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The Characteristics of Large Area Processing Plasmas

Sea Eun Park, Byung Ug Cho, Jae Koo Lekember, IEEEYoung Joon Lee, and Geun Young Yeom

Abstract—in order to improve production efficiency, large-di-  also expensive, and power transfer efficiency is poor. In order
ameter wafer substrates (300-mm diameter) and large-area glass to overcome these problems, several researchers have proposed
substrates (from 400 cnf to 1 m?) have been adopted recently. As the new large-area plasma source. Cheal. [20] proposed a
a result, the development of large and high-density plasma source . . .
has become essential. To investigate the discharge phenomenon irhe!lcqn_plasma source with seven tube grray In Iarge.dc m_agnet
the chamber that consists of embedded antenna coil in the rectan- Of individual permanent magnet that achieved 3% uniformity in
gular system (1020x 830 x 437 mm), we have developed atwo-di- 400-mm-diameter area. Meget al. [21] obtained plasma that
mensional fluid simulation model. In order to check our model, the  js generated by a sheet electron beam with voltages and current
results from our simulation have been compared with available ex- 4ansities of the order of kilovolts and tens of milliamps per cen-

perimental data. The comparison is generally in a good agreement _.
with experiments. Depending on the current direction and pow- timeter squared and the area of the test system 100000

ered method, the distribution of plasma parameters has many dif- Mm. Liebermaret al. [1]-[3] made a rectangular chamber that
ferences. In our simulation with a chamber larger than is usually ~consists of 8-rod embedded antenna and obtaining 3.5% unifor-
used in other experiments, we examine three effects: the distancemity in 360 x 465 mm processing area. We are investigating a
between antenna coils, structure in the chamber, and the depth of chamber (1020x 830 x 437 mm) larger than the one used by
the chamber. The parameters, which affect nonuniformity, electron . . ;
temperature, and others, can be explained in a manner similar to Llebermangt al. This chamber consists of 19 quartz tubes for
the inductively coupled plasma source with a cylindrical chamber. antenna coil and 18 quartz tubes for other elements. Moreover,
Our simulation results confirm that the embedded antenna coil the processing area is 730 920 mm. In order to investigate
system with a suitable environment can be extended by many an- the discharge phenomena in that system, we have developed a
tenna coils as a large-area plasma source. two-dimensional (2-D) fluid code in the cartesian coordinate ac-
Index Terms—Embedded antenna coil, inductively coupled cording to the experimental geometry. The modeling and simu-
plasma source, large-area plasma source. lation of large-area plasma source were studied using the fluid
code. The results of the simulation are presented in [10]. How-
l. INTRODUCTION ever, the present model has several differences, and this simu-

lation is performed in a large-area domain unlike the previous

N.DUCTIV.ELY coupled p"f"sm?‘ souree 1s widely used fc?(/vork. The difference of the recent model from previous one is
high-density plasma etching in semiconductor processgép
trdn

ith | In thi ¢ | X red lained in Section II. Our model is based on the solution of
with fow gas pressure. In this system, plasma Is generate sport equation (continuity and momentum transfer equation
induced magnetic and electric fields inside the radio frequenﬁyd

RE)-dri lindrical coil. Th toat fthi ¢ rift-diffusion approximation). Potential is calculated from
.( )-driven cylin ricai coll. The common feature oTthis SySIerp, ;g equation. Three momentums derived from the Boltz-
is that the RF or microwave power is coupled to the plas

ann equation are used for particles. However, the energy equa-

acr(:_ss at1 d|elle<;tr|; W.'n?r?w ?r wall rath_ertrt]han by gllrect COMonis excepted for ion. Using this code, we analyze plasma den-
nection to electrode in the plasma, as 1S the case In capacl Yt?/ and temperature by varying three parameters: distance be-
discharge. In recent years, in order to improve production effj-

