wo 2016/153757 A1 [N 0000 00000 00O

(43) International Publication Date
29 September 2016 (29.09.2016)

Organization
International Bureau

—~
é

=

\

WIPOIPCT

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)
(19) World Intellectual Property

(10) International Publication Number

WO 2016/153757 Al

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

International Patent Classification:
HO01J 37/32 (2006.01)

International Application Number:
PCT/US2016/020585

International Filing Date:
3 March 2016 (03.03.2016)

English
English

Filing Language:
Publication Language:

Priority Data:
62/136,737 23 March 2015 (23.03.2015)
62/153,688 28 April 2015 (28.04.2015) Us

14/974,376 18 December 2015 (18.12.2015) Us

Applicant: APPLIED MATERIALS, INC. [US/US];
3050 Bowers Avenue, Santa Clara, CA 95054 (US).

Inventors: KOBAYASHI, Satoru; 3482 Victoria Avenue,
Santa Clara, CA 95051 (US). SUGAI, Hideo; 2-4-6 Na-
kashin-cho, Kasugai, A'ichi, 486-0956 (JP). PARK, Soo-
nam; 935 La Mesa Terrace, Unit I, Sunnyvale, CA 94086
(US). RAMASWAMY, Kartik; 10020 Viewpoint Lane,
San Jose, CA 95120 (US). LUBOMIRSKY, Dmitry; 862
Bette Avenue, Cupertino, CA 95014 (US).

Agent: WALLACE, Robert, M.; Law Office Of Robert
M. Wallace, 2112 Eastman Avenue, Suite 102, Ventura,
CA 93003 (US).

Us

(8D

(84)

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant'’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

Published:

with international search report (Art. 21(3))

(54) Title: PLASMA REACTOR HAVING DIGITAL CONTROL OVER ROTATION FREQUENCY OF A MICROWAVE
FIELD WITH DIRECT UP-CONVERSION

120

_______________

RF2out

@ | 340

RFtout Dual Digital Phase

Amplitude Generator

FIG. @

(57) Abstract: A plasma reactor for processing a workpiece has a microwave source with a digitally synthesized rotation frequency
using direct digital up-conversion and a user interface for controlling the rotation frequency.



WO 2016/153757 PCT/US2016/020585

PLAEMA REACTOR HAVING DIGITAL CONTROL OVER
ROTATION FREQUENCY OF A MICROWAVE FIELD
WITH DIRECT UP-CONVERSIOR

Inventors:
Sateru Kobayashi, Hideo Sugail, Soonam Park,
Kartik Ramaswamy, and Dmitry Lubomirsky

CROSS-REFERENCE TC RELATED APPLICATIONS
[1] This application claims priority of U.3. Application
No. 14/974,376, filed December 18, 2015% entitled PLASMA
REACTOR HAVING DIGITAL CONTROL OVER ROTATION FREQUENCY QOF
A MICROWAVE FIELD WITH DIRECT UP-CONVERSION, by Satoru
Kobayashi, et al., which claims benefit of U.S.

ylication No. 62/136,737, filed March 23,

@]
<<
]
%3]
o

2015 entitled PLASMA REACTOR HAVING DIGITAL CONTROL <
QUENCY OF A MICRCWAVE FIELD, by Satoru
Kobavyashi, et al.,; and U.S. Provisional Application No.
62/153,688, filed April 28, 2015 entitled PLASMA REACTOR
HAVING DIGITAL CONTROL OVER ROTATION FREQUENCY OF A
MICROWAVE FIELD WITH DIRECT UP-CONVERSION, by Satoru
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BACKGROUND

Technical Field:

plasma reactor for

©
;
(

[2] This application is related t

rocessing a workpiece such as a semiconductor wafer,

ke,

using microwave plasma source.

Background Discussion:

[3] A plasma gensrated by a microwave plasma source is
characterized with a low sheath woltage and high

dissociation of cti

l.)

gases. In many applications of
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microwave plasma processing, circular radial waveguides
are conventionally used to meake uniform plasmas to

process circular wafers. However, the resultant plasma
often has an inhomogeneocus ion density distribution in

either or both the radial direction and the

direction, owing to a non-uniform field distribution of

the microwave applicator, and partly owing to excitation

{4] In orde

fﬁ

to improve the plasma uniformity, it has
been proposed to employ a microwave applicator where the
highly uniform field of TE;1; mode rotates in a

cavity adjacent processing reglon. This is

et

cylindrica
done by introducing microwaves from two spatially

orthogonal directions with a temporal phase difference of
9

} degrees. To ex ar rotation in
the circular cavity, s of
electromagnetic waves 1 he ical cavity are

moniteored at two orthogonal positions. The measursed

phase and amplitude are fed back te a dual output digital

microwave generator to assure the perfectly circula
rotation. In this system of microwave application, the
wave fields are circularly rotated inside the cawvity, so

that a falrly uniform distribution of plasma is expected

sarticularly in the azimuthal direction.

[ e
u
[
4
o

is approach will work for plasmas at low chamber

pressures, e.g., pressures less than 200 mTorr. At high

7

pressures {e.g., pressures over 1 Torr, the plasme is

irst ignition

th

often localized, depending upon where the

occurs. In this situation, even though the rotation of

o

the microwave field may be perfectly circular, the

localirzed plaszma cannot follow the rotating fie

-
O
~

& extremely short

fran

period
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cory
period may
GHz},

time

way of enhancing w

esponding to the

which

(which can

microwave frequency. The

ke on the

order of about 0.5 ns (e
is much less

-2

Q

exces ms) .

]

iformity i

gy

than a global plasma response

PCT/US2016/020585

rotation

1/2.

45

It is desired to provide a

n the plasma without

impairment from the inabllity of plasma under high
pressure {(e.g., 1 Torr) to follow field rotations at Z.45

GHz

{61
cavity over
first and s
cylindrical
microwave s

comprising

A plasma

',..J

a cylindrica.

lying rocessing chamber, and
econd ertures in a sidewall of the

microwave cavity spaced

ource having a microwave

a palr of microwave contr

microwave outputs coupled to respective ones of the first
and second coupling apertures. Each of the microwave
ontrollers comprises (a) a source of first and second
digital modulation signals having a frequency
corresponding to a slow rotation freguency: (b} a source
of a first digital carrier signal having an intermediate
freguency; (¢} a multiplier stage comprising a pair of
multipliers each having a palr of inputs, the multiplier
stage coupled to recelve, respectively, (a) the first
digital modulation signal, the second digital modulation

-1
i
£

signal and the first digital carrier signal,
respectively, the multiplier stage having respective
outputs, inl and in2; and (d) a digital-to-analag
converter coupled to receive the respective cutputs in
and in?2 and having analog outputs corresponding to the
outputs inl and in2; and an up-converter having inputs
coupled to the analog outputs, the up~converter
comprising the microwave ocutputs.

