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Improved planar radio frequency inductively coupled plasma configuration
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Plasmas with higher density and better uniformity are produced using an improved planar radio
frequency (rf) inductively coupled plasma configuration in plasma immersion ion implantation
(P1I). An axial magnetic field is produced by external electromagnetic coils outside the discharge
chamber. The rf power can be effectively absorbed by the plasma in the vicinity of the electron
gyrofrequency due to the enhanced resonant absorption of electromagnetic waves in the whistler
wave range, which can propagate nearly along the magnetic field lines thus greatly increases the
plasma density. The plasma is confined by a longitudinal multipolar cusp magnetic field made of
permanent magnets outside the process chamber. It can improve the plasma uniformity without
significantly affecting the ion density. The plasma density can be increased from®’3to 1

X 10'° cm™2 employing an axial magnetic field of several Gauss at 1000 W rf power and 5

X 10 * Torr gas pressure. The nonuniformity of the plasma density is less than 10% and can be
achieved in a process chamber with a diameter of 600 mm. Since the plasma generation and process
chambers are separate, plasma extinction due to the plasma sheath touching the chamber wall in
high-energy PIIl can be avoided. Hence, low-pressure, high-energy, and high-uniformity ion
implantation can be accomplished using this setup.2@3 American Institute of Physics.
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I. INTRODUCTION power was coupled into a helicon mode with the application
. ) of a weak external magnetic field. In most of these processes,
Inductively coupled plasmas have been widely used fokhe plasma discharge and materials processing are conducted
thin film deposition and etching in the microelectronics andy, the same vacuum chamber. This makes high-energy, low-
optics industry due to their low-pressure and high plasmayessure PIIl difficult due to plasma extinction when the
density! 8 Although a high plasma density at low Pressurépjasma sheath reaches the chamber wall.
can also be afohievgd with electron cyclotron resonance |p this article, we present an enhanced magnetized radio
(ECR) so%rceg,'_ helicon wave sourc¥, and helicon frequency inductively coupled PIIl setup and process utiliz-
resonators? the inductively coupled plasma has several ad'ing a separate plasma discharge chamber and processing
vantages. It has a greater scalability and wider operating wWinghamper, in which an external axial magnetic field intro-
dow. It is, thus, relatively easy to scale to large diametelyyced into the plasma discharge region enhances the absorp-
samples without significant increase in the hardware comgon of rf power in the magnetized plasma. In our previous
plexity and cost while retaining the advantage of high pIasquork}g we conducted a preliminary study on the effects of
density. Inductively coupled plasmas are particularly usefulnagnetic field on the pulse waveforms in a rf inductively
in low-energy and hlgh—gose plasma immersion ion implan<qypled plasma. In this article, we report on our improved
tation (PIIl) experiments: _ . hardware that yields higher density and better uniformity for
~ The trend towards large-area materials processing espgiasma immersion ion implantation. We also investigated the
cially in the microelectronics and optics industry is propel-gffects of the external axial magnetic field on the rf power
ling large-area plasma developments. Processes using diffefsorption and plasma density profiles. The effects of the
ent inductively coupled plasma sources have been designegia| magnetic field and multipolar cusp magnetic field on
to produce large-area, high-density, and high-uniformityyne characteristics of plasma as well as the damping mecha-
plasmas for plasma etching in microelectrofiics®as well  pisms of rf power were probed. A Langmuir probe was em-
as surface modification utilizing PIHf. The application of ployed to characterize the electron saturation current and
external magnetic field to inductively coupled plasmas isplasma density. Using the setup, high-uniformity hydrogen
known to improve the ionization and power absorption effi-p||| into 150 mm silicon wafers was demonstrated.
ciency at low pressure in small aspect ratio/R<<1 for
cylindrical geometry.*® An end-launched flat-spiral helicon
plasma source was investigatédin which 13.56 MHz rf Il. EXPERIMENT