. I di ¢ ¢ bstrates (300 di N {veen antenna coil, structure in a chamber, and the depth of the
ciency, large-diameter wafer substrates (300-mm diameter) mber. An inductively coupled plasma source has two modes,

large-area glass substrates (from 40C ¢ol n¥) have b_een which are the capacitive discharge due to voltage of the antenna
adopted. As a result, the development of large and h|gh-d%r2)~

v ol has b tial. When th ind Il and the inductive discharge due to the induced field. The
f' ylp asmf;l dasl ecome esgen 'al' enl € common INGxie_gifference method (FDM) is used in this model, with the
IVely coupied plasma IS USed as a large plasma Source, Sevelgy, grid size for all grids. Therefore, mapping the simulation
problems can be encountered. First, azimuthal nonunn‘orml%

ise b f the standi foct S d.ind ain, we obtain a size smaller than the experimental system
may arise because ot (n€ standing wave etfect. second, INAULER, o simulation does not follow the exact chamber dimen-

voltage is higher over the large area, and the capacitive cQbns (1020x 830 x 473 mm). The difference, however, is very
pling increases. Third, in order to produce plasma with lar ' '

area and sustain high pressure, large and very thick dielectric

material must be used. However, it is not only difficult to use but
[I. MODEL DISCRIPTION
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computation time compared to the fluid model. We have devehe energy loss per electron per collision of typge’ ‘respec-
oped 2-D fluid codes (FL2D and FL2P) that can be used ftively. Equation (5) is the energy flux, which is written in the
modeling capacitively coupled plasma sources [10], [16] aridrm similar to that of fluxes of charged particles using the ex-
plasma display panels [9], [11], respectively. In order to simgponential scheme proposed by Shaffetter and Gummeml [14].
late inductively coupled plasma source equipment, we have ilBquation (6) is a complex wave equation for induced electric
proved on the 2-D fluid code for cylindrical and cartesian cdield in thez direction. We assume that the induced electric field
ordinates (FL2l). In this paper, the model for cartesian coordit z directionE. has zero value on the conductor surfaggand
nate is used. This model consists of a set of fluid equations fArare plasma conductivity and cold plasma dielectric tensor
electron and iorfAr ™), solved self-consistently with Poisson’s

equation. The ground state Ar atom density is fixed according K =1+ ']—o'p (11)
to a specified neutral pressure and is spatially uniform. lon tem- W;O
perature is assumed to be equal to that of neutral species. Under o = €0%pe ' (12)
these assumptions, the model equations can be written as P e — jw
on; The period averaged inductive power is given by (7) [6]. In [10],
5 TV Ti=Es (1) the power deposition was given by the expression:Fby=

V2 — E(n “n,) @ Py exp(—2z/6), whgreﬁ = (me./e2,u0neg)1/2, andP, (in unitS.
€ ’ of W-cm~1) was adjusted to yield the total power as prescribed
= —D;Vn; + sgn(g;)n;u; E (3) in the input parameter. However, self-consistent calculation of
9 /3 the induced electric field is adopted in the present paper anal-
e <§”ekTe) +V-Te+eV-E+Peon=Pun (4 ogous to [7] and [8]. At the initial state, we obtain the solution
of the wave equation and power deposition from the temporary

= =
qe = —%neDeV(kTe) + %kTE’,Fe (5) caoil current. Then, at the end of calculation, the coil current is
w2 scaled to yield the specified power deposition because the coll
V2E.(z,y) + —ZKEz(a;y) = —jwpgJ.ext (6) current is proportional to the square root of the power deposi-
1 ¢ 5 tion [17]. At the next step, a new solution of the wave equation
Pans = 5Re(o|E=(z,y)[). (7) is obtained by the scaled current, and solved by the successive

over-relaxation (SOR) algorithm with Chebyshev acceleration.
Equation (1) is the continuity equation, ang andI'; are the  The substitution of (3) into (2) gives [7]
number density and the flux of specigsespectively. The con-
tinuity equation is integrated by a Douglass and Gunn alterna-
tive direction implicit (ADI) method [15]. The source terfy. V- | | €+ D Atnjuisgn(q;) | E
is given in the following form (see Stewaat al. [4]): i
=Y (ajn; + AtV - (D;Vn ). (13)

