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Effects of variously configured magnets on the characteristics
of inductively coupled plasmas

S. W. Hwang, Y. J. Lee, H. R. Han, J. B. Yoo, and G. Y. Yeom?
Department of Materials Engineering, Sungkyunkwan University, Suwon, 440-746, Korea

(Received 13 October 1998; accepted 3 May 1999

In this study, the effects of axial electromagnet, variously configured multidipole permanent
magnets and their combinations, on the characteristics of a square shaped (X20émm)
inductively coupled plasma source were investigated using a single electrostatic probe for Ar
plasmas. The use of multidipole magnets mainly changed the uniformity of the plasma without
changing the ion density of the plasma greatly. An optimized shape of the permanent magnets
increased the uniformity of the plasma, and the uniformity of the ion density less than 6.0% could
be obtained when measured from the center of the chamber to 10 mm before the chamber wall at
600 W of inductive power and 2 mTorr of operational pressure. The use of axial electromagnet
mainly increased the ion density with the decrease of the uniformity, and ion density up to 7.5
x 10 cm™2 could be obtained with 25 G at 600 W of inductive power and 5 mTorr of operational
pressure. The addition of the optimized multidipole magnet to the axial electromagnet also
improved the uniformity, and it showed the lowest electron temperé&Bue®) and plasma potential
(34Vp). The etch uniformities of polysilicon etched using @hs showed the similar trends as the
uniformities of the ion density measured for variously configured magnets19@® American
Vacuum Society.S0734-210099)23004-7

I. INTRODUCTION Radio frequency powef13.56 MHz, 0—-1200 W was
. . supplied to the center of the Au-coated four-turn square coil
Although high density plasméHDP) sources have been to generate inductively coupled plasmas. A 24-mm-thick

employed for dry etching in microelectronits, their dalrtz plate separates the square coil from the plasma region.

u
isncztiéi-lfjlgttzefrrglcgisssp{aa {I;ES)V,{V:!E:S% (;h ?: :;? ;’::Stgiteeious%he distance between the quartz window and the substrate
y y was set at 110 mm and it was variable. A square array of

the uniformity problem over a large area watér. : . .
yp g magnet housing made of anodized aluminum was used to

High plasma densities¥1x 10**cm™3) at low pressures . o
desired for single wafer processing have been achieved Witws‘taII permanent magnets inside the chamber. 6¢8m
mmX56 mm permanent magnets having 3000 G on the sur-

electron cyclotron resonan¢ECR) sources, ’ helicon wave . . 4 .
face were inserted in the magnet housings made of alumi-

source$ helical resonator$and inductively coupled plasma : :
(ICP) sources®~*Among these high density sources, induc- UM, and arranggd tp form various types of magnet configu-
tively driven plasma source can be easily scaled to IargéatIon as shown in Fig (b). Multidipole magnet types 1 and

diameters while maintaining high plasma densities, makind?+ YPes Il and V, and type Il have same magnetic field

them ideal candidates for the applications of materials proS€ngths on the chamber surface, respectively, and are ar-

cessing. ranged differently around the chamber. The spacing between
In this study, to enhance the plasma uniformity and denth€ centers of the magnet types I, II, and Ill was 56 mm and
sity of an inductively coupled plasma source, the effects ofight pairs of magnets were arranged along the inside of
variously configured magnéfson the characteristics of the chamber wall. In the case of types IV and V, the center-to-
plasmas were investigated. An electrostatic probe was useggnter spacing was 28 mm and 14 pairs of magnets were
to characterize ion density, plasma potential, and electroA’ranged. Helmholtz type axial electromagnets were also de-

temperature of Ar plasmas across the chamber for variousl§igned as a square (500 w500 mm), and were located
configured magnets. outside the chamber as shown in Figa)l

To investigate the effects of variously configured magnets
on the characteristics of inductively coupled plasmas, plasma
parameters were measured using an electrostatic probe
(Hiden Analytical Ltd.; model ESP The probe tip was made