3
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{71 In cone embodiment,

rmultipliers is coupled to
modulation signal and the
having a first multiplier
inl, while & second one of
coupled to receive the sec

and the digital carrier si

comprisi

pa

rmultiplier ocutput

In another embodimen

conprises a scurce of a se
the intermediate frequency,
first digital carrier sign
inl; a first one of the pa

carrier signal; a

is cocupled to
signal and the

and having

)

a second multipli

multiplier output in2; whe
further comprises an adder

first 1

and second mult

output comprising the outp

f2} In one embodiment, t
nodulation signals compris

component I and a sine-for

{103 In one embodiment,
amplitude modulation

{

the cosine-fo

signa

random access memory;) con

rm component

successive samples of the

PCT/US2016/020585

first one of the pair of
raeceive the first digital
digital carrier signal, and
ocutput comprising the output
the pair of multipliers 3
ond digital modulation signal
gnal, and having a second
ng the output in2.
t, the reactor further

cond digital carrier signal of

wherein: ths source of the
al is coupled to the output
iv of multipliers is coupled to
modulation signal and the first
second one of the pair of
recelve the second digital

second digital carrier signal,

! 51

lier output comprising the

rein the multiplisr stage
coupled to receive outputs of
piliers, the adder having an

ut inZ.

‘he first and second amplitude
e, respectively, a cosine-form
m component Q.

he source of first and second
ls comprises a first RAM
taining successive samples of
I, a second RAM containing
sine~form component @, and a

s
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»w clock pointer directed at the successive samples of I

and Q in synchronism with the slow rotation freguency.

{11} In one embodiment, the source of a digital carrier

20q
(SRS

gnal comprises a third RAM containing successive
samples of the digitel carrier signal, and a low clock
polnter directed at the successive samples of the digital
carrier signal in synchronism with the intermediate

frequency.,

{12} In one embodiment, the up-converter has an output
14 &

5

freguency egual to the microwave freguency.

{13} In one embodiment, each of the multipliers produces

a product of the signals at its input.

—

[14] In one embodiment,; the plasma reactor further

T

v

comprises a user interface for allowing a user to specify

the slow rotatlion freguency. In one embodiment, the user

difference between the microwave signal outputs.

Cu
}_l
2

{158] 1In accordance with one embodiment, a method

provided for preducing a rotating microwave field in a
cavity having a pair of microwave injection ports offset

by an angle, having a controlled slow rotation frequency.

)‘

™
iA

.

e method comprises: producing first and second digital
carriers of an intermediate freguency below the freguency

of the microwave field, the first and second digital

carriers being co-functions of one ancther:; producing at
least one of first and sscond digltal modulation signals

of a slow freguency corresponding to the slow rotation

frequency, the first and second digital modulation

o}

s being corresponding cosine-form and sine-form

-
H
L

signal

SUBSTITUTE SHEET (RULE 26)
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components; producing first and second digital carriers

of an intermediate frequency below the frequency of the

]

Y
iicrowave field, the first and second digita

.;2
ft
-~
I$)
=
=
[
[
B
1]

being co-functions of one ancther; mizing at least the
cond digital modulation signal with at least one of the
irst and second digital carriers to produce at least one

of a pair o

=
o)
e
-
-
5}
s
@]
i
purt

i
o
n
]
o]
:._.\

s

and inZ; and up-~

¢

converting the digital ocutputs to the microwave freguency

to produce a pair of offset micr

Q

wave signals, and
applying the pair cof offset microwave signals te the pailr

of microwave injection ports.

[16] I one embodiment, the methed further comprises

[17] In one embodiment, the method further comprises:

providing the first digital carrier signael as the cutput

inl; mixing the first and second digital carriers with
respective ones of the first and second digital

modulation slgnals, and adding the corresponding products

to produce the output inZ2.

{3181 In accordance with a furt

oy

er aspect employing direct
up=-conversion, a plasma reactor comprises a cylindrical
microwave cavity overlying a workpiece
chamber, and first and second coupling apertures in a
sidewall of the cylindrical microwave cavity spaced apart
by an angle; a microwave source having a microwave
frequency and comprising microwave outputs coupled to
respective ones of the first and second coupling

apertures. The microwave sourcs comprises a source of an

ay
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phase componsnt 1-A and of a guadrature component 2-A

of a digital modulation signal having a

h
]

equency
corresponding to a slow rotation frequency; a digital-to-
analog converter coupled to receive the in-phase and
guadrature components 1-A and 1-B, and having
corresponding analog outputs inl and inZ; and an up-
converter comprising: (a} a first combiner function
comprising respective inputs of the analog cutput inl and
an in-phase component of the microwave frequency, and a

first product output corresponding to a first one of the

microwave outputs; and (b} a sescond combiner function
comprising respective inputs of the analog output inZ2 and
an in-phase component of the microwave freqguency, the

second combiner function comprising a second product

output.

[18] In one embodiment, the second product output is

coupled to a second one of the microwave outputs.

201 In a dif

..;
th

ferent embodiment, the microwave source
further comprises a source of a constant signal A, and
wherein the up-converter further comprises: a third
combiner function having one input coupled to receive the

le
constant signal A and another input coupled toc receive

J

the quadrature component of the microwave frequency, and
a third product output; and an adder functicn having
inputs coupled to the second and third product outputs
espectively and a sum output coupled tco the second one

of the microwave oubtputs.

{211 In cne embodiment, the source of an in-phase

component of the digital modulation signal produces a sum
ta

of the digital modulation signal and the constant signal
A.

-

i
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[22] In one embodiment, the

components comprise, respectively,

B

-

component I and a sine-form component . In

embyodiment, the source of the in-phase comp

digital modu comprises & first

cosine-

PCT/US2016/020585

in-phase and quadrature

form

contalning successive sampies of the coszine-form

component I; the source of the guadrature component of

modulation signal comprises a

et

the digita

containing successive samples of the sine-form

0; and a low clock pointer is directed at the

[

samples of I and ¢ in synchronism with the

+

‘reguenc

K

.

{231 In one embodiment,

freguency eqgual to the microwave freqguency.

