERL. Y A RRBATRCA°UE el R RRTER
di ffusi 88 onby the gpggam@nrlstlc inductance L and characteristic
capacitance C of the line and given by the following
equation:
Z = (L + C)* _
Since C is determined by the capacitance between
15 the antenna body 3 and the slit conductor 5,-C.can be
increased and therefore Z can be decreased by setting
the antenna body 3 closer to the slit conductor 5 to
the extent that discharge breakdown is not caused and
increasing the dielectric constant between the antenna
20 body 3 and the slit conductor 5; a dielectric spacer
20 made of quartz, alumina or the like may preferably
be inserted between the antenna body 3 and the slit
conductor 5 for the purpose. '
Fig. 13 shows an eighth embodiment of the present
25 invention. According to this embodiment of the
invention, the slit portion 5 of the cavity resonator
4 is replaced with two sheets of cover glass l1l6a, 16b
and Al or Au vapor deposition 16¢c is utilized for
forming a slit pattern on each sheet of cover glass.
30 Thus the slit conductors in Figs. 11, 12 can be
disused with the effect of not only simplifying the
complicated structure shown in Figs. 11, 12 but also
improving reliability.
Fig. 14 shows a ninth embodiment of the present
35 invention. According to this embodiment of the



-wafer, the plasma is ultimtely averaged and uni form zed as

anttcipated. In other words, the cavity resonance systemaccording to
the present 35 invention makes it possible for the first tine to

- 14 - generate a ring-shaped plasma and irradiate a specinen
uniformty with the plasma. Brief Description of the

Dr awi ngs Fig. 1 is an explanatory view of a first 5 embodi nment
of the present invention. Fg222-is a diagram show ng the
principle of the present invention. _ ~ Fig. 3 is a diagram
showi ng the principle of the present invention. 10 ‘Fig.4 is an

expl anat ory vin¥endlieni.nghs @rkennssmodule resid tmowcod mea tdordre present
invention.  gshaped quar®tz Bd1SL-AfhLN aANaFHY Vedd W SO G thE of
' the dome-shaped bell-jar is that the thickness of such
a bell-jar can be reduced in view of structural
5 strength. The adoption of such a thin-walled bell-jar
results in improving the ignitability of a plasma
inasmuch as the coupling of the plasma with the
antenna module is enhanced.
According to the ninth embodiment of Fig. 15, two
10 antenna modules 9 are arranged in the form of a
concentric circle and respectively connected to high-
frequency sources of different systems. The levels of
’ currents flowing into antennas 92, 96 and the relative .
phases are controlled by the high-frequency sources M1, 142
15 for driving the respective antennas, whereby the
distribution of quantity of ions reaching a specimen -
can be regulated as the position where the plasma is
generated is controllable.
According to an eleventh embodiment of Fig. 16, a
20 quartz bell-jar 21 in the shape of a silk hat is
provided and the antenna module is installed on the -
side of the bell-jar. By forming the bell-jar into
such a silk hat in shape, the wall thickness of at
least the side portion of the bell-jar can be reduced
25 with the effect of improving coupling with a plasma.
As set forth above, according to the present
- invention, it is possible to provide a method and
apparatus capable of meeting various requirements
(plasma uniformity, uniformity controllability, the
30 provision of opposed grounding electrodes and so on)
of the plasma processing chamber which is simple in
construction.
According to the present invention, further,
(1) abnormal discharge and sputtering reéulting from

35 the electrostatic coupling of the plasma with the



di nensi onal rel ationship of the presenf i nvention. Fig. 6 is an
exprtanatory view showi ng a second 15 enbodi nent .(1) of the present

i nvention. Fig. 7 is an explanatory view showi ng a second

‘enbodi nent (2) of the present invention. ' Fig. 8 is an expl anatory
vi ew showi ng a second enbodi nent (3) of the present invention. 20

Fig. 9 is an explanatory view showing a third enbodi nent of the present
i nvention. ' Fig. 10 is an expkanatory view showi ng a fourth

enbodi ment of the present invention. Fig. 11 is an explanatory

view showing a fifth 25 enbodi nent of the present invention.
Fig. 12 is aantephanatrergbvisuedhowhhghacenkthbutes esbddcreakial t he

present invepijio j i n p. oLy Vview show ng a
sevent h gﬁ%o%?%%ﬁ of fﬂgégggiﬁ%%é?ﬁv%ﬁéi%ﬁsgéglxg ionﬁiang4 is an
expl anat ory webkikpbhbiktyiy an eighth enbodi nent of the present invention.