J

Riz = nenNKiz (8)

wheren y andK;. are the neutral gas density and the ionizatiohhe modified Poisson’s (13) is solved by the same numerical
rate coefficient, respectively. Equation (2) is Poisson’s equatiorethod which is used for the wave equation [9].

for electrostatic fieldF. Particle fluxes to boundary surface are calculated as [9], [12]
Equation (3) is the first momentum transfer equation in drift- o

diffusion approximation. It is solved by using the Sharfetter- T, - n =sgn(g,)spppn,E-n+ n,,zp (14)

Gummel scheme [14], which supports large density gradients. .

Mobility 4; and diffusion coefficientD; are obtained from the Feen=-scpenE-ntn.r+T-n (19

Einstein relation. lon—neutral collision frequency is constant be- . —_ Z r (16)

cause ion temperature does not change. Mobility for electron se ~ Vse.p™ p:

and rate coefficients for electron—neutral collisions are functions
of electron temperature. Makale¢ al. [24], [25] use the func- Here,y andv are the secondary electron coefficient by ion and
tion of E/N from database for this swarm parameter. Equatignean velocity, respectively. The symbois defined in such a
(4) is the energy balance equation for electrdhs;, is the en- way thatitis nonzer¢s = 1) only if the drift velocity is directed
ergy loss rate per unit volume due to the electron—neutral colpward the wall. Otherwise = 0.
sions [4], [5]. It can be expressed as
[Il. SIMULATION RESULTS
Peoy =neny Z Kje; 9)

- A. Comparison With Experimental Results

—¢; Fig. 1 shows whether or not the embedded antenna coil is
K;(T.) =0jve(Te) exp <kT) (10)  extended as large area plasma source (X9®8 x 140 mm).
‘ High and uniform plasma density appears near the antenna with
where the constants; ande; are the same in [4);, ande; are  an increasing number of antenna coil. However, in case of larger
the energy gain rate per volume due to the external source aistance between antenna coil, high-density plasma appears in
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the antenna coil has parallel connection of typé’ 3 field ap-
pears as the sum of each induced electric fields over the region
between the antenna coil because the current directions of two
sources are the same, as shown in Fig. 4. Therefore, the elec-
tron temperature and density for parallel connection are higher
than that of series connection. The effect of localized heating
near the powered quartz tube is clearly evident from the elec-
tron temperature distribution which has a peak near the quartz
tube. However, the electron temperature near the powered quartz
tube has a different distribution as a powered method (Fig. 4).
Density profile is not exactly the same as the power deposition
profile or electron temperature. At the initial time step, the den-
sity profile is similar to that of power deposition. However, it
changes with time as shown in Fig. 4. Electron temperature and
plasma density have rough distribution for type 2. Thus, in this
system with the nonuniform distance between the antenna coil,
it is difficult to control plasma parameters and to obtain good
uniformity (Fig. 4). For type 3, when we consider the standing
wave effect, the current path is reduced with subsequent reduc-
tion in the current and voltage. As a result, the best uniformity
can be obtained for the coils of type 3. If eight rods have parallel
connections, the sum of the induced electric fields will have a
mount shape. Therefore, the density distribution will have the
same shape. Fig. 5 showsAdensity and electron temperature
Fig. 1-1 4(|)n the Syiimd (Verttical_tr:ength (tXI).r) :_I t792 tmm, qltepth IOthat are obtained for type 3 shown in Fig. 3. As the pressure
e () A Sersty i o anlenia ol at cente posion Clncreases, At density increases and concentrates around four
six antenna coils upper positigy = 100 mm); and (f) the distance antenna S€tS. Electron temperature decreases because of enhanced colli-
coil is twice than (c). sion processes. At high pressure, more localized heating in the
high-field region is observed with a shorter electron relaxation