[24] In one embodiment, each conbiner func

adapted to produce a product of the signals at
inputs

[25] In one embodiment, the angle is 90 de

[26] In one embodiment, the plasma reactor

comprises a user interface for allowing a user

the slow rotation freguency. In one emboediment,

interface further allows a user to specify

difference between the respective microwave

the up-~converter has an outpu

cond RAM

ot

further

Lo specify

the user

phase

cutputs.

a plasma

{271 In accordance with a further aspect,
reactor a cylindrical microwave cavity overlies a

workpiece processing chamber, and first anc

coupling apertures in a wall of the cylindri
cavity are spaced apart by an angle A Micro

SUBSTITUTE SHEET (RULE 26)
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has a microwave frequency and comprises respective
s

microwave outputs coupled to respective one

and second coupling apertures, the microwave source
further comprising a source of an in-phase component 2-A
and of a gquadrature component 2-8 of a digital modulation

slow

jsl)

signal having a frequency corresponding to
rotation frequency; a digital-to-analog converter coupled
to receive the in-phase and guadrature ccomponents 2-A and
2-8, and having corresponding analcg cutputs 2-Tin and 2-
Qin: and an up-converter comprising: (a) a first combiner
output corresponding to a product of a nstant signal A

and an

td
':3

-phase componsnt of the microwave frequency, and
coupled to a first one of the microwave ocutputs; (b} a
second combiner output corresponding tce a product of the
analog output 2-Iin and an in-phase component of the
microwave frequency; (¢} a third combiner output
corresponding to a product of the analog output 2-Qin and

a guadrature component of th

._,_
(@
—
=
|_)
9]
[at
8]

wave frequency, and an

o

adder having inputs comprising the second and a thixd

combiner cutputs and a sum output coupled to a second one

{281 In one embodiment, the in-phase and guadrature
components conprise, respectively, a cosine-form

-

compenent I and a sine-form component ¢. In one
embodiment, the source of the in-phase component of the

digital modulation signal comprises a first RAM

containing successive samples of the cosine-form

component I; the scurce of the guadrature component of
the digital modulation signal comprises a second RAM
ceontaining successive samples of the sine-form component

Q; and a low clock pointer is directed at the successive

&3

samples of I and ¢ in synchronism with the slow rotation

9
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{281 A method a

rotating

PCT/US2016/020585

microwave field of

a microwave guency in a cavity having a pair of
microwave injection ports offset by an angle, comprises:
producing at least one of in-phase and quadrature

components of a modulation signal of a

corresponding to a slow rotation

frequ

combinaticns of the in-phase component

ENncy;

frequency
producing

unadratur

. 3
anc g

component of the modulation signal with at least one of
an in-phase component or guadrature component of the
microwave freguency and producing from the combinations a
pair < utput sigrals, and applving the pair of output
signals to the pair of microwawve injection ports.

{307 In one embodiment, the producing combinations
comprises producing: a first product of the in-phase
component of the modulation signal and the in-phase
cormponent of the microwave fregquency, and a second
product of the guaedrature component of the modulation
signal and the guadrature component of the microwave
fregquency.

{311 In one enbo ent, the method further comprises one
of: {a) adding the first and second products to produce
one of pair of output signals, or (b)) providing the first
and second products as the pair of output signals.

[32] In one embodiment, the foregoing method is carried
out by a computer programmed to perform the method
BRIEF DESCRIPTION QOF THE DRAWINGS

{331 So that the manner in whic
embodiments of the present invention
understeod in detail, a more particular
40
2

the exemp

lary

are attalned can be

description of

SUBSTITUTE SHEET (RULE 26)
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the invention, briefly summarirzed above, may be had by
reference to the embodiments thereof which are

illustrated in the appended drawings. It is to be

appreciated that certain well known processes are noct

discussed herein in order to not cbscure the invention.

{341 FIG. 1A is an elevational view of a reactor

employed in one embodiment.

-

{38] FIG. 1B is a plan view corresponding to FIG.

{3

FIG. 1B 1

[}

1 FIG

O
th

embodiment

G
o
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jo )
o
T
},..‘ .
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o
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O
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-
N
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{37] FIG.

[R%)

is a block diagram of a system in one

embodiment.

{381 FIG. 3 is a block diagram

G
=i
i
u’\
|,_.
[te]
o
p1
M
}_“
el
b
O
0
fet]
W
(lﬁ
I,_.
o}
Lo}

d
o
0}
i
<
o
ot
g
o
h
=3
=
@
0

component in

ot
-
o
oo
ta-
[9]
o8}
o
b=
O
9]
e
Q,
[
u

O
i}
o7}
3
QO
i~h

a portion of the

(40} FIGS. 5A through 35H depict microwave field hehavior

for different values of a user-selected phase angle U]

between the two microwave signal

i
ot
1]
§]
O
5

kel
jont
0]
ol
ot
6]
o
g
O
0
it
N
Q
jw
i
M)
=

cavity.,

Q

{41} FIG. 6 i3 a block diagram of a portion of th

system of FIG. 3 in accordance with a second embodiment.

{427 ¥IiG. 7 is a block diagram of a porticn of the

system of FIG. 2 in accordance with a third embociment.
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[43] FIG. 8 is a block diagram of a system for
generating a rotating microwave field using direct

digital up-conversion.

3 3

[44] FIG. 8A is a simplified block diagram

O
h

a
functionality common to DDUP IC’s employed in the system

_ “
of FIG. §.

[45] FIG. 2 is a block diagram of an FPGA of the systenm

of FIG. 8 configured for amplitude modulation.

{467 FIG. 10 is a block diagram of an FPGA of the system

of FIG. 8 configured for phase modulation.

{471 FIG. 11 is a block diagram of an FPGA of the syster
ed

=

for simultanecus slow and

th

of FIG. B8 configure ast

rotational modes.

[48] To facilitate understanding, identical reference
numerals have been used, where possible, to designate
identical elements that are common to the figures. It is
contenplated that elements and features of one emnbodiment
may be beneficially incorporated in other embodiments
without further recitation. It is to be noted, however,
that the appended drawings illustrate only exemplary
refore not to be

embodiments of this invention and are

th
considered limiting of its scope, for the invention may

DETAILED DESCRIPTION

48] In order to resoclve the issue of plasma uniformity

at high chamber pressures at which the plasma 1s unable

i

—in

to follow fast rotations of the

o

ricrowave fileld,

SUBSTITUTE SHEET (RULE 26)
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embodiments described below provide new modes of
microwave cavity excitation. A first mode is a slow
rotation mode excited by amplitude modulaticn. A second
mode 1s a slow pulsing mode excited by phase modulation.
In these modes, the modulation frequency can be
arbitrarily low, typlcally 0.1-1000Hz, which corresponds

o the rotation period of 1 ms - 10s. At such low

ot

rotation freguencies, a localized plasma under high
chamber pressure can follow the rotation, thus enabling a
uniform distribution of plasma ion deasity.