The schematic diagram of the enhanced magnetized rf

dauthor to whom correspondence should be addressed; electronic maii.n_dUCtively COUp_led plasma _Configuration in P'_” is shown in
paul.chu@cityu.edu.hk Fig. 1. This equipment consists of a plasma discharge cham-
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ber (#600 mmx300 mm) and materials processing chamberwherek, A, T.,, andm, are, respectively, the Boltzmann’s
(¢760 mmx1030 mm, both made of stainless steel and constant, area of the probe, electron temperature, and elec-
pumped by a turbopump and a mechanical pump. The backion mass. The electron temperature is defined by
ground pressure is about<710"® Torr. e dinl

With the increase of the discharge chamber diameter,a — = —__¢ 2
spiral planar coil with an increased diameter gives rise to kTe dVp
inherent nonuniformity in the magnetic induction field be- wherel, andV; are the electron current and probe potential,
cause of the difference between the center and the peripheggspectively.
of the coil?®**In this work, in order to produce high-density ~ To demonstrate the feasibility and improvement as a re-
and high-uniformity plasmas, four rf planar inductive coils sult of the new configuration, plasma immersion ion implan-
are placed on four planar quartz windows on top of thetation was conducted into 150-mm-diam silicon wafers. The
plasma discharge region and 13.56 MHz rf pouW@+2000  wafers were biased by either a high-voltage pulse power sup-
W) is coupled to the plasma via the four pancake inductiveply or dc power supply. Similar to that used in the ion-cut

antennas through the quartz windows. This setup is differenfechnique for SOI silicon-on-insulatdSOl) synthesis, H
from the end-launched flat-spiral helicon plasma source deyas used as the working gas.

scribed in Ref. 18. The four inductive coils are located sym-
metrically qbove the plasma d|sch_arge region a.nd c.on.nectqﬂ_ RESULTS AND DISCUSSION
to a matching box. An external axial magnetic field is intro-
duced into the plasma discharge region by external The magnetic field strengths in the plasma discharge and
Helmholtz-type electromagnetic coils outside the discharg@rocessing regions are monitored using different magnetic
chamber. The axial magnetic field can be adjusted from O teoil currentl . Cylindrical coordinates are used to locate the
100 G by changing the coil curreht. The magnetic bucket position in the plasma discharge and processing chambers.
confinement scheme has previously been used to imprové=0 mm designates the top of plasma discharge chamber as
plasma density uniformit§??® In our case, the permanent shown in Fig. 1. The axial magnetic fieRl, vs Z at different
magnets are mounted outside the processing chamber asagnetic coil currents is displayed in Fig. 2. It can be ob-
shown in Fig. 1. Each magnet has a magnetic field of 3 kG aserved thaB, decreases along ttedirection in the process-
the magnet end surface. A longitudinal multipolar cusp maging chamber Z>300 mm). This indicates that plasma trans-
netic field is produced to confine the plasma and improve th@ort is due not only to diffusion but also to theB drift and
plasma density. curvature drift arising from the magnetic field gradient and
To investigate the effects of the external axial magnetialivergent magnetic field configuration in the process cham-
field on the characteristics of the rf inductively coupled ber.
plasma discharge, the plasma parameters were measured by The electron saturation current and plasma density pro-
an electrostatic probe. A two-sided planar circular Langmuiffile of the hydrogen plasma at different external magnetic
probe made of a thin tantalum disk 2 mm in diameter wadields and pressures are measured using the planar electro-
swept across the plasma discharge and processing chamlstatic probe. The electron saturation curreitsversus the
along the axial and longitudinal directions to monitor the external magnetic field at differeit positions are displayed
electron saturation current and plasma density profile. Thé Fig. 3. Here, the rf input power is 1000 W and the pressure
plasma densityn is obtained from the electron saturation is 5x 10~ 4 Torr. The electron saturation currents vary with
currentl ., according to the following relationshis: the external magnetic field strength and peaks are seen in all
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FIG. 3. Electron saturation current vs electromagnetic coil current at