The schematics of the inductively coupled plasma equipof a tungsten wire with 10 mm long and 0.15 mm in diameter
ment used in the experiment is shown in Figa)l The and was positioned 15 mm above the substrate surface. Ar
chamber was designed as a square mainly for the FPD applien density was measured using the electrostatic probe and
cations and was made of anodized aluminum. The inner sizthe probe was swept across the plasma both at the center and

IIl. EXPERIMENT

of the chamber was 210 mx210 mm. the side(60 mm away from the centeto measure the uni-
formity of the plasmas. In measuring the Ar density, the
¥Electronic mail: gyyeom@yurim.skku.ac.kr simple collisionless zero magnetic field solution for the elec-
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RF
] E13.56MHZ
l |

potential, and electron temperature were measured as a func-
tion of position.

5007 J:— To estimate the effects of an optimized multidipole mag-
__L_ sohfum O net and an axial electromagr@0 G) on the etch uniformity,
) It 1-um-thick undoped polysilicon/1000 A silicon dioxide on
Ny 1 | silicon wafers was etched at 600 W of inductive power, 5
I;umz windows | 00— LT Multipole Nd magnets mTorr of operational pressure, and 30 sccm of f@iw rate.
i — E S| (nsertedin e The wafers were biased at50 V. The etch rates were esti-
f =< — I =< mated using a Nanosp€aFT model 200 by measuring the
l thickness of the polysilicon before and after the etching.

¥
Electromagnet Anodize Al square chamber
(40 turn Cu'coil)

Coolant | , 1 IIl. RESULTS AND DISCUSSION

The effects of different magnet types on the characteris-
tics of the inductively coupled plasmas were investigated
without applying the axial electromagnet. Using the electro-
static probe, ion saturation currents were measured at 15 mm
above the substrate and along the substrate diameter. The
results are shown in Fig.(@ for 5 mTorr of Ar and 600 W
of inductive power. As a reference, the ion saturation current
measured without the magnets was also measured. As shown

(@)

Multidipole type | Multidipole type II in the figure, the application of different types of multidipole
distance 56mm / x8 pairs  distance 56mm / x 8 pairs magnets increased ion saturation currents from 4% to 61%
@ m Gm Gm depending on the types of the magnets used in the experi-
L R R LR ment. The uniformity of the measured ion saturation current
El : E was also varied depending on the types of the magnets. The
N uniformity of the ion saturation current without the magnet
|- mo0-1s00 x Substrate was 16%, while t_he use of_types | and Il decreased the
T = 1000- 1400 uniformity of the ion saturation current to 19% and 34%,
[ : respectively. The use of types Il, IV, and V, however, in-
creased the uniformity to 11%, 6%, and 14%, respectively.
E B Therefore, for the magnet types used in the experiment, type
IV showed the best uniformity of ion saturation current. The
E H difference between type | and type IV is only the distance,
g and the type | has 56 mm between the centers of the magnets
E 2 B and the type IV has 28 mm. Therefore, the increase of uni-
s§ formity for type IV may be originated from the decrease of
o 2 the charged particle loss to the wall due to the decreased
Tt T itance fom substrate. spacing of the magnets on the chamber wall. The difference
G OE EE m @ @ between type Ill and type | is the strength of the magnetic
Multidipole type V Multidipole type IV field on the magnet surfacghat is, on the chamber wall
(b)  distance 28mm / x14 pairs  distance 28mm / x 14 pairs Type | has 3000 G on the magnet surface and type lll has

