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Diagnostics of inductively coupled chlorine plasmas:
Measurement of Cl J and CI* densities
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The absolute densities of positive iof@l, and CI') are obtained over a 2—20 mTorr pressure
range and 5—-1000 W input radio-frequency rf power range in a transformer-couplgda®mna.

The relative number density of £lis measured by laser-induced fluorescence. These laser-induced
fluorescence data are calibrated by Langmuir-probe measurements of total positive-ion density at
low powers to yield absolute values f0§,2+ and are corrected for changes in rotational temperature

with rf power. In turn, the"lc|2+ data are used to determine the effective-mass correction for refined

Langmuir-probe measurements of the total positive-ion density. The density*ofsGhen the
difference between the total positive-ion and @ensities. For all the pressures, G$ found to be

the dominant ion in the capacitively coupled regitivgut powers below 100 Wwhile CI* is the
dominant ion at higher powers>300 W) of the inductively coupled regime. Experimental results

are compared to those from a simple global model. This work is a continuation of a study that
provides a complete set of experimentally measured plasma parameters over a broad range of
conditions in a chlorine plasma, produced with a commercial, inductively coupled rf source.

© 2000 American Institute of Physidss0021-897@0)01718-7

I. INTRODUCTION of these data were obtained in the same reactor for the same

. . . . . : . range of conditions.
Anisotropic etching of fine patterns into integrated cir- Several studies have been reported in which total
cuits is made possible by the directional positive-ion bom- =~ "~ . P .
bardment that can be obtained when wafers are immersed fhosmve—lon and/or electron densities were measured in an

low-pressure plasmas. One of the most important gases usgbductlvely coupled, high-density chlorine plasﬁw‘ﬁ. It is ,
in the plasma etching of silicon and aluminum is, CThe important, however, to know not only the total ion density,

dominant ion in predominantly Glcontaining discharges but also the individual densiti(_as of each ion. In addition to
can be either Gl or CI*. The etching yieldSi-per-incident th?r more practlcql. reasons given apoye, knowledge of the
ion) and etch profile shapes are no doubt different fof cI Clz and CI" densitiesng; andng;+) is important because
and CI'. Measuring the relative ion fluxes is, therefore, im- these ions diffuse and recombine differently, thus influencing
portant for understanding and simulating etch profile evoluthe plasma particle balance. Modeling studies generally sug-
tion. gest that CJ dominates at low power, but considerable dis-
As part of our study to provide a complete set of plasmaagreement exists as to whether @r Cl; become dominant
parameters for a Glplasma produced with a commercial at high power®~**Two recent experimental studies indicate
plasma sourcéwe presented electron temperatur€g)(@and  that CI* can become the major positive ion at high
electron energy distribution functions in an inductively powers!+15
coupled chlorine plasma over a 1-20 mTorr pressure range Previously, we reported measurements of @ensities
and a 1-1000 W power ra_néeabtai_ne_d by Langmuir probe ot were obtained by laser-induced fluorescence in a 10
and trace rare gases optical emission s_pectros%?)pWe mTorr chlorine plasm& The fluorescence signal from Ll
computedT, from a simple zero-dimensional model. We ¢ then normalized to the total positive-ion density at low
also have rep_o_rted measurements of neut@land Cb) power, measured with a Langmuir probe, to obtain the abso-
number densities by actinometty,electron and total lute density of Cf . Here, we extend this study over the

positive-ion densities by Langmuir probe and microwave in- )
. pressure range of 2—20 mTorr and also introduce a tempera-
terferometry methods,and gas temperatures by optical . . .
ture correction that compensates for the wider rotational en-

emission spectroscopy with trace amounts of nitrogatl. o : :
P Py o ergy partitioning in converting the laser-induced fluores-

cence signals into §l number densities at the higher gas

,-resent address: McKinsey and Company, New York, NY. temperatures and powers. The total positive-ion densities
Also at: Department of Applied Physics, Columbia University, New York, , . N . . .
NY 10027, (ry ) were initially obtgmeq by Langmmr-probg analysis
“Electronic mail: vind@bell-labs.com with an assumed effective ion mass of 48. In this study we
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obtained more reliable” values by using a realistic ion was 10 A(full width at half maximun), determined by the