Fig. 15 1's amexpianataby1Yganlogtn: £189VR! BischatfiROdigent of the

present. invention. . IS an planatory Vi ew showing a tenth
35 enbddi nEAPreYabhe piBsenthengehenna. can be placed closer to

the plasmé; '
(3) abnormal discharge coupling originating from high
antenna voltage can be obviated with increased
stability as well by easily ensuring matching since

10 the antenna impedance can be lowered; and
(4) a grounding electrode is formable in parallel to
the specimen since a conductor is placeable even in
the space surrounded by the antenna module, so that

processing uniformity is improved.
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- 15- Det ai | ed Description of the Preferred Enbodi nents
The*present invention wll be described bel ow by . reference to its
enbodinment. Fig. 1 is a partial : front elevational view showing in

*l ongi tudi nal section 5 a plasma processing apparatus according to one
enbodi nent. of the present invention. In Fig. 1, a Tﬁ‘ES]{ea\&nﬁyBeehRe zﬁéﬁ
t hrough a wavegui de Al and transfers to a coaxi al

coaxi al wavegui de converter A2 befare bei ng conduct

smal | -di aneter 10 coaxi al tube A3. The m crowave |ea |

tube A3 and transfers to a parallel disk wavegui de A4. After haV|hg-
radi ally emwmaﬁmhstémaﬁmedomave transfers to a Iarge di anet er coaxi al

tube portio ro h Al rocess chamber
15 I's surr Unde% %1§§ﬁec$}8£ %%$$cﬁ§§ﬁ?a %gbﬁg?chS § gerating static
magneti c fieépbclm@mstomeang aﬁ &(QRlasma, pthaea@@erﬂzpdasnatgaheaating

portion A9 SHLE hape r | | ane and
t he plgzna |§Yﬁ%}?g¥ﬁ$ggg°§b§€esggé iQQ@%S %R?Egbﬁgggglglectrode
A10. | P Fi gecontrebliedence nuneral All denotes a vacuum i ntroduci ng
Wi ndow whi chp i S NRAg1 8éma pro8Edkidg OﬁeEHSdlbke rgbgssiwé(ﬁ) (b)) shows
t he result obtalned by exan1n|ng t he condl lon I n

specimen by means of a plasma, characterized in that a

density distribution of said plasma is 1ndependently
controlled by an position adjustment of ECR or a

10 magnetic field gradient.

3. A plasma processing method of processing a
specimen by means of a plasma, characterized in that a
density distribution of said plasma is controlled on
fhe basis of the kind of material of said specimen.

- 15 4. A plasma processing method of processing a
specimen by means of a plasma, characterized in that"
‘said specimen is uniformly processed by independently
controlling a plasma density distribution, a gas
distribution and a bias distribution.

20 5. A plasma processing apparatus comprising: a
microwave introducing device; a magnetic field coil
for generating a static magnetic field; a process
chamber for generating a plasma by an introduced
microwave; a gas supplying device for supplying a gas

25 to said process chamber; a specimen stage for holding
a wafer; and a vacuum evacuating device for evacuating
said process chamber,

characterized in that said microwave introducing
device is arranged to transmit a microwave in coaxial

30 TEM mode.

6. A plasma processing apparatus comprising: a
microwave introducing device; a magnetic field coil
for generating a vertical static magnetic field; a
process chamber for generating a plasma by an

35 introduced microwave; a gas supplying device for

| AT A O R




-pl asma I's generated under this system  Fig. 4 ((a), 25 (b)) refers to the

consequence of two-di nensional di stribution nmeasurenent on a saturated
i on current density (equivalent to a plasma densi t'[jh;stﬁhéeEH&Mée M&d
*the wafer) at a position above the electrode (in Fig. -
pl ane: 79 mm above the wafer; and in 30 Fig. 4(b), t_he

above the wafer), wherei n thorough uniformty or co |on
‘s seen to becone obtai nabl e depe2®@i+~g on the nmagnetic fleld
condition. The current density thus obtained is as high as 10

mA/ cnferr] or above in the case of a ([err] F[herr] 35 pl asma and reaches
t he equi val SHPPINET Be@RS &P sdjilfk process chamber; a speclmt?r:]I

16 - ﬁa@g Y YRM . g t Aety de was
not over heatéed f(firaxgxarrpl PP UStES t?e%%n& oré;fa speci fi1cations of

such a devdcendoE Fd&%ﬁﬁlw 19218, REQGRST IShasbeoscri bed by

characterized in that said microwave introducing
5 device is equipped with a coaxial waveguide converter,
a small-diameter waveguide, a discoid parallel-plate
flat disk-shaped waveguide, an enlarged coaxial
waveguide and a microwave introducing vacuum window.
7. A plasmé processing apparatus according to claim
10 6, characterized in that R, R,, R;, R, and b are
selected so that a small-diameter coaxial waveguide
characteristic impedance Z, (= 601n(R;/R,), R,: in-
coaxial-tube conductor radius, R,: out-of-coaxial-tube
conductor radius) of said small-diameter coaxial
15 waveguide coincides with an impedance Z, (= 60b/R;, b:
parallel disk distance) of said disk-shaped waveguide
at a junction with said disk-shaped waveguide, and so
that an enlarged coaxial waveguide impedance Z, (=
601m(R,/R,), R,: out-of-coaxial-tube conductor radius,
20 R;: in-coaxial-tube conductor radius) coincides with an
impedance Z, (= 60b/R,) of said disk-shaped waveguide
at a junction with said disk-shaped waveguide. '
8. A plasma processing apparatus according to claim
6, characterized in that said enlarged coaxial
25 . waveguide is arranged so that an outer diameter R, of
said enlarged coaxial waveguide is smaller than an
inner diameter R, of said process chamber connected to
said microwave vacuum window (R, < Rg).
9. A plasma processing apparatus according to claim
30 6, characterized in that said microwave has a
frequency between 500 MHz and 5 GHz.
10. A plasma processing apparatus according to claim
6, characterized in that said microwave is produced by
a plurality of microwave sources of different
35 frequencies at the same time.