, . . . 4300 G. Therefore, it appears that the penetration of stronger
Fic. 1. (@) Schematics of the inductively coupled plasma equipment(and . . .
various multidipole magnets types used in the experiment and their magh@gnetic field into the reaction chamber appears to decrease
netic field strength in the chamber for the strength of the magnet. Type lithe uniformity. From the above results, it appears that to
(not shown had the same configuration as type | except each magnet fopptain uniform plasmas with the multidipole magnets, not
type 1l possessed 4300 G on the surface, while type | possessed 3000 G Yhlv the distance between the magnets but also the strenath
the surface of the magnet. y L 9 9
of the magnet needs to be optimized.
Using the electrostatic probe, ion densities of the Ar plas-
mas with the magnet types Il and IV which showed the better
trostatic probe was applicable because the radius of the prohmiformity of ion saturation current density compared to that
was less than gyroradius of the electrigine magnetic field without magnet were estimated and the results are shown in
strength inside the chamber investigated was less than 2@dg. 2(b). The process condition was the same as the case of
G, therefore, the gyroradius of the electron was larger thafrig. 2(a) and the ion density without the magnet was also
0.55 mm) and electron mean free path.The uniformity  included. The trend of uniformity of ion density was similar
was calculated from the data using the equation ao that of ion saturation current density. Compared to the ion
{(max-min)/2< averaggx 100%. The ion density, plasma density without magnet§18.1%), the ion density with the
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4.0
| open symbol : without magnet
— s Vv a5 solid symbol : with multidipole magnet type IV
< Y- ~ A
g @'Q“z_sztg °? - /A/A.; TERA
= Q“Q\ £ A A__.A’ 'A\\_
€ 4r o O30 A7 A\
= t:i:t:::$\+\ v *—o ‘© - oo 0o A&A\
3 ~ + - o ~a - A
(& NN X o5+ " oA
ol AA—A-a a SNy e oo
Py 3 _._.\.\. ~A__ ~ \+ > F OO Q.. .A
= —m_ A ® o0 0 .
@ L . + c 20F O.
5 —M— without multidipole LN o oAy 0.
= —o- A © [ | gy Y
8 o+ type | c O O AR s O -\Q'fs
c —A—ype i S 15[ D""D““D D'.”D""D
o —v— |
= V- type Il \ 2mTorr B 10 % ~W-59 % H
L ~O~ type IV(type I+narrower space) v 1.0 smTorr O 181% @69 %
=+~ type V (type Hi+narrower space) L tomTorr D20 o —A—13.4%
] " 1 1 1 " L " 1 L 1 s I L 1 t 1 L n ]
0 2 4 6 8 10 0 2 4 6 8 10
@ Distance from the substrate center(cm) Distance from the substrate center(cm)
Fic. 3. Radial distribution of Ar ion density with/without the multidipole
4.0 magnets of type IV at 600 W inductive power and various operational pres-
L sures.
35
& i (from 4.5 eV at 10 mTorr to 6.5 eV at 2 mTorr without the
E 30 magnets and from 4.0 eV at 10 mTorr to 6.0 eV at 2 mTorr
S g
:o - A-—A—A—8—a with the magnets at the center of the chambehile the
= 25f A/A/ ™~ - plasma potentials remain simil§86—38 eV with the mag-
= ] /o—o/::g’:\.\. A—a nets and at 40—43 eV without the magnets at the center of
— — -
= B R '\.\.\ the chamber(not shown.
< 2.0 AN The uniformity of the ion density was also measured at
o© 1 g @ the side of the chamber located 60 mm away from the cham-
c 15[ N ber center and parallel to the sideline of the chamber wall
o —M— without multidipole (18.19 u -
e P ( %) and the results are shown in Fig. 4 for 2 and 5 mTorr of Ar
—— 0, . . .
1ok type Il (12%) pressures and at 600 W of inductive power. When the data in
| —A—type IV (type [+narrower space) (6.9%)
1 L ( . 1 1 ! n 1 " 1 "
0 2 4 6 8 10 4.0
(b) Distance from the substrate center(cm) - —®—5mTorr : without multidipole  (17.3%)
35 | —@—5mTorr : with multidipole type IV (6.7%)

Fic. 2. () lon saturation current and) ion density of various multidipole Fa - ) o .
magnets measured using an electrostatic probe at 15 mm above the substra’ 3 2mTorr : without multidipole (9.4%)
along the radial direction for 5 mTorr Ar and 600 W inductive power.