1A 1s a simplified side view of & plasma

[50]

reactor 100 including a processing chamber 110 enclosed
by a wall 111 and containing gas under vacuum pressure
and a workpiece support 112 for supporting a workpiece
114. A cylindrical cavity 120 overlying the processing
chamber 110 is enclosed by a side wall 12la, a ceiling
121k and a flooxr 122 having slots 124 shown in FIG. 1B.
alls 121la and 111 can be connected by metal
ructures, depending upon application. A dielectric

T
plate 130 provides a vacuum seal under the floor 122,

¢.

FIG. 1C depicts an embodiment in which the floor 122 has

an opening 810 and an auxiliary igniticon electrode 820 is
disposed in the opening 810 with a vacuum seal (not

820 is driven

jos?
‘._(
ot
}_x
O
o]
’D
(D
a
r-f-
-
O
Q.
[0}

shown). The auxiliary ig
by an RF source 830 of an RF fregusncy in a range of
100Hz-10MHz. The RF scource 830 may include an impedance
match (not illustrated). The floor 122 and/or the wall
111 of the processing chamber 110 can function as a
ground plane with respect Lo the auxiliary ignition
electrode 820, Alternatively, an auxiliary ignition

electrode can be lccated on the wall 111 by providing an

SUBSTITUTE SHEET (RULE 26)
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additional opening and vacuum seal. The electrode 520 and

the ground plane are separated only by the opening 810,

i..J

In summary, the auxiliary ignition electrode 820 together
with the ground plane (i.e., the floor 122 and/cr the

wall 111 of the cavity

ively coupled
Foigniting circuit to help ignition of plasma that is

ultimately sustained by microwave power.

{511 FIG. 2 shows a system of dual microwave injection
into the cylindrical cavity 120. Two identical microwave
modules Set-1 and Set-2 are connected to the cylindrical
cavity 120 at spatially orthogonal positions, P and Q.
The opposite ends of the modules Set-1 and Set-2 are
connected to a dual digital phase and amplitude generator
340. The dual digital phase and amplitude generator 340
supplies microwave sesd signals RFlout and RF2out to the
modules Set 1 and Set 2, respectively. In each module

Set-1 and Set-Z, the seed signal is

amplifier 350, and is transmitted to a circulator 35
a tuner 354, typically 32-stub tuner, for impedance
matching. Coaxial transmission lines 356 conduct
microwave power from the cutput of the amplifier 350 to
the tuner 354. In this example, a coaxial-to-waveguide
transformer 358 is inserted between the tuner 354 and a
~oupling aperture 360 of the cylindrical cavi

However, 1f a pole or loop antenna 1s adopted instead of

the coupling aperture, the transformer 358 is not needed.

o

o
O

A dummy load 362 is connected toe one port of the

circulator 352 where reflected power may be dumped to
protect the amplifier 350. The microwaves are introducsed

into the cylindrical cavity 120 through the coupling

[}

aperture 360 of each d Set-2, and excite

the TEq11; mode in the rity 120, In Fig. 2,

SUBSTITUTE SHEET (RULE 26)
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P, and 8§ =n/2 is at Q. @ denotes a temporal
difference of the microwave seed signal RF2out referenced
to the microwave seed signal RElout.

Slow rotation mode by amplitude modulation:

[52] The TE;

1 mede can be provided by proper selection

q
BS

of the radius and helght of the cylindrical cavity 120 at

a given angular freguency @ of the dual digital phase and
amplitude generator 340. When microwaves are injected
through the coupling aperture at P in this conditicon,
clockwise and anti-clockwise rotating waves are
simultaneously launched with equal probabilities. The

]
X
o
W
[
o
=
]
ot

gnetic field component H, of TE:;; mode at a

position (r, 8,7} can be written using Bessel function J; of
the first kind as

H, = Alcos(8 — wt) + cos(8 + wt) J; (xricos(Bz), (1}
where A 1s the amplitude, £ is the axial wave number
determined by the cavity height, and k is the radial
wavenumber defined by x? = (=)~ g2, Considering the
fixed positions of r and z, eguation (1) can be rewritten

in a normalized form as

o~
N3
—

np = alcos(8 — wt) + cos(8 + wt)] = 2a cosb coswt .

{531 In the same manner, the wave launched from the
coupling aperture at position @ can be written with a
shase delay @ as:
p=blsm@ —wt+e—n/2)+cos(6+wt—@—-nf2)] =

2b sind cos(wt —¢). (3)

[54] In the case of in-phase injection (@ =08) of the
carrier frequency w, the simultanecus dual injecticn from
P and @ yields the resultant field:

1= e + 1 = 2{a cosf + bsind)coswt . (4)
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[85] For slow rotation, the amplitudes a and b are

modulated at a low angular freguency Q, (<< w) as
a=ccos3 ! (5}
b=ccos(€2,t—y) {6)

where vy is the phase difference

[

n the modulation.

Then eq. (4) iz reduced to:

~—

7 =Acos({d 1 +y)cosan {7
where the amplitude A and the phase w are given by

A=2cj1+smm28cosy (8)

sin@siny
fany =~ - (9
cosé +sinfcosy

3
9]
o]

. - K
special case ofy::; {positive gquadrature}, a
simpler relation applies:

17 =2ccos(f -2 ficosar .

[
)

| = T , . . .
In the case ox}/:~—g (negative qguadrature), eguations
{7y, (8) and (9) reduce teo a similar relation:

1 =2ccos(G+Q Ncoswr . (11)

=
Q
j
o
t
*_J
j¢]
3
4}
F—<
O
o
=
2
-
}_.L
-
(D
*U

spectively express the

ckwise rotation of field at the low

[58] The foregoi

o

g g description is provided in terms of
the axial magnetic component H,. However, all other
components of the magnetic field as well as the electric

i

field rotate together with H,.

871 To excite the clock-wise rotating wave represented

~

by equation 10 (or eguation 11}, waves launched from P

and ¢ should have forms proportional to sequation 5 and

. - . T
equation 6 with the carrier angular frequency o, and vy =3
{or —EA), respectively:
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=
N

¢, =acostl fcoson
and

gngasmgngmw (13}
The wave field inside the cylindrical cavity 120 rotates
with the angular frequency Qi, the direction (clockwise or
anti~clockwise) depending upon the sign in equation (13).

Introducing initial phases ¢, for Q and @, for o,

o
=

3) can be expresse a raore

-3

and {

equations (12

general form as

¢ = acos(E 1+ ycos(wl + @, )

$ o =Easinf€y ¢+ ycos(art +¢,)

where ¢; and ¢y are arbitrary initial phases. Without
losing generality, ¢; 1s set at 0 in the remainder of this

description, 1@ following simplification:

i)
[
&
<
.
-
bt
]

[t
x

—
1N

= cosld fcos{mf + @, )

-2

=*asin{d fcos{ar +¢, ) .