W) R



.5 ref erence to Fig. 5. A small-dianeter coaxial tube “characteristic

| npedance Z[err] = 50 [err], a parallel disk | npedanceZferr(R)—and—
an enl arged coaxial portion i npedance Z2 need conf orm. t ch_ ot her
*so t hat ?he refPection of a nicrowave i s prevented ff&ﬂﬁma g roen Replaged
at each junction. The inpedance Z err] was newy derived Tﬂﬂﬂf ﬂ S
no publicly known docunent about it. The result is as !

[err] 15 where b: di sk-to-di sk di #6armce, R radial position, 70 =
377 [err], j: imaginary unit, Y[err]: linear Hankel function of the
second kind, and K =_2[err]; wave nunber, input wavel ength. 20

If KR > 1, ZAHR) AsPABEBR PRPCeSEiBEoRPRATESUSoaccording to) glafimy) =
Z[ erf] b/ 2[ er p] Rcra@B8BtBrized in thikeshiBefaseewdler ik @irodbeeanbyr ged
coaxial portion I s _expressed as Z[err] = 601n Rerr]/Rerr]
25 Therefo?eYaFﬁ@bﬁﬁRﬁﬁﬁﬁgeﬁfgrWf?rﬁVEVF]?9RF€%r], Rlerr] and b may be
determ ned sm2thah gllesmh pZoeeskiRjeapbprands/pecolrding eor ciBierr]) are
o e 1., snagar bR SRt shateRR, FIERAIRRL S thelb et o
over the rangecofmpeihdow dnicflodest g vacuumo wimdvoex pordiconedoseuni formty.
Thie meane {Bbeiconcact SHATOINIFAE 1Y B PRCLIRLiLS Behocessec
than a portion (R, < R < R,) equivalent to a microwave
radiating part is provided with a grounding conductor
10 plate or a semiconductor plate, such as Si or SicC.
. 13. A plasma processing apparatus according to claim
6, characterized in that said microwave introducing
‘ vacuum window includes a vacuum window portion in
which processing gas introducing means is provided by
15 utilizing a portion other than a portion (R; < R < R,;)
equivalent to a microwave radiating part.
14. A plasma processing apparatus according to claim
6, characterized in that said microwave introducing
vacuum window includes a magnetic field coil or a
20 permanent magnet which is provided by utilizing a
‘portion other than a portion (R, < R < R,) equivalent
to a microwave radiating part.
15. A plasma processing apparatué according to claim
6, characterized in that said discoid parallel-plate
25 waveguide includes a small and a large ring-shaped
opening portion and said enlarged coaxial waveguide is
connected to each of said opening portions.
16. A plasma processing apparatus according to claim-
6, characterized in that said enlarged coaxial
30 waveguides include means for varying microwave power
distributed to them.
17. BAn electromagnetically coupled piasma processing
apparatus comprising a process chamber, specimen-
holding means, means for introducing gas into the

35 process chamber and plasma generating means, further

T R
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~and a hi gh-frequency bias other than the plasma 35 uniformty and that

-the*plasma uniformty is set - 17 -
-adjustable so as to cover the influence of any other uniformty
*determ ning factor to ensure that final etching uni formty 1S Secured.
Fig. 4 shows an arrangenment in which a ring radiation pagt ses Hal Béh défihced
5 double so that a mcrowave is emtted fromeach of the . o
outer peripheral rings. By changing thé? - disk distance b mm‘a‘m‘um
dianeter [err]R of the ‘inner peripheral ring, the distri _
power V@%iﬁﬁ ind_so does the distribution of the mcrowave 10 within
t he process th& aing: g change [err] R a disk conponent A41 may be

replaced. O herwaskoop smyehna forcbasgedngyaohightifnggqaencyew nechani sm
B o PNy, oRsRIeYpblahk s 8 aRrafbrb"la B8 Burbinker the
the loop antenna, and an antenna module which has a
5 slit and is situated in a position where the cavity
resonator faces a plasma.
18. An electromagnetically'coupled plasma processing
apparatus according to claim 17, characterized in that
the antenna module is in the shape of a ring and

10 mounted on the top surface of a cylindrical process
chamber.