m

© 30 F —V—2mTorr : with multidipole type 1V (2.8%)
©
magnet type IM6.9% showed a little higher ion density and Zost .~0/.*0\.\.\.
better uniformity as shown in the figure. % L ""\o\.
The effect of the Ar pressure on the uniformity of ion ¢ 2ok "'—'—l\.\
density was also measured for the plasmas with and without % ‘ v i—n _n
the magnet type IV and the result is shown in Fig. 3 for 600 S ~m

W of inductive power and at the pressure in the range of =~ '5[ A—A—A—-A—A—A 5, A \.

2-10 mTorr. As shown in Fig. 3, the decrease of operational \A\A\A
pressure decreased ion density in general, however, in- 1.0

creased the uniformity of ion density for both with the mag- L

net and without the magnet. At 2 mTorr of Ar pressure, the _t
uniformity without the magnet was 10%, while that with the 0 2 4 6 8 10
magnet type IV was 5.9%. The increase in the uniformity of Distance from the substrate center(cm)

!On density at the lower pressure appears to be related to trll:?e. 4. Radial distribution of Ar ion density at the side of the chamber
Incréase of mean free path Qf the ions. The decrease of ORjituwithout the multidipole magnets at 2/5 mTorr with 600 W inductive
erational pressure generally increased electron temperaturgswer. The side is 60 mm away from the substrate center.
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Fig. 4 are compared with the data in Fig. 3 for 2 and 5 12
mTorr, the uniformity of the ion density along the sideline of |~ without multidipoles 5mTorr
the chamber appears to be better compared to that along th —®— without multidipoles 10mTorr
radial direction even though we could not measure the ion _ 10 "—&— yith multidipoles type IV 5mTorr
densities at the locations where the inductive coil was®
bended 90°. X
The effects of multipole magnets on the confinements of o 8 [
the plasmas could be found from the studies by other % x X

= I —V¥— with multidipoles type IV 10mTorr
@)

researcher$-2° Even though the results from those re- .
searchers were related to the improvement of plasma densit & 6r
for the plasma induced by hot filament not the inductively &
coupled plasma, their results showed the improvement of the 2
ion density due to the installation of the multipole magnet. © v
Also, among the various magnet configurations stu@sedh

as checkerboard, broken line cusp, and full line guspe

full line cusp showed the highest ion density. They claimed
that confining the primary electron was responsible for the
improvement of the ion density. Our results show the in-
crease of ion density with the full line type magnet, there- Magnetic field (Gauss)

fore, our results agree with the results from the above re-

Fic. 5. lon density as a function of axial electromagnetic field strefig
searchers in general Unfortunately they did not Change thr%easured 15 mm above the substrate center with/without the multidipole
distance of the magnet configuration, therefore, we could NGhagnets of type IV at 5/10 mTorr and 600 W inductive power.
compare the results directly.

The uniformity of the plasma with the magnetic cusping
is explained by the following equatid: proves the uniformity of the plasmas, and it has to be related

5 to the fiu. fioss, IN OUr case, is possibly related to
+(flos§JB|) (ree- d)/ N e even though more investigation is required to
7D, prove this empirical equation.

The effects of Helmholtz type axial magnets on the char-
acteristics of the plasmas were investigated without the mul-
tidipole magnets and with the magnet type IV. The ion den-
sities were measured as a function of axial magnetic field
strengths at 600 W of inductive power and at 5 and 10 mTorr
of Ar pressure. The results are shown in Fig. 5. The addition
of Helmholtz type axial magnets to the inductively coupled
plasma generally increased the density of the ions for both
with and without the multidipole magnets possibly due to the
decrease of electron mobility along the radial direction. Es-
pecially, at the specific axial magnetic field strengths, huge
jumps in the ion density were observed. These jumps appear
to be from some kind of helicon excitation, however, more