It
LS

{88] <Conventional analog amplitude modulators can

generate the input signals represented by equations (14}

e

og modulators, 1t is

ent

and (15). However, in such ana
difficult to change the rotation frequency fo, =Q,/27 .

in employ a digital controller,

]

el

Embodiments he

&2}

such as a

et
(T

re
field programmable gate array (FPGA) using different

random access memories (RAMs) to generate the desired
waveforms, in order to this issue. However, to implement

5 o

egquations (14) and (15) in a digital controller, time
scale differences between sin} ¢ and cos{wt + @) should be

izred carefully. Otherwise, an undesirably large

A

¢]
C
=
2]
-
o2

17
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amount of RAM may be required to implement the terms of

cos€tr and sinfi .

{591 The dual digital phase and amplitude generator 340
generates the microwave signals R¥Flout and RFI2out
furnished to the modules Setl and Set2. The internal
structure of the amplitude generator 340 is depicted by
the block diagram of FIG. 3, in accordance with one
embodiment. The following description of FIG. 3 refers
to equations (14} and (15), but only the version of

equation (15} corresponding to the plus sign is

considered, for simplicity. A system-controlling clock,

fsys, and an up-conversion frequency fuirey are generated in

a PLL ({phase locked loop) module 600. User-chosen value

23

(n

of @y, B, fn related to equations (14) and (15) are entered
via a user interface, which may be implemented as a
computer or PC 6032, where B i1s proporticnal te @«. Those
data are transferred to a FPGA (field programmable gate
sys- The FPGA 604 generates two
digital signals, inl and in2 of an intermediate

freguency, in a manner discussed below. The digital

signals inl and in2 are transmitted separately to a DAC

€08. The DAC €08 converts
the digital signals inl and inZ to analog IF
(intermediate frequency) signals defined by
B coslizt cos(uwiypt + @p) and B sin{lat cos(wist + @), respectively.
The intermediate angular frequency is wiy =2mfir. The two
analog IF signals BcosQut cos{wyt +@p) and B sinllt cos{e et +
@p) are up-converted to the microwave angular freqguenc
w=2rf by an up-converter %12, using the up-conversion
frequency ﬁnwm#r to produce the output signals of

equations (14) and (15). These output signals are

g-a

led in FIG. 3 as RFoutl and RFout?, and are couplad

-3
o]
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through the respective modules Set-1 and Set-2

t
respective coupling apsrtures 360 at positions P and Q of

ot
oy
@
(@]

s
}._i
}—J -
o3
[o
<
}.
0
l__.J
Q
&
<<
}.4

v
}_,L
M
o2
&}
h
rxy
-
[}
N

{60} FIG. 4 is a block di

u

gram of one embodiment of the

FPGCA 604. A RAM 610 uses the system controlling clock,

I

.- C e . 1
fsys, to generate a first digital IF carrier cmﬂZHE;;nws+

@r) ; where Ng,=2" is the carrier wave modulus and Ty, 1s
the count of the carrier wave. The value of n is chosen

by the user, and typically n may b

]

in a range of 5 to 7.

[611] The amplitude modulation waves necessary for slow
rotation of the microwave field are generated by RAMs 620
and 622 using a low clock of a frequency fiar (=Niw fa)
corresponding to the desired low freguency of rotation.
in one embodiment, fiapw = Newfo . Typically, Ny, =2™.

The integer m 1s arbitraryv. One typical choice is

o {—
ﬂ&w;—-E *~Nwmu

{627 The RAM €20 produces a cosine-form (in-phase)

component, I, with the slow wave count nyy, and the slow

(0]

wave modulus Ny as

1
I = Beos(@r——igqp + @nl.
Nicik

e}

[83] The low clock count Ry, functions as an address

9]
T

toring

®

pointer to successive locations in the RAM 620

] £ I

successive sampiles O

[64] The RAM 622 produces a sine-form {guadr

3

s
fu

T

ure

component, @, in accordance with the low clock count 7y

and the low clock modulus Ny, as

19
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&

. 1 .
Q = Bsin(2m ——ny + 9y) .
Nicik )

[65] The low clock count nyy, functions as an address
pointer to successive locations in the RAM 622 storing

successive samples of (.

[66] & digital multiplier 630 combines the cosine-form
componient, I, with the digital IF carrier from the RAM

610 to produce the digital signal inl. A digital

multiplisr 640 combines the sine-form component, ¢, with

arrier from the RAM 610 to produce the

+
oy
[
[oX
i_" -

O
E_; -
¢t
Y
l__!
-4
]

™o

digital signal in

671 2As described above with reference to FIG. 3, the

)
L4

DAC 608 converts the digital signals in

analog IF (intermediate fregusency) signals defined by

&
o
=]
&y
2

Q
Ll
©y
Q
n

£
£

£
N
+

©

ol

N
o1}
o)
Q
s
i
)
=
=

&

L )
<y
Q
n

S~

£

\Vl
N
,.f,_

<

P

R
=
{
[6)]

T
[0}
8!
}_
<
48]
r...l

I¥ =zignal iz up-converted by the up-converter 606 to the

corresponding microwave signals RFlout and RFZout. The

;:.x
9]
3

rowave signals RFlout and RF2out are coupled to the

cyiindrical cavity 120 of FIG. 2.

Slow rotation and oscillation mode by phase modulation:

0]
o
v
ot
Q..l
O
o]
(63
[\
O}
o
Q.
ot
jox
0]
[
@
4]
o
}...1
]
tr
h
},J
®
}._.l
Q
s
@
Q
o]
3
0]
(%3
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frequency o.
and @ are re

coupling eff

and

o -
In case of a

simplified a

1 = cos{wt + 1)

act

& cos{wt + @y

+o sin{wt + @y

PCT/US2016/020585

ort (17) signifies the circular
ti-clockwise rotation at the microwave

In this case, the injected microwaves at P

considering a

3

Je
spectively expressed by

as 12}

bt

and {

14

p

rbitrary phaseg, eguation (16} can be

18)

where
€ = 2a./1 + sin20 cosg {19)
and
sinfsing PN,
tany =— ¢ {207}

cosf+sinfeosp

{701 A line

eq i

uations {

@ = ﬂpt

In such a

ca

C expressed

&

se,

r phase modulation may ke introdu

-
%

~(20) by introducing the following:

&

{wh (213
{where Qp«w)~ (21

@ is ramped over time, and the amplitude

in eqg. {19) shows different distributions of

the microwave field in polar coordinates for successive
values of @ as depicted in FIGS. 5A through 5H. From
F1GS. B5A through HH, it is seen that the resulting
microwave field distribution successively alternates

betwesen rota

fime .