19. An electromagnetically coupled plasma processing
apparatus according to claim 17, characterized in that
. a spacer formed of dielectric material is inserted

15 between the loop antenna and the slit conductor in the
antenna module.

_ 20. An electromagnetically coupled plasma procegsing
« apparatus according to claim 17, characterized in that
a dome-shaped quartz bell-jar is employed with the

20 antenna module mounted thereon as the process chamber.
21. An electromagnetically coupled plasma processing
apparatus according to claim 17, characterized in that
a plurality of linear antenna modules are employed as
the antenna module.

25 22. An electromagnetically coupled plasma processing
apparatus according to claim 19, characterized in that
gas in the interior of the antenna module is
differentially discharged and that the antenna module
is so structured as to include a thin dielectric

. 30 material installed on the boundary between the antenna
' module and the process chamber, and a grounding
conductor installed in the ring of a ring-shaped
antenna module, whereby a second high-frequency wave
is made applicable to the specimen-holding stage.
35 23. An electromagnetically coupled plasma processing

N



15 pl unger nmechani smas shown in Fig. 8. The system of Fig. 6 nakes

- It necessary to replace the parts each time the uniformty is changed.
- However, the wavegui de is sinpler and nore reliable than those
“shown in Figs. 7 and 8. Although the efficiency of 20 adj usting the
uniformty is conversely inproved in the exanpl es shown in Figs. 7 and
8, the novable parts taken in the waveguide raises a reliability
probl em at the tine |arge power is passed therethrough. Fig. 9
shows a third enbodi mrent of the present 25 i nventi on, wherein an
el ectrically conductive structure (Al or the like) is introduced on

t he bottom apparsaitnlrs afcddmlipay did edlading klg,acihag:adt@qimmbsim ctather A

to forman QRROS S(gs tc{f‘)%%i?e%n"ﬂ tn?:ﬁies pqré%or mqy oJT mﬁ_% fThi S

arrangement 1s i Tove requency
bi as. The fegmiofSia (ﬂoncentISICCCFJGTCJaE regberhatt the angenna on al l ows t he

excess Jdd{ﬁré(és‘,‘% d?ir{é’ifi:é&‘ ﬁé‘edﬁféf@né hh -SSRty SO t hat

underlying layer ectivity in an etchihg priocess is nade
i nprovald e tSeMnSes W%Ctlﬁﬁh@s& ng gas bI owi ng nechani sm Al14 using this
space 24. An electromagnetically coupled plasma processing

apparatus according to claim 19, characterized in that
a bell-jar in the shape of a silk hat is.employed as
the process chamber and that the antenna module is

10 located on the side of the bell-~jar.

25. An electromagnetically coupled plasma processing
apparatus according to claim 21, characterized in that
in place of the slit conductor, a double-layer
structure prepared by stacking two sheets of thin .

15 dielectric materials each with slit patterns formed by
métal vapor deposition is employed and that the joint
between the spacer and the cavity resonator is
hermetically sealed or thus sealed by means of an

. O-ring.

20 26. A plasma processing apparatus according to any
one of claims 18 through 26, characterized in that the
antenha module is installed within the process chamber
constituting a wvacuum.

-

Sheet Has Been RTlaced
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- 18 - © I s.provided according to the present invention in

- anti ci pation of processing gas uniformty by utilizing a processing gas
flow Al5 fromthe central portion toward the peripheral portion.
Mor eover, a magnet 5 (coil or permanent magnet) or a magnetic body A16
can be installed in this space and a nmagnetic-1|ine-of - force
structure Al7 is also disposed as shown in Fig. 9, whereby the plasna
uni formty can be increased. - 2R description will subsequently be
given of a 10 series of inventions concerning a high-frequency pl asma
system Fig. 10 is an explanatory view of a fifth enbodi ment of the
present invention. In Fig.Abstrdd®t af ptheddtschosttee 10 conprises a.
cylindrical side ' ty: ci men- 15
hol di ng st age 1387 l\r%"g!ﬂs t%légllnél Cc'%c}ltﬁ @aﬂaﬁgemal a%e on the

surface of BPPag@EdUS, @lﬁﬁﬂ@%@o fthat a W%‘@lrﬁ?%d‘iﬁ@%h ncl udes a
l'oop antenng %:éaa@ual Weddui dee Al CHnlﬂargﬂed?'B}} » pe¢hing lafge The radio

wave 14 emtt fromthe cavity resonator: 20 ‘radi ated as shown by an
arrow of Fi gaveguide ¢ hafang being é‘%ﬁ%‘iﬁﬁ 6f’f‘?3“ RN AEE¥Y. As the

plasma di ff kR&ial pordtidif@METHe WIdKIBRATEBCWELy (dbuptwd e surface of
a speci nmen %g_n It reaches, t he speci nmen-hol di sta gg nn e§ gg}
Fi g, 10(b) L e, BRGHERSIN ARRTAGH® (g 2P shtenna (3)
passing a high-frequency wave, a cavity resonator (4)
for surrounding the loop antenna (3), and a slit (5)
10 in double-layer structure in a position where the
cavity resonator (4) faces a plasma. The plasma on
the surface of a wafer can uniformly be processed with
the effect including: (1) preventing foreign matter
from being produced and abnormal discharge because of
15 electrostatic couplingé (2) improving ignitability and
stability of a plasma; (3) lowering antenna voltage; °
and (4) effecting uniform processing by providing an
opposed grounding electrode.