=0: (0) z=450 mm,(<®) z=600 mm,(A) z=750 mm, andO) z=900  FIG. 5. Plasma density vs external electromagnetic coil currantat (X)

mm. z=0, (+) z=150 mm,(d) z=450 mm,(<¢) z=600 mm,(A): z=750 mm,

and(O) z=900 mm.

of the curves shown in Fig. 3. The electron temperafiye

versus different external magnetic field trend is illustrated ineral gauss at 1000 W rf power anck30 4 Torr pressure.

Fig. 4. The electron temperature decreases with increasingjithough the exact damping mechanism involved in our sys-

external magnetic field and pressure. This is primarily due tdem is not investigated, noncollisional power absorption such

the reduction of radial transport of electrons by the confineas landau damping at low pressure and cyclotron resonance

ment of the external magnetic field and the effective increasdamping of the whistler wave in the plasma via the interac-

in the collisions between the electrons and neutral gases &bn of the whistler waves with the magnetized cold plasma

high pressure. may play some role¥?>The phenomenon is expected based
The plasma density is calculated based on the electroan the dispersion relation of tHe wave in magnetized cold

saturation current and electron temperature in accordanqdasmas®

with Egs.(1) and(2). The plasma density versus the exter-

nal magnetic field at the axial positions is shown in Fig. 5. In n2:C —1— “pe &)

our calculation, the rf input power is 1000 W and the vacuum w? (0 +iven— 0 COSH)

pressure is %10 * Torr. First, it is seen that the plasma .
wherew, wp, wee, C, andv,, are, respectively, wave fre-

density will increase when the external magnetic field is ap- uency. olasma freauenc rofrequency. speed of liaht and
plied. This implies that the electron heating mechanism will® Y: P q Y. 9Y d Y: SP 9

be affected by the external magnetic field. Meanwhile, peakglectron—.neutral collisional frgquenu),—ck/w IS the.lndex
. . of refraction of wavek=2/\ is the wave numben is the
can be observed on all the plasma density curves with chang-

. : o . ngle between the total wave vector with the external mag-
ing axial magnetic field coupled with the external Helmholtz ~ =~
netic field., The wave number can also be expressekf as

coil as shown in Fig. 5. Our results show that more rf power 2+ k2 k. andk. are. respectively. the wave numbers
is absorbed by the plasma in the vicinity of a certain mag-__ I = "L ™ L are, resp Y. e
netic field strength, and so a higher plasma density is proparallel and perpendlcglar to the magnetic field, so th".ﬂ
duced. Curve3) in Fig. 5 shows that the plasma density canCOS&:K‘/k' In our experiments, the neutral gas pressure is

. 3 . about 5<10 “ Torr. The electron—neutral collisional fre-
be increased from 8 10° cm™2 (no external magnetic fie)d . . .
to over 1X 101 cm™2 using an axial magnetic field of sev- quency is very small. So, it can be treated as the collisionless

cold plasmas. Moreover, the plasma frequency is substan-
tially higher than the electron gyrofrequency. For the fre-
guency of whistler waves in our experimenis, < w<w.e
<wpe, the dispersion relatiofEq. (3)] may be changed to
the following approximated form:

2k2 2

7
6
5
wgew
4 k2=—2 ) (4)
3 C(w¢eCOSH— W)
9 For the helicon mode whistler wave propagated along the
y axial direction, the radial wave numbler is generally fixed
1 by the chamber radiuR:
0 - : : : : 383
0 0.2 04 0.6 0.8 1 ki = R )
I.(A) In our experiments, the chamber radius is 30 cm. The axial
FIG. 4. Electron temperature vs electromagnetic coil currénty p=5  Wavelength is a function of static magnetic field and the
X 1074 Torr, (A) 8X 10~* Torr, and(Q) 1x 1072 Torr. average electron densffy
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7.6x10P [ B 063 greater than the resonance fi@g and propagates along the
=R n_) , (6)  magnetic field lines to the resonant region where enhanced
e

resonant absorption occurs. This result indicates that the
whereR is the chamber radius with cnB is the magnetic huge jump of plasma density in the axial position is mainly
field with gauss andh, is the average electron density with due to the electron cyclotron resonance damping in the vi-
cm™3. Therefore, the axial wave numbkr=2/\, can be  cinity of gyrofrequency.

deduced from Eq6). With low static magnetic fieldseveral The plasma produced in the discharge chamber is trans-
gaus$ and electron density of #cm™3, k>k, . So that ported to the process chamber by diffusidB drift, and
k,~k and co¥)~1. Therefore, the total wave number of heli- curvature drift. The multipolar cusp magnetic field around
con wave propagating along the axial direction has a solutiothe process chamber reduces the loss of plasma to the pro-

as follows: cess chamber wall and improves the plasma uniformity. The
radial plasma density profile is exhibited in Fig. 7. The non-

K= @pe [ @ _ ) uniformity of the radial plasma density is less than 10% in a

c Wee™ @ 600-mm-diam process chamber above the sample holder.

AS w— wee, k—, and so that the wavelength—0. Note The pulse current wave form of hydrogen PIII into the 150

that resonance is achievedat w... The external magnetic mm silipon wafer is depicted in .Fig. 8._The ma.xi.m.um value
field is B=w.ml/e. The resonant magnetic fielB, for of the ion current can be achieved in the vicinity of the
ce "

13.56 MHz rf is about 4.8 G. which is the same as our"€Sonant frequency using a 0.2 A coil current, which is good
experimental result for hydrogen plasma at 1000 W rf powe@9reement with the ion density profile measured in our ex-
and 5x 104 Torr pressure. As shown in Fig. 5, the pLasmapenments. The hydrogen concentration across the 150-mm-
density peaks in the vicinity df.=0.2 A. The axial magnetic diam S'I|ICOI’I wafer is measured b'y elastic recoil analysis
field atl ,=0.2 A is about 2—7 G in the discharge and procesdERA) in @ Rutherford backscattering spectromee@BS).
chambers as shown by cur(® in Fig. 2. This implies that The normalized implant dose profile displayed in Fig. 9
the absorption of rf power is enhanced by the external mag-

netic field and the maximum rf power absorption occurs in 35

the vicinity of the gyrofrequency. The axial plasma density

profile is described in Fig. 6. The axial plasma density in the 3.0 1
process chamber is larger than that in the discharge chambe 2.5
in the presence of the external magnetic field. The Iargesta? 20
plasma density occurs betwegr 450 mm andZ=600 mm T
[curve (3) in Fig. 6]. It can also be seen that the axial mag- $ 151
netic fieldB, varies from 6 to 3 G betweedA=450 mm and 5 1.0 |
Z=600 mm[curve (1) in Fig. 2]. Hence, enhanced resonant -
absorption occurs in the processing chamber betw2en 05 1
=450 mm andZ=600 mm where the axial magnetic field is 0.0 1
close to the resonance magnetic field. This may be becaust 05
the right-hand polarize@RHP) whistler wave can propagate 10 o 10 2 0 40 0

in an overly dense plasiff&® where the plasma electron
densityn, is greater than the critical density.. For a radio Time (us)

frequenc;_/f3= 13.56 MHz, Nc I_S approxmately equal, to 2_'3 FIG. 8. Pulse current wave forms for different magnetic coil currents at rf
X_ 10° cm 3. The RHP wave is launched from the _hlgh.-fleld power of 1000 W, pulse voltage of 25 kV, and hydrogen pressure of 5.0
side of the discharge chamber where the magnetic Bakl  x107* Torr.
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