mass by varying betweell;=70amu (C}) at the lowest 400-um-wide entrance and exit slits. The PMT output was

power andM;=35amu (CI) at the highest power. The as- directed to a two-channel boxcar integratorodel SR 280

sumption that GJ is the dominant positive ion at low power One channel monitored the transient LIF signal plus the

is supported by modeling, and is discussed below. As deplasma-induced emission background emission. The second

scribed previously? the density of CI is obtained from the channel monitored the PIE signal delayed byud) allowing

difference between the absolute valuesipfand Nei; - cI* the <1 ws LIF signal (mostly determined by the RC time

is shown to be the dominate positive ion at high power. ~ constant of the detection systerto decay to a negligible
level. Experiments were done by varying input rf powg+

Il. EXPERIMENTAL PROCEDURE 1000 W) and discharge pressuf2—20 mTorr C}). LIF sig-

nals were normalized for drifts in laser intensity, following
The transformer-coupled plasriECP) reactor used here ¢ procedure given in Ref. 15.

has been described in detail previouslygs were the
Langmuir-probe setup and the procedure for determination
of total positive-ion density. Ill. RESULTS AND DISCUSSION

The relative concentration of £lwas determined by the A LIF data
laser-induced fluorescen€klF) method that was described "
in previous experiments with a 10 mTorr plasiidn that Cl; ions are excited from the”=0 vibrational level of
experiment, the plasma was operated in an inductivelghe X 2I1; ground electronic state to te = 10 “vibrational
coupled modgwith a transformer-coupled plasma antenna level” of the AZII; excited state by laser radiation in the
and in a capacitively coupled modepplying power to the range of 3860—3890 A>® The excited ions fluoresce, de-
chuck only.*® In the present experiment, no power is appliedcaying to v” levels of the ground state. The maximum
to the chuck. The LIF apparatus consisted of an excimeramount of fluorescence signal at 3960(thansition to the
pumped dye laser and an optical emission spectrometer. A”=1 state, to avoid intense scatter laser [jghés obtained
Lambda Physik model EMG 201 XeCl excimer lagg® Hz  with the excitation wavelength at 3876.4 A, corresponding to
repetition rate, 3080 A, 20 ns pulse length, 150 mJ pulsexcitation to one of the rotational levels within the vibronic
energy pumped a Lambda Physik model FL2002 dye lasetband(see Fig. 1 in Ref. 16
(nominal output of 3.5 mJ/pulse at 3876 A, with BiBuQ dye, The intensity of the LIF signal as a function of rf power
dissolved in cyclohexaneThe laser beam was parallel to the measured at 2, 5, 10, and 20 mTorr is shown in Fig. 1. At all
wafer surface at a distance 6f3 cm. The LIF signal was pressures the LIF intensity increases with TCP power in the
collected from a~1-cm-long region over the center of the capacitively coupled(<100 W, “dim-mode”) regime,
12.5-cm-diam wafer. LIF and plasma-induced emissionumps to a higher value as the plasma makes a transition to
(PIE) signals were observed through a UV-grade quartz winthe inductively coupled>100 W, “bright-mode”) regime,
dow, normal to the laser beam, and were imaged with and then continuouslylecreaseswith increasing power in
fused-silica lens onto the entrance slit of a 0.25 m focalthe inductively coupled regime. While the LIF signals plot-
length monochromataiMacPherson model 218 ted in Fig. 1 are proportional to the population of the rovi-