Sheet Has Been Rerlaced

T




the antenna rodul e 9, wherein part of a double-Ilayer slit 5is renoved

to nake the antenna body 3 visible. Fig. 11 is an explanatory
view of a sixth ~ enbodi nent of the present invention. In general, it 30
is preferred for the distance between an antenna nodul e and a pl asma
to be shorter in the case of an el ectrode-coupl ed plasma in view of
ignitability of t he pl asma. Accord&ngto the prior art, however, the
el ectrostatically coupl ed conponent sinuftaneously 35 i ncreases, which
al so poses a probl em of abnormal ion

- 19 - accel eration, and consequently the antenna coul d not be
pl aced near the plasna. Since the electrostatically coupled
conmponent is never be generated according to the present invention, 5
the antenna can be set sufficiently close to the pl asma and t he

ignitability can thus be increased. In

FIG. 1
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Fig. 12,
coupl ed to the process chanber
(made of 10 quartz,

In order to avoid
in

heavy netal ..
cavity resonator
provi ded 15

t herei n.

secondary inportant effects
processing apparatus is applitﬂlsg
in general, a high frequency 1

stage to apply self-bias to the 25
pl asma onto the surface oFf

of inproving speci men processi

the prior art, however, tHé

and the 30 center of the sp&spPREN
di stance between the circ
because a conductor to

the circuit of the S
12 35 of the proces

a vacuous con '
separately and by neans of differential
cavity resonator is kept under extrenme vacuumto

In the sixth enbodi nent of the invention,

t aa?ut

a systen1d|fferent fromwhat is

A

i nt ended for generating a plasma |s applied to_tde

the cavity resonator 4 is also used as a

body 12 with an Oring 15. A cover
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- 20 - processi ng has been unachi evabl e because the i npedance

remdi ns unequal. In order to prevent lack of uniformty in processing,
it is preferred for a grounding parallel, flat plate-like electrode to
be 5 placed opposite to the specinen. However, such an el ectrode
could not be placed in the way stated above in the prior art because

t he i nductively coupl ed hi gh- fregyehty plasma intercepted the induced
magneti c flux. According to the second enbodi nent of the 10

i nvention, the antenna nodul e and the netal ceiling panel 18 of the
~inner wall of the antenna nodul e face the plasma via Hhe sufficiently

thin cover 16 ahhl e of f _’  oning as an op sed gr Bndi ng
el ectrode setF @aﬁé t whol e surface of t 15"  spgei nen, so
that processing uniformty 1s/1 npr Regat di ng-the _hj gh\f requency

circuit, the inpedance f -g@7capaciti capagi t el enent | N be
sufficiently’

?‘9\\“\’\\\\" \\\\\\\\‘
A nmRe

FIG. 3(c) o3
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lowif the cover 16 is thin. Thus the conductor 18 can be made to
function as a grounding el ectrode. 20 Wen a high frequency of 13.56 MHz
is used as the second high frequency 19, for exanple, a cover of
gquartz not greater than 3 mmthick may be satisfactory).

" Fig. 12 shows a seventh enbodi nent of the present 25 I nvention.

: According to this enbodinent of the - 1gresent I nvention, an insulating
- spacer 20. formed of quart z, alumﬁmé eramcs or the like is inserted
- between the antenna body 3 and an antenna exit 5. This spacer is
hernmetically fitted with respect to the 30 cavity resonator 4 or seal ed
under vacuum by neans of an O-ring. Cbnsequently the differential
exhausti ng described in referenc c rdlng to one

enbodi ment of the present invention CZEyzEF déq{ w th and the
structure is sinplified. 35 According t I s enbodi nent of the

21 -

i nvention, as 100 =
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noted in the summary of the invention, the antenna whi ch brings about

another secondary effect constitutes the constant circuit of
di stribution and this makes it desirable to | ower the inpedance of the
5 1line in view of increasing the current and | owering t he vol t age
: because coupling with a plasma is inproved by increasing the current
~and because the abnor nal dischargeQ,&;yund the antenna is inpeded by
| owering . the voltage. The inpedance of the line is determ ned 10 by
t he characteristic inductance L and characteristic capaci tance C of
the Iine and given by the foll ow ng gjquat i on: Z = (L +
" Oferr] ' | gmdetermn | en 15 the
~antenna body 3 and Iitgionductor \ an be I ncreased and _
therefore Z can be decreased by setti 3 closer to
the slit conductor 5 to e exten LS rge breakdown i s not
caused and i ncreasing t di el ectri arft¥ bet ween t he antenna 20
body 3 and the slit co de of
gquartz, alum na or thejl may ef e~wygsert ween t he
antenna body 3 and thefslit o] the ose.
Fig. 13 shows an ei ghtf§_etbodi ne f I nv ijon.
According to this enbo [ rtiony5 of
the cavity resonator pl ac | two sh 0 oMer gl ags 16a,