2 — d detailed investigation is needed.
W~ ;(fce' o)t Ao A 72 The effects the axial magnets and the combination of the
axial magnets and the multidipole magnets on the uniformity
wherer . is the mean electron gyroradius at the locationof the ion density along the radial direction of the chamber
where the magnetic field line enters the wall, is the mean were investigated at 600 W of inductive power and 5 mTorr
ion gyroradius at the location where the magnetic field lineof Ar pressure. 15 or 20 G of the axial magnetic field
enters the wall) . is the mean free path of the electran,; strength was applied and the results are shown in K. 6
is the mean free path of the iod,is the distance between the For a comparison, the ion density data without multidipole
magnets. magnet/without the electromagnets and the data with the

At the same magnetic field strength and operational presype IV magnets/without the electromagnets in Fig. 3 for 5
sure, the leak width is proportional to the distance betweemTorr were redrawn in the figure. As shown in the figure,
the magnets, therefor@y decreases with the shorter distancethe addition of the electromagnets to the inductively coupled
between the magnets. Howevég, is proportional toNW, plasmas decreased the uniformity of the ion density for both
and N will be increased with the inverse of the distardbe  with and without the multidipole magnets. However, the uni-
therefore, the above equation appears not to explain the efermity of the ion density with the multidipole magnets/with
fects of the variation of the distance between the magnets. Ahe electromagnet§9%,) was better than that without the
least, the decrease of the distance between the magnets imultidipole magnets/with the electromagné®0%), there-

N

. 7 \A/A
ﬁ:ﬁé l<././/

TSR RPN S U SR REPUE BRI R R A
0 5 10 15 20 25 30 35 40 45 50 55

Ng —1/2

No

whereng is the plasma density at(1/2), n, is the plasma
density at the center of the chambeg, is the velocity of the
ion at the sheathl, is the length of the plasmd, is the
ambipolar diffusion coefficient, s is the fraction of the ion
and electron pairs lost to the wall, whefigse= NW/27R, N
is number of magnetic cusp¥/ is the effective leak width,
andR is the radius of the chamber. Therefore, the uniformity
of the plasma by the magnetic cusping depends orfthe
Lower f . improves the uniformity of the plasm#y,gs de-
pends on the effective leak widW. The size of the leak
width is not fully understood, however, it was shown by the:
following equation at the intermediate pressure:

J. Vac. Sci. Technol. A, Vol. 17, No. 4, Jul/Aug 1999
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4.0 5500
| — 5000 |
3.5 = L
F i vy E 4500t v—v
e v/v "\' ol + TTV— \XZX‘
o - 5 4000 [ —a XY
2 3.0 s Ny 5 00 | A\A/A kb
= i _g—¢—0= :an\\ = 3500 [ A
a5 87 IS¢ S ' o909
S 20 2 N A £ 000 ®e % e—0
.45_; - -/-/./. -\l\.\ \. c M N -
(]C.) 20 F .\ \ 8 2500  g-—m—W—N T \.‘.
| = r
© - ™~
o ® 2000
o >
O 15 F .\ 6 i _.“withoutmultidipoles/without electromagnets (5.5%)
- O 1500  -@-., di ; 5
.—._withoutmultidipole/withoutelectromagnet (18.1%) '.—Wfﬁh multldlp‘ol'es/wnho.utelectromagne(s. (2:6%)
Y Y - . without multidipoles/with electromagnets:20Gauss (8.8%)
- o without multidipole/with electromagnet:15Gauss (20%) 1000 I _wr— . . )
1.0 A o ) W= with multidipoles/with electromagnets:20Gauss (7%)
with multidipole/without electromagnet (6.9%) 1 . 1 N L . 1 " 1
[~ with multidipole/with electromagnet:20Gauss  (9%) 0 2 4 6 8 10
0 2 4 6 8 10 Distance from the substrate center(cm)
a i . . .
@ Distance from the substrate center(cm) Fic. 7. Polysilicon etch rates measured as a function of distance from the
substrate center with/without the multidipole magnet type IV and 20 G of
[ 10.0 axial electromagnets at 5 mTorr, 600 W inductive power, and 30 scgm Cl
5410 without multidipole/without electromagnet “m s
521 o without multidipole/with electromagnet:15Gauss —o— ] 9.0
501 o with multidipole/without electromagnet —4- ’
ol T it muidipoiermitn eiectomagnet200auss Y 185y Therefore, the use of the electromagn@s$ eV at the cen-
’>z u _J & :B'O o ter) alone showed the lower electron temperature compared
Sl . 172§ tothe use of the multidipole magnets alode75 eV at the
€ af o oo P9y . los g, centel, however, the lowest electron temperat(8e25 eV at
£ of oo u/a._ leo 3 the center was obtained with the combination of the multi-
2 st A, A an % B 55 o dipole magnets and the electromagnets.
© o, BT R =
£ gl ;\\x—/-g;_ni!\z/z/é a g/ 150 = To understand the effects of the above magnets on the
—— A - . . .
3 b /0 /' 145 @ etch rate and uniformity, polysilicon samples were etched
& af $ 9 88 0 ¢ .ﬂg/'/ 140 ’g using the etch condition described in the experimental sec-
] e e 35 = tion, and the results are shown in Fig. 7. As the multidipole
73.0
28T magnets, type IV magnet was used and, for the electromag-
[V VY Y Y g g g gy 125 g ; yp 9 : . . 9
60 . . . . ) ’0 netic field strength, 20 G was applied. As shown in the fig-
0 2 4 6 8 10 ure, the trends of etch rate and etch uniformity were similar
(b) Distance from the substrate center(cm) to the trends of ion density and its uniformity with the mag-

nets shown in Fig. ®. Therefore, the highest etch rate was

Fic. 6. Radial distribution ofa) Ar ion density andb) plasma potential and ~ obtained with both the multidipole magnets and the electro-
electron temperature with/without the multidipole magnet type IV and aXia'magnets and the etch uniformity was the highest with the
electromagnets at 5 mTorr and 600 W inductive power. multidipole magnets only as 3.6% while the etch uniformity
without the magnets was 5.5%. With both the multidipole

L magnets and the electromagnets, 7% of etch uniformity was
fore, the use of the multidipole magnets on the chamber Wal&btained.

improved the uniformity of the ions regardless of the appli-
cation of the axial electromagnets to the plasmas.

Figure 6b) shows the effects of the multidipole magnets, IV. SUMMARY
the electromagnets, and the combination of the electromag- The effects of various multidipole magnet types and
nets and the multidipole magnets on the electron temperatutdelmholtz type axial electromagnets on the plasma density
and plasma potential for the same conditions as K@. &s  of inductively coupled plasma and its uniformity along the
shown in the figure, the use of multidipole magnets alonechamber were investigated using an electrostatic probe for a
decreased the plasma potential from about 42 to 38 eV, anshjuare type of source and reaction chamber.
the use of the electromagnets alone also decreased the The various types of multidipole magnets changed the
plasma potential to 32 eV, therefore, more decrease diniformity of ion density and, by choosing the adequate
plasma potential could be obtained with the electromagnestrength of the magnets and their arrangement, the unifor-
The largest decrease of the plasma potefifiehbout 27 ey  mity of the ion density could be improved. Therefore, by
could be obtained with the combination of both the multidi- using type IV magnets, Ar plasma uniformity measured from
pole magnets and the electromagnets. Similar trend was altbe center of the chamber to the 10 mm before the chamber
obtained for the electron temperature as shown in the figuravall was improved from 10%without the magnejsto 5.9%
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(with the magnets The use of electromagnet, however, de- iD- B. Graves, IEEE Trans. Plasma S22, 31 (1994.
creased the uniformity of the ion density. The addition of the ;;;“i‘g;"‘ﬁ&gl‘gggmura' J. Shindo, and Y. Horike, Jpn. J. Appl. Phys.,
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