tion and oscillation, as ¢ 1s ramped over
atlon and slow rotation at a rotation

obtained by driving the microwave

21
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inputs at locaticns P and

sigrals:

{p = a cos{wt + @} (22)
and

(o = acos{wt + @, —

£, t) = a [cos{wt + @) cos,t + sin{wt +

@) Sinflyt] {23)

In this case, the wave in the cavity alternates
ocsci

[72]

equation (22). However, the choice of ﬂp

the digital implementation of equations {(22) and (23},
the time scale difference between « and {l; should be
taken into consideration. In order to generate the
signals of equations (22} and (23), the FPGA 604 of FIG.
3 has the internal structure depicted in FIG. 6, which is
a modification of the structure of FIG. 4. In FIG. o,
the RAMs 610, €20 and 6272 function in the manner
described above with refervence to FIG. 4. The RAM £23 of
FIG. 6 provides the constant a. An additional RAM €12 in
the embodiment of FIG. 6 uses the system controlling
clock, ﬁys, to generate a second digital IF carrier:
sin (:ZIZ nsy:, + On),

where Ng,.=2" is the carrier wave modulus and ng, is the

count of the carrier wave.
[73] The RAMs 620 and €22 store signals generating the
linear modulation represented by equation 23 of cosly;t and
Shﬁ%ﬁy where Qp is the desired slow rotation/oscillation
freqguency. The respective medulation signals are co-

22
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functions of one ancther because they contain

corresponding sin and cosine terms.

L 1
-4
L)

Bk
-
=2
[0}
O
o
o

T
o
~+
O
h
o
jay
o
o
=
=
N
3
<
{
j=
0}
Q
QO
)
t
o
[0}
Q.
-

QO
$J:
bt

signal inl. A digital multiplier 660 multiplies the

ougtputs of the RAMs 610 and §

and

Ny

g
multiplier 662 multiplies the outputs of the RAMs 61
622 together. An adder 664 adds the products of the

-

digital multipliers 660, 662 and 663 together and

and inZ2 thus generated are
onding analog signals which are processed in the

manner described above with reference to FIG. 4 to

produce the microwave signals RFoutl and RFoutZ.

Superposition of the three modes:

{75} In the foregoing, three modes have been described:

(a) fast rotation mode with angular frequency @ as the

carrier fregquency (equations (17-2}) and {(17-3)); (b} slow

retation mode with angular fregu

1wy 1 (K w)y (egquations

{14) and (15}); and (c¢) slow pulsing mode with angular

freguency {}, with {, « w {egquations {(22) and {(23)). In
(4 14 2

the amplitude medulation of equations (14} and (15}, for

-
H
:

example, one may modify the amplitude as (I1+usinQ ) for

the constant u, and add the phase modulation term —th,

vielding the following set of equations:
o= acos feos{wf + @, ) (24-1)
Gy =Ea(l+ usin d fycos(er + ¢, —£2 1) (24-2)

This type of dua ection includes the three rotation
modes referred to above. When combining modes {a) and
(b)Y, the FPGA of FIG. € is modified to the structure

shown in Fig. 7.
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™

Direct Digital Up-Conversion:

{761 FIGS. 8 throu

(e i}

h 11 illustrate embodiments employing
direct digital up-conversion (DDUP), in place of up-
conversilon from an intermediate frequency. In the
embodiments of FIGS. 8 through 11, ne conversion te an
intermediate frequency is needed. What is now described
iz how to produce the microwave sigrnals RFoutl and RFout?
which are fed to the cylindrical cavity 120 of FIG. 2
using direct digital up-conversion. The FPGA 604 of FIG.
g8 is adapted to synthesize lower freguency digital
signals from which the microwave field signals RFoutl and
RFout2 are produced. In the embodiment of FIG. 8, the

FPGA 604 can produce an in-phase digital component and a

&

3

quadrature digital component of sach lower fregquency

L

amplitude modulation signal. ach amplitude modulation
signal is a precursor of the corresponding one of the

microwave field signals RFoutl and RFoutZ.

77 In FIG., 8, the digital-to—-analog converter (DAC
7 e A

608 convaerts low-frequerncy digital signals teo analog
signals. The DAC €08 has digital inputs 1-3, 1-B, 2-A
and 2-B and analog outputs 1-Iin, 1-Qin, 2-Iin, and Z-

Qin, respectively. The digital signals at the digital

-3
4
]

+
¥

~%, 2-A and 2-B are converted to
corresponding analog signals at the analog ocutputs

1-Qin, 2-Tin, and 2-Qin, respectively.

{78} The digital in~phase component corresponding t«
Rfoutl corresponds to the digital input 1-A while the
digital quadrature component corresponding to RFoutl
corresponds to the digital input 1-B. Similarly, the
digital in-phase component corresponding to RFoutZ

3

corresponds to the digital input 2-A while the digital

24
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quddragure component cor

u

esponding to RFout?2 corresponds

to the digital input 2-B.

L e J
~3
O

Rnrd
=
by
8]
)
<
av)
bt
5
ot
o

e
=

o1}

g

o
]
)
81
(9]
o
w
lus
w
)
[
@
sl
i_.

(@]

)
£

ar

[

=mployed to directly up-convert low~freguency amplitude

Q.
jo
}._4
o)
ot
}_.1
o]
kan
s
[95]
!._J
[t
o]
o)
et

s to a microwave carrier frequency .

The DDUP IC €07~

combines the analog output 1-Iin with
an in-phase ccomponent of the microwave fregquency o to
produce a first product. The DDUP IC €607-1 further
>ombines the analog cubtput 1-Qin with a guadrature
compenent of the microwave fregquency w, to produce a
ccond product. The DDUP IC 607-1 adds the first and

second products to proeduce the microwave signal RFlcut.