16b ‘and Al “or A p | g
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formng a slit pattern on each sheet of cover glass. 30 Thus the slit
conductors in Figs. 11, 12 can be di sused with the effect of not only
sinmplifying the conplicated structure shown in Figs. 11, 12 but also
improving reliability. Fig. 14 shows a ninth enbodi nent of the
present 35 I nvention. According.to this enbodinent of the

- 22 - i nvention, the antenna nogliie] 9 is nounted on a done-

i shaped quartz bell-jar 21. The reason for the use of t he done-shaped
bell-jar is that the thickness of such a bell-jar can be reduced in

vi ew of structural Jgaﬁggengt . The adopjd bel |l -j ar
results in inprovin lgnifiability of§a sma ~inasmuch as the

coupling of the plasma with tRZR f ant
0

According to the ninth enbodi Wo
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10 antenna nodules 9 are arranged in the formof a concentric circle
and respectively connected to high- frequency sources of different
systens. The |evels of currents flowng into antennas 92, 96 and the
relative phases are controlled by the high-frequency sources 191, 192
15 for driving the respective antennas, whereby the di stribution of
quantity of ions reaching a specinen, 7/11can be regul ated as the position
where the.plasma is generated is controll able. According to
an el eventh enbodi ment of Fig. 16, a 20 quartz bell-jar 21 in the shape
of a silk hat is provi ded and the antenna nodule is installed on the
side of the bell-jar. By formng the bell-jar into such a silk hat in
shape, the wall thickness of at | east the side portion of the bell-jar
can be reduced 25 with the effect of inproving coupling with a pl asna.

As set forth above, according to the present invention, it is possible
to provide a nethod and appar at us capabl e of neeting various

requi renents (plasma uniformty, uniformty controllability, the 30
provi si on of opposed groundi ng el ectrodes and so on) of the plasma
processi ng chanber which is sinple in%,(E’co truction. Accor di ng
to the present invention, further, y a¥nhormal di scharge and
sputtering resulting from 35 the electrostatic coupling of the plasma
with the -
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-23 - 7 antenna are obviated, which contributes to decreasing t he

anount of foreign matter and inproving long-term reliability; (2)
ignitability and stability of discharge are 5 i nprovabl e since the
antenna can be placed closer to t he pl asnm; (3) abnornmal discharge
coupling originating from high antenna vol tage can be obviated with

| ncr eased stability as well by easibyuppsuring mat ching since 10 the
ant enna i npedance can be | owered; and (4) a grounding electrode is
formable in parallel to t he speci nen since a conductor is placeable
even in t he space surrounded by the antenna nodul e, so that

processing uniformty is inproved. - 24-

FlIG. 10(a)
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What isclained is: 1. A plasma processing apparatus conprising: a

m crowave i ntroduci ng device; a magnetic field coil for generating a
vertical static magnetic field; a process chanber for generating a
pl asma by an i ntroduced m crowave; a gas supplying device for
supplying a gas to said process chanber; a specinen stage for hol ding
~a wafer; and a vacuum evacuati ng Zﬁice for evacuating said process
. chanber, _ characterized in that 'J m crowave i ntroduci ng
device is equi pped with a coaxi al wavegui de converter, a
smal | - di amet er wavegui de, a discoid pa flat di sk-shaped
wavegui de, an enl arged coaxi al liﬁ: 5F7§ a mcrowave introducing
vacuum wi ndow. 2. A plasma processing apparatus according to clalm
1, characterized in that err], F{grr] Rlerr] Rerr] and b are
selected so that a small -t anet axi al wavegui de characteristic
i npedance Z[ermly (= e il -t ube
conduct or radi us,\ R4:Nout - -tube co diu og?said
smal | -di aneter coaxd .jﬁhﬂg yde co C|des Jal-TaIN Ny | IToFY err]
(= 60b/R3, b: : | ' e vegui de
~at a junction with - )
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that an bnlarged coaxi al wavegui de i npedance Z[err] (=
60In{R[err]/R[err]) Rl err]: out-of-coaxial-tube conductor radius,