The monochromator was set to pass the 3960 A signal tbrational level probed by the laser, they are not necessarily
a GaAs photomultiplier tub€PMT). The signal bandwidth proportional to the relative density of the ground state gf Cl
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(the sum of all rotational and vibrational levels populated at(~2x10*s™1), hence, its vibrational temperature would
steady state One has to correct for the changes of the popusstill be about the same as that of,CFortunately, the vibra-
lation of the chosen rotational and vibrational levels with rftional constant of Gl is large enough640 cm}) that the
power to convert the LIF signals into relative densities ofpopulation of itsv”=0 only changes from 95% at 300 K to
Cl, , since the rotational and vibrational temperatures 6f Cl 0% if its vibrational temperature reaches the highest gas
change with power. Here, we apply the correction fortemperature recordegd000 K). Thus, if the vibrational tem-
changes in population of the ground-state rotational leveperature were to increase from 300 K at low power to 1000
explicitly, and estimate and include in the error bars a posK at 1000 W, then the fraction of ¢lin v”=0 would de-
sible change in population of the ground-state vibrationakrease by only~37%, and the raw LIF data in Fig. 1 would

level. have to be increased by this amount at the highest power to
correct for the effect.
B. Population of the rotational level At low pressure(2 mTorr and high power1000 W),

. o7 i . : :
The population of the ground electronic state rotationalCI2 is more than 90% dissociateend Ck will retain more

evel, J'29, the average o the two levels monitorass S W% POR O R R PR B B
and 29.5, is proportional to Y gy '

Judging from potential curves for £and Cl ,1% jonization
Nj,(23"+1)(B"/kT)exd —B"J"(3"+ 1)/KT], (1) of Cl, v”"=0 will excite more CJ v"=1 thanv”=0 in a
vertical transition. If a substantial population of,@l"=1 is

cm3.17 We assume that the Clrotational temperature is pr(Jerse’r/lt, however, it ,\,NI|| more I|ke_ly result in population of
Cl; v"=0 and C} v”=2,3 in vertical transitions from the

equilibrated with the translational gas temperature and wil ‘
use the gas temperature measured under the same conditiolié1€" and outer walls of the Elpotential curve. Conse-

and reported elsewhefép compute the relative decrease in dUently, the relative population of ‘2"’"79 might actually
N, with increasing power and gas temperature. TherefordNcréaseif a substantial fraction of Glv”=1 is formed at
ignoring vibrational effects for the moment, the LIF signal higher power. If the vibrational population of £is dictated

intensity divided byNy,_ o is proportional to the total popu- by these Franck—Condon effects, then the LIF data at high
lation of CE . power and low pressure would have to be decreased to con-

vert the signals into relative CInumber densities, due to a
five-fold increase in Glv”=1 at 1000 K(assuming the Gl
vibrational temperature is equilibrated with the gas tempera-

The vibrational-level populations of £l however, are ture). A full treatment of this issue is beyond the scope of
not necessarily in thermal equilibrium with other degrees ofthis article. Given reasonable estimates for the vibrational
freedom of CJ or the neutral gas. The vibrational population overlap integrals of the gland C} vibrational levels, it
distribution of the ground electronic state of,Cimmedi-  seems unlikely that this downward correction would exceed
ately after formation is determined by the Franck—Condora factor of 2.
factors for electron-impact ionization from each level of
the ground state of gl This population distribution could be
quite hot or possibly inverted, even if Cls vibrationally
very cold. Once formed, Glcan thermalize with the neutral Raw LIF data(open triangles from a 10 mTorr CJ
gas. Although nonresonant vibrational—vibration&—() plasma as well as the data corrected for the depopulation
energy transfer is slow for neutral—-neutral collisions, it hasof the rotational level due to the increase of gasCl,
been shown to be fast for collisions between diatomic iongotationa) temperature with increasing input rf power are
and neutrals such as,Nand N;.'8 This is due to long-range shown in Fig. 2.(Ref. 6 showed that this temperature in-
polarization effects that cause, No lose vibrational energy ~creases sublinearly with power from 300 to 1000 K over the
at the gas-kinetic collision rate, often with charge exchange5—-1000 W rf power ranggThe error bars represent both the
and sometimes with multiple quanta being lost in a singlestatistical uncertainties in measured LIF signals and the pos-
collision. If we assume that a similarly fast process occurssible correction due to change in the population of the vibra-
with CI; and C}, then at low power, the vibrational tem- tional level(i.e., the data points are not corrected for changes
perature of CJ will equilibrate with that of C} (assumed to in the vibrational populationsThe same procedure was ap-
be close to the wall temperature at low poyérhis is true  plied for the 2, 5, and 20 mTorr data, though not shown.
even at the lowest pressu2 mTorr, since the gas-kinetic These corrected values correspond to the relative number
collision rate(~1x10*s™* at 2 mTorr and 300 Kis fast  density of CJ .
compared to the ion loss rate due to diffusion-3 Both the relative density of ¢land the total positive-
x10°s™ 1), ion density measured with a Langmuir prolsee Ref. 5 and