the region, as shown in Fig. 1(f). In order to obtain uniform defength. These factors explain the roughness of the density pro-
sity, a suitable distance must be found. Thus, we investigafé@ at high pressure. We compared our results with [2] where
three effects in a chamber (vertical length830, horizontal 0Xygen has been used. We consider that generally, the plasma
length= 1020, depth= 437 mm) bigger than that in [1], This density of Ar discharge is higher than that of oxygen [7], [22],
problem and its effects will be discussed in Section I1I-B. W{23]. Our simulation result shows the same tendency.

and Lieberman [1] experimentally showed that plasma densit . .

profile can be influenced by power dissipated in the system [ff: Effect of Distance Between Antenna Coil
In order to confirm our model and investigate the plasma phe-To design an embedded antenna chamber, we have to know
nomenon, we compared our results with the experiment. Tthe optimized distance between antenna coils. As it was men-
plasma source used in [1] was a 7610 x 200 mm metal tioned earlier, if the standing wave effect is taken into consider-
chamber providing a processing area of 3¥3170 mm for ation, the decrease of the total length of antenna coil leads to a
large-size wafers and glass substrates for flat-panel displaysbatiter density uniformity. In other words, the distance between
the experiment, a tuning network was used to launch a traveliagtenna coil has to be increased. However, when we assume that
wave. In our simulation, we assume that the absolute value of the current difference in the line source does not exist, then, the
current is the same on all antennas, and the voltage of antesffact of the distance is distinguished from the former case. We
coil is not considered. Fig. 2 shows the ion density for differentsed the simulation domain which is 798798 x 140 mm. As
values of power and pressure (type 4 in Fig. 3). The density mimentioned previously, the vertical length can not be exactly 830
imum is in the middle position analogous to experimental resultsm, and a shorter depth length has been used. Thus, we have
[1]. The magnitude and distribution of density are the same agtire simulation domain with vertical length 798 and depth-

Fig. 8 from [1]. Fig. 2(c) and (d) shows that the profile of the in140 mm. The antenna plane is 4 cm away from left side, and the
duced electric field affects power deposition. The induced elezubstrate is about 10 cm away from the antenna plane. The dis-
tric field at any position is calculated as the sum of induced eletiance between adjacent antenna coil is varied in the range from
tric fields of each current. The induced electric fields of adjaceid2 to 132 mm. The pressure and power is 5 mtorr and 1000 W,
currents have greater influence than that of currents far from tlespectively. In order to compare the effect on the fixed domain,
position. Thus, the induced electric field is zero nearly the centilie numbers of antenna coils were decreased with the increase
between antenna coils. It can be clearly seen if we consider afethe distance. Fig. 6 shows the contours of theé Aensity.

side view of the simulation domain, the current changes its dihe peak density appears near the side wall. As the distance
rection, as shown in Fig. 3 (type 4). Fig. 3 shows the scheme facreases, the peak position of density occurs at the region be-
four types that consist of serpentine and parallel connectiontfeen antenna coils, and the magnitude of the peak density and
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Fig. 2. Art density profile: (a) for different powers; (b) for different pressureg at 4.75 cm; (c)| E. | for type 4; and (d) power absorption for type 4, where
d is the distance from antenna plane.