Rl err]: in-coaxial-tube conductor radius) coincides with an i npedance
Z[err] (= 60b/Rerr]) of said disk- shaped wavegui de at a junction

wi th sai d di sk-shaped wavegui de. . A plasma processing apparatus
according to claim i, characteriz§€ ﬁg that said enl arged coaxi a
wavegui de i s arranged so that an outer 4k e Rl err] of sai d

enl arged coaxi al waveguide is smaller than an. I nner di aneter

Rlerr].of said process chanber connected to said nmicrowave vacuum

w ndow (Rlerr] < Rerr]). - 25 - 4. A

pl asma processi ng appar at us accordlng to claim1, characterized in that

said m crowave has a frequency between 5 ZQ'QEE gr GHz. 5. A plasm
processing apparatus according to claim / ra I zed in that said
m crowave, i s produced by a plirallty of m crowave sources of different
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frequenéies at the sane tine. 6. A plasma processing apparatus according to
claiin 1, characterized in that said mcrowave is produced by a

vari abl e-frequency m crowave source. 7. A plasma processing apparatus
according to claim1, characterized in that said mcrowave introducing
vacuum wi ndow i ncl udes a vacuum wi ndow portion whose plasma contact portion
which is within a portion other than d%61lion (Rerr] < R< Rerr])

equi valent to a mcrowave radiating part is provided with a groundi ng
conductor plate or a sem conductor plate, such as Si or SIC. 8. A plasma

processi ng apparatus according to clai mge rac i zed in that said

m crowave introducing vacuun1mﬁndOM/incI§yQ§ia vigSLnlmﬁndOM/portion in
whi ch processing gas introdu 1ng nmeB#s I's provided by utilizing a portion
ot her than a portion ( R ]) equivalent to a m crowave
radiating part. 9. A|plasnma Jprogessi nglapparatus according to claim
1,characterized in thgt $fd i cqjovgye ifntroduci ng vacuum wi ndow i ncl udes a
magnetic field coil or] a perngnemt magngt which is provided by utilizing a
portion other than a " , < Rerr]) equivalent to a

m crowave radiating part. [L0. A plaspm processing apparatus according to
claim1,characterized in tphat said d|scoid parallel-plate wavegui de
includes a small and a | arpe ring-shpped openggg porti and saiqbenlarged
coaxi al wavegui de is conn ed to effjh of sai g~ opening rtionsyf
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- 26 - 11. A plasna processing apparatus according to claim1,

characteri zed in that said enlarged coaxial -

varying m crowave power distributed to them

-27-

i ncl udi ng: a |l oop antenna for carrying a high-frequency

wave, a cavity resonator so arranged as to surround

10

15

FIG.

- 29 -
METHOD AND APPARATUS FOR' PLASMA PROCESSING

TUS
AEBN&L“. Abstract of the Disclosure

An electromagnetically coupled‘plasma processing
apparatus is arranged so that a microwave sent through
a coaxial waveguide 3 is enlarged by a parallel disk
waveguide 4 before being radiated from an enlarged
coaxial portion 5. The electromagnetically coupled
plasma processing apparatus has a loop antenna (3) for
passing a high-frequency wave, a cavity resonator (4)
for surrounding the loop antenna (3), and a slit (5)
in double-Layer.structure ih a position where the
cavity resonator (4) faces a plasma. The plasma on
the surface of a wafer can uniformly be processed with
the effect including: (1) preventing foreign matter
from being produced and abnormal discharge because of

electrostatic coupling} (2) improving ignitability and

stability of a plasma; (3) lowering antenna voltage; °
and (4) effecting uniform processing by providing an
opposed grounding electrode.

1
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the loop antenna, and an antenna nodul e whi:ch has a 5 slit antbarsi-si t uat ed.
in a position where-the—eavtys ,__j[._eg:o@amr,i, faces a plasma. zpasr18. An

el ect 'onagﬁ‘ééM@ﬁk’llEiﬁTcéﬁ%?E%l p‘IA{Sna processing - - apparatus according to
cl ai m 13, Deshrp o cpagedd. i 19 P'*_‘ia'tf";' ithe antenna nodule is in the shape of a
ring angl am_rzr@munteﬁﬂedn%h‘e?f%ﬁ ‘Surface of a cylindrical process

chamberi: Hawd s Apaﬁébcié‘rbﬁﬁ@?‘r‘eﬁ'c |1y coupl ed pl asma processing

appar it gsA aset di mgay@".cl- 4 wh3eh -chgracteri zed in that a spacer forned
of diglectric material is inserted 15 ‘b@ﬁwé_en the | oop antenna and the
slit qonc %géﬁlriﬁﬁéﬁﬁf‘?..e,E?l!?ﬁTJI.e.nna rodul e. 20. An el ectronmmgnetical ly
coupl adpl-asa-pF '