[80] The DDUP IC 607-2 combines the analog output 2-Iin
with an in-phase component of the microwave freguency o
to produce a third product. The DDRUP IC 607-2 combines
the analog output 2-Qin with a quadrature component of
the microwave freguency «, to prcoduce a fourth product.
The DDUP IC 607~2 adds the third and fourth products to

1

2
o

T

produce the microwave signal RF2out. This functionalit
of each DDUP IC is illustrated in FIG. 84, depicting =
typical DDUP IC {e.g., the DDUP IC 607-1) as having a
combining {(mixer) function 802 for mixing the in-phase
analog signal with the in-phass component of the

microwave freguency, another combining function 804 for

—t

mixing the guadrature analcg signal with the quadrature
component of the microwave frequency, and an adder 806
for adding the two products from the mixer functions 802

and 804.
811 The FPGA 604 of FIG. 8 includes four random access
memories {(RAMs) 620, 720, 622 and 722 with outputs

connected to respective onses of the four digital inputs

25
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1-a, 1-B, 2-4 and 2-B of the DAC 608, as shown in FIG
FIG. 8 depicts cne configuration of the ¥PGA 604 for
implementing the wmode of producing a slowly rotating
microwave field by amplitude modulation.

gz} {n the mode of FIG. 9, the RAM 720 has =zero
content, so that no signal is applied to the digital
input 1B of the DAC 608, while the RAM 722 has zero
content so that no signal is applied to the digital inpu

2B of the DAC €08. In the mode of FIG. 9, the RAM 620
operates in the manner described above with reference to
FIG., 4 to produce a digltal in-phase component of an
amplitude modulation signal
1
B- COS(ZT? nlc!k)
Nlcik
which 1s applied teo the digital input 14 of the DAC 608,
The DAC converts this signal to an analog amplitude
modulation signal Bcos{l,t at the analog output 1-Iin.
The DDUP IC 607-1 mixes the analog modulation signal
Bcosll,t with the microwave freguency in-phase component
cos{wt + ¢p} to produce the microwave signal RFlout as:

}:{H.:" ] ==
where ¢ 1s a mixing-gain,

rotation frequency and w is

{83} In the mode of FPIG. 9,
manner described asbove with

Q4

a B cosfl t cos{wt + @),

is the user-selected slow
the microwave freguency.

the RAM 6Z2 operates in the
reference to FIG. 4 to

produce a digital guadrature compeonent of an amplitude
modulation signal
B shﬁZnA/ i)
{clk
which is applied tec the digital ianput 2A of the DAL ©08.
The DAC 608 converts this signal to an analog amplituds
nodulation signal Bsin{,t at the analog output 2-Qin.

26

SUBSTITUTE SHEET (RULE 26)



WO 2016/153757

1

The DDUP IC 607-2 mixes the analog modulation s

=

PCT/US2016/020585

ignal

BsinQ,t with the microwave frequency in-phase componen<

cos{wt + @y} to produce the microwave signal RF

RFout2 = a B sin{l,tcos{wt + @g),

where @

i

is a mizing-gain, £, is th

[
®

user—se

©)]

retation freguency and @ 1is the

i{84] FIG. 10 depicts
implementing the mode of producing a s
microwave field by a
10, 620 provides a

mode of FIG. the RAM

the digital input 1A of the which is
te the analog ocutput
so that no signal is
the DAC 608 and no

1-Qin of the

@

nalog output

18, the RAM 622 opsrs

the manner

with reference to FIG.

component of an amplitude meodulation signal
i
Q- €OS(2M = Tycix )
Nicue

which is applied to the digital input 2A of the

The DAC 608 this

converts

modulation signal acosilst

The RAM 722 produces a digital gquadrature component

amplitude modulation signal

which is applied to the dic 28 of the

The DAC 608

ital input
converts

modulation signal asin{l;t at the analog output

SUBSTITUTE SHEET (RULE 26)

cted

constant

Zero

described

rFZout as:

slow

microwave freguency.

tating

r the

, a, to

transmitted

content

input 1B of
corresponding

P Fal ST
mode of FIG.

above

to produce a digital in-phase

DAC 608.

signal to an analog amplitude

at the analog output Z2-Iin.

DAC 608.

ignal to an analog amplitude
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{857 The DDUP IC 607-1 mixes the constant, a, received
from the output I-Iin, with the microwave freguency in-
phase component cos{wt+ @5} to produce the microwave signal
RFlout as:

RFoutl = a-acos{wt+ @) ,

where &« is a nixing-gain, @ is the microwave frequency.

fg88] The DDUP IC 607-2 mixes the analog modulation
signal a-cosfl,t with the microwave frequency in-phase
component cos{wt + @) to produce a first product signal

o acos{,t cos{wt + @),

,_..u

where & is a mixing-gain, {, is the user-sel

rotaticn freguency and w i1s the microwave freguency.

~o

{871 The DDUP IC 607-2 mixes the analog modulation

ct

signal a-sinfi,t {present at the analcg output 2-Qin} with

i

“he nmicrowave frequency quadrature component sin{wf -+ @)

{

-+

to produce a second product signa
o a sinQ,t sin{wt + @),
where o is a mixing-gain, {i; is the user-selected slow

rotation freguency and w 1s the microwave freguency.

{88} The DDUP IC 607-2 adds the first and sec
signals to produce the microwave output signal RFout? as

out?2 = o fecosQytcos{wt + @,y + cosQuteos{wt +@5 1.

(893 FIG. 11 depicts a configuraticn of the FPGA 604 for
implementing a mode of producing fast and slow rotation
of the microwave field at fregquencies o and (.,
respectively. In the mode of FICGC. 11, the RAM 620
provides the sum of a constant A with the digital in-

phase component of an amplitude modulation signal, as
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WO 2016/153757

PCT/US2016/020585

A+ B-cos(Zm— ik
which is applied to the digital input 1A of the DAC 608.
The DAC 608 converts this signal to an analog amplitude
modulation signal A+ Ecooslly,t at the analog cutput 1-Iin.
The RAM 720 has zero content so that no signal iz applied
to the digit input 18 of the DAC 608 and no signal is
present at the corresponding analog cutput 1-0in of the
DAC €08.
[80] In the mode of FIG. 11, the RAM 622 produces a
digital guadrature component of an amplitude modulation
signal
B - sin{Zn Myeti)
Nicik
which is applied to the digital input 2A of the DAC 608.
The DAC 608 converts this signal to an analceog amplitude
modulation signal BsinQ,t at the analog cutput 2-Iin.

The RAM

the digi

to the analog output

-
H
L

The D

the

to produce ti

RFoutl = «
where a 1s a

{82}

modulation si

the microwave

MY

(e

microwave

1@

i

The DDUP IC &0

cutputs a constant, A, which is applied to
of the DAC 608 and is passed through

2=-0in.

P IC 607~1

mixes the analcg amplitude

nal A+ Bcosfi,t at the analog cutput 1-Iin

reque onent cos{wt + @)

microwave

=3

mixing-gain,

and w is rowave fregquency.

7-2 mixes the analog amplitude

-
}
1.

gnal Hsinfl,t at the analcg output 2-Iin with

freqgquency in-phase component cos{wt+ @y} to
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produce & first product signal aBsinll tcos{wt+ @), and
where o is a mixing-gain.