Fig. 3. Type 1—serpentine connection. Type 2—serpentine connection
empty quartz tube. Type 3—series path with four sets of parallel connecti

Type 2

pr
Type 4

—

]
—

Type 4—six rods powered with the middle two rods unpowered.

tributed analogous to the antenna pattern, as shown in Fig. 7(a),
where the density for positions = 4.75 andd = 9.75 cm is
presented. Fal = 9 andd = 9.75 cm, nonuniformity is satis-
factory (2.9%). If the position of the substrate is close to the an-
tenna plane, the system with a shorter distance between antenna
coilis agood candidate for large-area plasma processing source.
In the opposite case, longer distance allows a good uniformity
with low electron temperature. In other words, in order to obtain
good uniformity in the system with a longer distance between
the antenna coil to eliminate standing wave effect, the position
of the substrate has to be at longer distances from the antenna
plane. The simulation results presented in Figs. 6 and 7 show this
tendency. The peak density is observed at the edge of antenna
coil because the maximum value of the induced electric field is
at the similar position. The steady-state profile in the center re-
ion is determined by the ambipolar diffusion. Stittsworth and
v@Qendt [18] reported on the reactor geometry and plasma unifor-
mity in a planar inductively coupled radio frequency argon dis-
charge. When\. is short compared to the radius of maximum

nonuniformity increase. Electron temperature near the substralectron heating, then the energy of the energetic electron will
decreases. Fig. 7 showsAdensity, nonuniformity at positions be spent in ionization before they reach the discharge axis. En-
d = 4.75 cm andd = 9.75, and electron temperature near thergy relaxation length. is defined as

substrated is the position with respect to the antenna plane). As

a result, the effect of diffusive loss due to quartz tube is smaller

than that for the small distance. Therefore, if the distance be-
tween adjacent antenna coil is larger, the density profile is dis- 3

17
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Fig. 4. (a)|Ez|. (b) Art density. (c) Electron temperature for type 1, type 2, and type 3 at pressure 5 mtorr and power 1000 W.

where ),, and A* are the electron mean free paths for mdaas a critical point rather than a constant variation trend of
mentum transfer and inelastic collisions, respectively. If we aisicrease or decrease. The electron temperature in the total
sume thatRg and L are the distance between the edge of amegion has a change in the range from about 3.8 to 4.5 eV. In
tenna and the center position and between antenna plane dredregion between the wall and the antenna coll, the density is
substrate, respectively, (13.0 cm) for 5 mtorr is less thakiz  relatively high in the range from 4.8 to 9.6 cm and low in range
and longer tharl, (L < Rg). Therefore, the peak density oc-from 10.8 to 12 cm. The distribution of electron temperature
curs nearRg. in the bulk region is more uniform at the interval 10.8 cm
When we measure the density experimentally by probe, ttlen others. Therefore, the case of interval 10.8 cm has the
probe position is important for analysis of this system. Fdeast nonuniformity (3.6%). The result shows that choice of
example, if the measurement interval is greater than 5 cappropriate interval between the wall and antenna coil is very
experimental data show good nonuniformity (less than 15%yitical for uniformity as well as the total number of antenna
However, the exact value is greater than 15%. The measurenils.
interval has to be considered from the quartz tube diameter and
the distance between antenna coils. Fig. 8 shows the effectCof Effect of Structure
the interval between the wall and the edge antenna coil. In thistg show the effect of quartz geometry, we have two different
simulation, the domain is extended as the interval variatigfinulation domains. One consists of ten quartz tubes and ten an-
(4.8-12 cm), and the distance (7.8 cm) between antenna ¢gfina coils, the other consists of five empty quartz tubes and five
is fixed. The pressure, power, and the number of antenggartz tubes with five powered antennas, as shown in Fig. 10.
coils are 5 mtorr, 1000 W, and 10, respectively. As the lengfthe peak density for the second simulation domain is lower
increases, the peak density decreases, whereas nonuniforgi that for the first, whereas the nonuniformity for the second
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Fig. 7. (a) Art density(cm~*) on vertical line. (b) Electron temperature on
vertical line. (c) Nonuniformity versus distance between antenna coils.

this simulation, with the distance of 15.6 cm between two adja-
cent powered antenna coil, the tendency is not observed. As a
result, we can conclude that the structure affects nonuniformity
to a greater extent than the powered antenna source. In conclu-
sion, if the empty quartz tube and the quartz tube with powered
antenna are mixed instead of using many powered antenna coils,
the difference in voltage or current due to long length antenna
can be reduced practically, and lower nonuniformity can be ob-
tained.