At high power, the situation is more complicated. At below) increase in the capacitively coupled mode. In the in-
high pressuré20 mTorp, the percent dissociation of £in ductively coupled moden;" increases at a faster rate as rf
the plasma is about 85% at 1000 W and the gas temperatupower increases while the relative density of, Qlapidly
is ~1000 K. Consequently, a gas-kinetic collision rate ofdecays. Since the gas phase in the capacitively coupled dim
vibrational equilibration of Gl with Cl, (~1x10*s ') is  mode consists overwhelmingly of Slthe rate of creation of
larger than the rate at which the ions diffuse to the wallsCl; is much faster than that of Clin the electron-impact

where B” is the ground-state rotational constait2686

C. Population of the vibrational level

D. lon densities
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FIG. 4. Total positive-ion density, density of ] and modeled densities of
FIG. 2. LIF signal(open triangles and relative density of ¢l (closed  Cly and CI" as functions of rf power for a Glplasma at 5 mTorr.
triangles as a function of rf power for a 10 mTorr Cplasma.

(dashed lingis exactly equal to the measured total positive-
ionization of Cb, and the destruction rates of both ions areion density(open symbols The results of the model, though
relatively similar, we assumed that the dominant ion in theoverestimatingwcg at higher powers, undoubtedly support
dim mode is CJ . We, therefore, obtained absolute densitiesthe experimental observation that;dk the dominant ion in
of Cl; by normalizing the relativen;: to n;” over the ca-  the dim mode, thereby validating our normalization proce-
pacitively coupled regime of operation. dure.

Figures 3-6 presemc|2+ and n" as functions of rf The data in Figs. 3—6 show that the densities of both
power (closed and open symbols, respectiyelgs well as ions are fairly independent of pressure from 2 to 20 mTorr.
densities of G and CI' computed from a global model The correction for temperature leads to somewhat higher
(solid and dashed lines, respectivelfor pressures ranging densities of CJ at the higher rf powers studied than those
from 2 to 10 mTorr. The details of the model were presentedresented in Ref. 7 at 10 mTorr, but they are still much
previously and the input parameters in the present case arémaller than the corresponding densities of Cl
pressure and total positive-ion density. Positive-ion density _Once the absolute density of Chnd, therefore, that of
is used instead of power to simplify the calculation, andCl", have been obtained, the total positive-ion density can
presumably make it more reliable. The input positive-ionbe corrected, using the appropriate ion mass. Initiaily,
density is taken from the Langmuir-probe measurements i¥/as determined from the ion saturation part df-&/ curve
Figs. 3—6. This choice of input parameters circumvents thé!sing a model that utilizes a Laframboise numerical solution
difficulties in solving the energy balance equation, and asbased on orbital-motion-limited thecr$ and assuming an
sures that the sum of the computeg (solid line) andn+  effective ion mass equal to 48 amu, which corresponds to

2 equal amounts of Gl and CI'. The effective ion mass is
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FIG. 3. Total positive-ion density, density of ) and modeled densities of

Cl3 and CI' as functions of rf power for a Glplasma at 2 mTorr.