PE-OCeESST I, . apparat us according to claim17,
characteri zed‘m’#ft e Cia%'m%d Trio- shaped quartz bell-jar is enployed with

the 20 antenna nRdpi&sRUPLBEeSREHGORpPpardt i /s $ivdgbes - . 21. An
el ectromagneti'cal asnma processing apparatus according to

claim 17, chd?%%?l%‘%’l?‘géggﬁl’ﬁg?ﬁgfﬁng deyigeir & M3FEtLS nelpld F@kha nodul es
are enpl oyed f6r genetrdtingt anvarthedllestdtic Magnetice! erdr@megnetically
Charact ef | sobTICTRE: Shambeg, £ofr BRREEARAAN & RIFI Bhi#na hodul e i s
differ ent i al Iynﬂts‘.ﬂmegediandyahat ahgasnpumﬁyMIdevice forso structured
netvocn i hehigbbkind' € gehtih R dhiiers, euplmda
.conduct or i ns¥tegedfPr haddinggapmager:n@ncha@dPcuun eyaRBln®dul e, |
whereby a sec@adiBbJbofr 8¢4HENGIVWAYBaid process chamber,
characterized in that said microwave introducing

device is equipped with a coaxial waveguide converter,

a small-diameter waveguide, a discoid parallel-plate

flat disk-shaped waveguide, an enlarged coaxial

waveguide and a microwave introducing vacuum window.

2. A plasmé processing apparatus according to claim

1, characterized in that R,., R,, R;, R, and b are

selected so that a small-diameter coaxial waveguide

characteristic impedance Z, (= 601ln(R,/R,), R;: in-

coaxial-tube conductor radius, R,: out-of-coaxial-tube

conductor radius) of said small-diameter coaxial

waveguide coincides with an impedance 2, (= 60b/R,, b:

parallel disk distance) of said disk-shaped waveguide

at a junction with said disk-shaped waveguide, and so

that an enlarged coaxial waveguide impedance zZ, (=

601m(R,/R;), R,: out-of-coaxial-tube conductor radius,

R;: in-coaxial-tube conductor radius) coincides with an

impedance Z, (= 60b/R,) of said disk-shaped waveguide

at a junction with said disk-shaped waveguide.

3. A plasma processing apparatus according to claim

1, characterized in that said enlarged cbaxial

waveguide is arranged so that an outer diameter R, of

said enlarged coaxial waveguide is smaller than an

inner diameter Ry;. of said process chamber connected to

said microwave vacuum window (R, < Rq).
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I s-made applicable to the specinen-hol ding stage. 35 23. An

el ectromagnetical |y coupl ed pl asma processi ng :

- 28 - apparatus according to claim 19, characterized in that .two
systens of antenna nodul es are arranged in the formof a concentric
circle and that the antenna nmodul es are connected to different

hi gh-frequency 5 sources respectively. 24. An electronagnetlcally
coupl ed pl asna processi ng appar at us_ gordlng to claim19,

characterized in that a bell-jar in7t Shape of a silk hat is enployed
as t he process chanber and that the antenna nodule is 10 | ocated on the
side of the beg]|-|ar plasma?prottess ey rmmtmsaéd:qordmpgedopbéam

processing “_”_a Bgrat% accgidanH; éﬁénﬂgcrgbgaécﬁg% zed in that
5thI 32 u

in place of t e ayer ructure prepared by
st acki ng two €kequencly tbetween 500 MHz and 5 GHz.

5. A plasma processing apparatus according to claim
1, characterized in that said microwave is produced by
a plurality of microwave sources of different
frequencies at the same time. '
. 6., A plasma processing apparatus according to claim

1, characterized in that said microwave is produced by
a variable-~frequency microwave source. ~
7. A plasma processing apparatus according to claim

- 1, characterized in that said microwave introducing
vacuum window includes a vacuum window portion whose
plasma contact portion which is within a portion other
than a portion (R; ¢ R < R,;) equivalent to a microwave
radiating part is provided with a grounding conductor
plate or a semiconductor plate, such as Si or SiC.

8. A plasma processing apparatus according to claim
.1, characterized in that said microwave introducing
vacuum window includes a vacuum window portion in
which processing gas introducing means is provided by .
utilizing a portion other than a portion (R, < R < R,)
equivalent to a microwave radiating paft.

9. A plasma processing apparatus according to claim
-1, characterized in that said microwave introducing
vacuum window includes a magnetic field coil or a
permanent magnet which is provided by utilizing a
portion other than a portion (R; < R < R;) equivalent
to a microwave radiating part.

10. A plasma processing apparatus according to claim
"1,characterized in that said discoid parallel-plate
waveguide includes a small and a large ring-shapéd
opening portion and said enlarged coaxial waveguide is
connected to each of said opening portions.
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15 dielectric materials each with slit patterns forned by met al vapor
deposition is enployed and that the joint bet ween the spacer and the
cavity resonator is - hernmetically sealed or thus seal ed by neans of an
O-ring. 20 26. A plasma processing apparatus according to any one of
clainms 18 through 26, characterized in that the antenna nodule is

“installed within the process chanber constituting a vacuum

- 26 - i
11. A plasma processing apparatus according to claim -
1, characterized in that said enlarged-coaxial

waveguides include means for varying microwave power
distributed to themnm.
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