(d)

10.00

()

10.00 20.00 30.00 40.00 50.00 60.00 70.00 D. Effect of Depth

Fig.6. Art density contour for the distance between adjacentantennacoilthat_Stlttswc'rth and Wen_dt [18] examined _the_EﬁECt of Champer
is: (a) 7.2; (b) 7.8; (c) 9; (d) 10.2; (e) 11.4; (f) 13.2 cm on power 1000 W andeight on plasma uniformity for a cylindrically symmetric
pressure 5 mtorr. planar inductive radio frequency (13.56 MHz) argon plasma
generated with a single-turn circular loop antenna [19]. To
simulation domain (7.4%) is similar to that for the first (7%)investigate nonuniformity in dependence of the depth in line
Though the power deposition is different, the density profile fantenna coil system, this simulation domain with a depth of
two cases is similar, except for the magnitude. In Section 111-B300 mm) was used, longer than the one used in the previous
we showed the tendency of increase of nonuniformity with trease. As shown in Fig. 11, the density profile for the depth
increase of distance between the powered antenna. HoweveB@A mm (nonuniformity 3.1%) has good uniformity rather than
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that for the depth 200 mm (nonuniformity 15.6%). In [18],

e is less tharL, therefore, the position of maximum ionization
is shifted toward the center. Moreover, in the embedded lir
antenna coil system, electron heating occurs near the que
tubes surrounding the coil, and the induced electric field h:
a different magnitude because of the interference betwe
the neighboring antenna coils. Practically, the depth affec
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8e+10
6e+10
4e+10
2e+10

coil plane is 9.5 cm, the maximum density is observed. Tt %910 20 30 40 50 60 70 80

X(cm)

nonuniformity as well as the maximum density is very smal ©
C

for this case (lengtk= 7 m).

Fig. 10. Schematic diagram for the total length.
IV. CONCLUSION

We have developed a 2-D fluid code in the cartesian coorestigate the embedded antenna coil system, the model FL2I
dinate system for a large-area plasma source. In order to Iras been used. The embedded antenna coil system can be ex-
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Fig. 11. (a) Ar- density(cm~2) and (b) electron temperature (eV) in small depth (vertical lerg#80 mm, depth= 200 mm, total length= 8.29 m). (c) Ar-
density(cm?®) and (d) electron temperature (eV) in long depth (vertical lergff80 mm, depth= 300 mm, total length= 8.29 m).
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Fig. 12. Art density(cm=2) and electron temperature for total antenna length (a) 7 m and (b) 13.48 m. (c) Peak density for total length 7, 8.29, and 13.48 m
with depth 300 mm, and 8.29 m with depth 200 mm.

tended by many antenna coils as a large-area plasma source.diance between antenna coils affects nonuniformity, electron
pending on the current direction of adjacent antennas, the tdehperature, and other plasma parameters. To make similar dif-
induced electric field can decrease or increase, which resultdusive loss in plasma source is very important for density uni-
dissimilar patterns of power deposition and density profile. THermity, and it can be obtained from empty quartz. The effect
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of inner geometry on plasma nonuniformity is more profound[18]
than that of powered antenna coil, as shown in Sections IlI-B
and C. The depth of the chamber affects nonuniformity, the POr19]
sition of maximum density, and electron temperature because
of the transport of energetic electrons and diffusion of the bulk
plasma. The effect is more profound than that of the inductivel)?o]
coupled plasma chamber with external antenna coils. As a re-
sult, we obtain good uniformity (nonuniformity 3.1%) at 1020 [21]
x 830 x 300 mm. In the future, in order to find more param-
eter affecting the plasma uniformity in this chamber, we will [22]
consider the voltage distribution obtained from experiment and
use permanent magnet. The optimized condition for good unim]
formity will be applied to the experiment of our coworker.

[24]

(25]
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