FIG. 5. Total positive-ion density, density of ] and modeled densities of

Cl; and CI' as functions of rf power for a Glplasma at 10 mTorr.
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ey mode,nc;+ reaches a maximum of 1x 10*cm™3, and fur-

<& ol +cor 20 mTorr & ther increases in rf power lead to a decreasedn. At the

10"F o o 3 . . . 2 .
: ol L 09/ ] higher powers of the inductively coupled regime, the dis-

I model CI b iy ] charge is dominated by €| At 2 mTorr, Ncit appears to

peak just before reaching the inductive mode at a somewhat
lower number density£7x 10° cm™3). This relative domi-
nance of CJ vs. CI" is qualitatively similar to that between

I EE ] Cl, and CI, although it is much less dependent on pressure.
10 F f_ The transition from predominantly €lto predominantly

10" F

ClI™ is much sharper than the transition from,@b Cl?

and occurs at about 100 W at all pressures. In contrast, the

transition from C} to Cl-dominated conditions occurs at

. ‘1'0'00 ~100 W at 5 mTorr and below, but gt 200 W for 10 mTorr,
and 400 W for 20 mTorf.Another difference between the

trends of the neutrals and ions is that at the higher rf powers

100 ; 10 20?
FIG. 6. Total positive-ion density, density of {C] and modeled densities of Ners /nC'; _ 1001000, V'Vh”mc" /ngi,~10-30. o
ClJ and CI' as functions of rf power for a Glplasma at 20 mTorr. The simple, zero-dimensional model qualitatively de-

scribes the behavior ofc|2+ in Figs. 3-6, although it over-
estimates its density at the highest rf powers at all pressures

lon Number Density (cm™®)

10 100
Power (W)

fay  1-fay vz by about an order of magnitude. Our computeg: /nc;:
Mef= M2, + M2, ' (2 values are similar to the ratios 6f5—10 computed by Wise
cl, cl Lymberopoulos, and Economu at high inductive powérs.

wherefc+=ngi+/n;" . This correction increases™ at low These values are somewhat larger than the high—ppwer val-
2 2 ues of~2 computed by Meeks and Sh&hand much higher

Eroe\,\:s:résvvi?ez;% ;]S tgagromﬂzgtgiz I‘(:lheg%dz)or%i:gr?t ?gr-\ than the modeling results of Ventzek, Grapperhaus, and
gn p ’ Kushnet? (ngi+/ngi;~0.4). Finally, the relative indepen-

(Mg=35). The procedure must be iterative, since the cor-d t the total idn d ity with S ;
rection ton;” changesnc,;, but it converges very rapidly. ence ot the total lon Censity With preéssure-1s in agreemen

o _ with other experimental studi&®and at least one modeling
The original (M .4=48, closed trianglgsand corrected data study!2

for 10 mTorr(open trianglesare shown in Fig. 7. The total
ion density values presented in Figs. 3—6 are the corrected
measurements, obtained from this procedure. IV. CONCLUSIONS

Comparison ofnc; andn;” shows that at all pressures e have probed Gl by laser-induced fluorescence in a
the discharge has practically no™Cvhen it is operated in chlorine discharge over a pressure range of 2—20 mTorr at rf
the capacitively coupled mode. When an increase in powepowers between 5 and 1000 W. The LIF signal fronj Cl
causes the plasma to switch into an inductively coupledvas corrected for changes in gas temperature to obtain the

relative density of GI. The relative values oﬁc|2+ were

then normalized at low power t;” from Langmuir-probe
. v measurements to obtain absolute values@;
5x10 v

16x10™ o I v At all pressures, Glis shO\_/vn to be the dpminant ion in
the capacitively coupled regime of operatiorn100 W),

v ] while CI" is dominant at higher, inductively coupled pow-

1.2x10" F 2x10° v,“;z v . ers (>300 W). For pressures from 5 to 20 mTorr,
v v ) Neif reaches a maximum of1x10°cm 2 at ~130 W.

Yy At 2 mTorr, Neif peaks while still in the capacitive mode at

~7%x10°cm 3. The trend of CJ being dominant in the
capacitively coupled mode and Clin the inductively

. coupled mode qualitatively follows the relative dominance of
the corresponding neutral £and Cl, although the rf power
R . . . L at which the transition where one species dominates the other
"0 100 200 300 400 500 600 700 800 depends on pressure much more for the neutrals.

Power (W)
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FIG. 7. Correction of total positive-ion density for the change in the eﬁec—ACKNOWLEDGMENT
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