{83] The DDUF IC 607-2 mixes the constant A at the
analog output 2-Qin with the microwave freguency
gquadrature component sin{wt+ @) to produce a second

product signal aAsin{wt+ @), where a is a mixing-gain.
{84] The DDUP IC 607~2 adds the first and second product
signals together to produce the mic ave output signal
RFZout as:

RF2out = a[B sinQl tcos{wt + @) + A sin{et + @y ]
where « is a mixing-gain, £, is the user-selected slow

rotation fregquency and @ is

[85]

computer {e.g

The foregoi

the mi

crowave frequency.

ng embodiments may be implemented by a
., the computer 602) storing or accessing

executable instructions for performing the function of an
embodiment described above. The instructions may be
accessed from a network or internet connection, from a
disk or from other suitable media. By providing access
by the computer to the executable instructions for
performing the function or method, the computer is saild

Advantages:

be programmed

toe perfcrm the function

or method.

[88] Embodiments herein provide uniform processing
results across a wide range of chamber pressures by
rotating the microwave field of the plasma scurce. The
microwave retation is digitally synthesized so that the
rotation frequency can be set as low as desired to enable
the plasma to follow the rotation even at high chamber

pressure.

W
3
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[87] While the foregocing is directed to =mbodiments of
the present inventicon, other and further embodiments of
the invention may be devised without departing from the
basic scope thereof, and the scope thereof is determined

by the claims that follow.
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What is claimed is:

1. A plasma reactor comprising:
a cylindrical microwave cavity overlying a

workpiece processing chamber, and first and second

5
H
L

coup

fde
=

.
ClCad

~

e
ing apertures in a sidewall of said cvlindr
cavity spaced apart by an angle;

microwave
a mlcrowave scurce having a microwave frequency

and comprising a microwave controller having respective
microwave outputs coupled to respective ones of said
first and second coupling apertures, each of said
microwave controllers comprising:

{a) a source of first and second digital
modulation signals having a frequency corresponding to a
slow rotation frsqguency:

{b} a source of a first digital carrier

signal

liate frequency;

{c} a multiplier stage comprising a pair

of multipliers each having a pair of inputs, said
multiplier stage coupled to rescelve, respectively, ({a)

sald first digital

al, said second digital

modulation signal and said first digital carrier signal,

@]
'f
~
~

0]

respectively, sald multiplier stage having respec
cutputs, inl and inZ;

(d) a digital-to—-analog converter coupled

to receive sald respective cutputs inl and in2 and having
analog outputs correspoending to sald outputs inl and in2;

and an up-converter having inputs coupled to said analoy

+

ut

o]
e,

uts, saild up-converter comprising saild microwave

{

ot
[0}

outpt

-}

Z. The plasma reactor of Claim 1 wherein:
a first one of said pailr of multipliers is

coupled to receive said first digitel modulation signal
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and said first digital carrier signal, and having a first
multiplier output comprising saild output inl: and

a second one of gaid pair of multipliers is
coupled to receilve said second digital modulation signal
and said first digital carrier signal, and having a

econd

n

multi]

5

i3 coupled to said output inl;

rst one of said palr of

coupled receive said first digital

and said ital carrier

[0}
i
Q
t2

signal:

of

il
92}
T
0
-
=
)
O
O
s
ot
o

rair
digital

ot
Q
[
]
[9]
)
‘_J «
®
f}
o
}_
(R

coupl

and said second digital carrier signal,

second multiplier output compri

output inZ; and
wherein saild multiplier
receive of sa

having

an adder coupled to

said adder

4, The plasma reactor

th

first and second digital moduls

respectively, a cosine-form component I an

component Q.

id

multipliers

modulation

modulation

and

d

omprising

LR

A

signal

=

signa

having a

sing said multiplier

stage further comprises

pair of

comprise,

a sine-form

said

5. ol eactor of Claim wherein
5 The plasma reactor of Claim 4 whereir
source of first and second digital meodulation signals

comprises:
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a first RAM containing successive samples of
said cosine~form component I, a second RAM containing

successive sanples of said sine-form component Q, and a

b

low clock pointer directed at the successive samples of

gh

[

and ¢ in synchronism with said slow rotation frequency.

6. The plasma reactor of Claim 5 whereiln said

source of a ital carrier signal comprises:

[}
‘_J
[Ue}
H

a third RAM containing successive samples of

-
}
L

said digital carrier signal, and a low clock pointer
directed at the successive sanmples of sald digital
carrier signal in synchronism with said intermediate
frequency.

7

i e

+3

he plasma reactor of Claim 2 wherein said up-

converter has an ocutput freguency egual to said microwave

requency.

8. The plasma reactor of Claim 1 wherein each of

[t
i

sald multipliers produces a product of the signals at it

input.

9. The plasma reactor of Claim 1 wherein said
angle 1s 90 degrses,

= 3

10. The plasma reactor of Claim 1 further

comprising a user interface for allowing a user to

specify said slow rotaticn frequency.

11. A plasma reactor comprising:
a cylindrical microwave cavity overlying a
workpiece processing chamber, and first and second

coupling apsrtures in a wall of said cylindrical

microwave cavity spaced apart by an angle;

(A
M
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a microwave source having a microwave frequency

and comprising respective microwave cutputs coupled to

specti ones of said first and second coupling
apertures, said microwave source further comprising:

a source of an in-phase component 1-A and of a
quadrature component Z-A of a digital meodulation signal
having a freguency corresponding to a slow rotation
frequency;

a digital-to-analog converter coupled to
receive said in-phase and guadrature components 1-A and
1-B, and having corresponding analog outputs inl and inZ;

nd

an up-converter comprising:

m

(a} a first combiner function comprising
respective ilnputs of said analog output inl and an in-

=

phase component of said microwave freguency, and a first

-

product output corresponding to a first one of said
microwave outputs; and

{b} a second combiner function comprising
respective ilnputs of saild analcg cutput inZ and an in-
phase comnponent of said microwave frequency, said second

combiner function comprising a second product cutput.

p-d

12. The plasma reactor of Claim 11 wherein sald

('\

zcond product output is coupled to a second one of said

Pl

15

microwave outputs.

-

aim 11 wherein said

;.__5

i3. The plasma reactor of C
microwave source further comprises a source of a constant

signal A, and wherein said up-converter further

i

comprises

2

third combiner function having one input coupled

to receive said constant signal A and another input

W
o
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coupled to receive sald gquadrature component of szald
microwave freguency, and a third product output; and

to said

Q

an adder function having inputs couple
second and third product cutputs respectively and a sum

cutput coupled to said second ones of said microwave

14. The plasma reactor of Claim 13 wherein sald
scurce of an in-phase component of said digital
modulation signal produces a sum of said digital

]
3

modulation signal and said constant signal A.

~

15. The plasma reactor of Claim 12 wherein said in-
phase and guadrature componsnts comprise, respectively, a

cosine~form component I and a sine-form component Q.

(&3]
[e
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