Kinetics of fluorine atoms in high-density carbon—tetrafluoride plasmas
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Reaction processes of fluorigE) atoms in high-density carbon—tetrafluoride (LBlasmas were
investigated using vacuum ultraviolet absorption spectroscopy. A scalingp;lan@nen(;F4 0.5-0.7

was found experimentally, wherg is the F atom density an, andnc,:4 stand for the electron and

parent gas (Ch densities, respectively. The lifetime measurement in the afterglow showed that the
decay curve of the F atom density was composed of two components: a rapid decay in the initial
afterglow and an exponential decrease in the late afterglow. The decay time constant in the initial
afterglow 7, satisfied the scaling law; < (ndnce,) ~ (%794, which is a consistent relationship with

the scaling law for the F atom density. The two scaling laws and the lifetimes pfr&icals
suggest that the major loss process of F atoms in the initial afterglow is the reaction with CF
radicals(probably,x=3) on the wall surface. The loss process in the late afterglow was simple
diffusion to the wall surface. The surface loss probability of F atoms on the chamber wall was
evaluated from the decay time constant in the late afterglow, and was on the order of 10
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I. INTRODUCTION neutral radicals, reactive ions, and electrons. Hence the

Fluorine(F) atoms are the major etchant for Si and $iO knovyledge of the reaction kinetics of Fhe above species is
In the fabrication of ultralarge-scale integratddLSl) cir-  required for the control of the composition of CFadicals
cuits, small contact hole@<0.25 um in diametey are bored and F atoms in fluorocarbon plasmas. For the measurements
through SiQ thin films by dry etching using fluorocarbon of the CF, radical densities, various methods such as laser-
plasmas-? In this process, high etching selectivity-@0) of  induced fluorescencIF) spectroscopy,infrared laser ab-
SiO, over underlying Si is required. When conventional sorption spectroscopyRLAS),'° and appearance mass spec-
parallel-plate rf plasma sources with low electron densitiesrometry (AMS)*! have been developed. These diagnostics
(~10" cm™) are used, the sufficiently high etching selec- provide useful information on the reaction kinetics of CF
tivity has been obtained rather easily. However, the parallelragicals in fluorocarbon plasmas. Contrary to this, the F atom
plate plasma sources operated under high gas Pressul§dnsity is extensively measured by the actinometry

(>100 mTorr) have a limitation for the high etching anisot- technique'2 which can provide only the relative F atom den-
ropy since the trajectories of positive ions are distorted bysity under,the following assumptions:
collisions with neutral molecules during passing through the '
ion sheath in front of the substratélo obtain anisotropic (1) all the excited states of F atoms originate from the
etching of the high-aspect-ratio pattern, various high-density  atomic ground state, and

(>10" cm™®) plasma sources operated under low gas pres) the excitation cross sections have the same energy de-

sures €10 mTorr) have recently been developed, such as pendence for both F and the actinometer atgussially
electron cyclotron resonand&CR) plasma§,'4 inductively Ar)

coupled plasmas (ICPS,®> and helicon-wave excited
plasmag$. The principal problem in SiQetching using these In addition, the lifetime measurement of F atoms in the af-

high-density plasma sources is the low etching selectfdty. terglow is impossible by actinometry since no emission can
Both Si and Si@ are etched by F atoms, while CFadicals  pe optained. The lifetime measurement is a useful method
are the precursors of polymerization which detract the etche,, e jnvestigation of loss processes of reactive species.
ing rate of Si. Hence the etching selectivity is considered tchecently, we have developed vacuum ultraviolet absorption

be sensitive to the density ratio of CFadicals to F atoms in .
plasma$ In the high-density plasma sources, the densities o§pectroscop>(VUVAS) for the absolute density measure
ents of F atoms in fluorocarbon plasntasn the present

highly dissociated species are higher than those in the col” ) ] i
ventional parallel-plate plasma sources, resulting in the lov#tudy, we have adopted this method to high-density, CF
etching selectivity. plasmas excited by helicon-wave discharges to study the re-

To achieve SiQ etching with the high rate, the high action kinetics of F atoms. According to the reaction cross
anisotropy, and the high selectivity, the control of the neutrasections available to daté;> the major production process
radical densities in fluorocarbon plasmas is the most imporef F atoms in Ck plasmas is dissociative ionization of the
tant issue. The neutral radical densities in plasmas are detgsarent gas by electron impact (&Fe—CF; +F+2e).
mined as a result of complicated reactions among parent gagience, in the present work, we emphasize the loss processes
of F atoms which can be understood from the density and
dElectronic mail: sasaki@nuee.nagoya-u.ac.jp lifetime measured by VUVAS.

5938 J. Appl. Phys. 82 (12), 15 December 1997 0021-8979/97/82(12)/5938/6/$10.00 © 1997 American Institute of Physics

Downloaded 19 Oct 2006 to 133.6.32.11. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



Il. EXPERIMENT

20 . .

The apparatus of the present experiments is the same as Ng (a) 5 mTorr o®
that described in a previous papgérThe high-density CF 2 15 .
plasmas were produced by helicon-wave discharges in a lin- o . ¢
ear machine with a uniform magnetic field of 1 kG along the = 10¢ . ]
cylindrical axis of the vacuum chamber. Various rf powers at g .

13.56 MHz were applied to am=1 helical antenna wound © 5y o ]
around a quartz glass tube 3 cm in diaméteFhe vacuum S ce®’ ,
chamber was composed of a Pyrex glass t(®hem in di- h 00 05 1 15

ametey and two stainless-steel observation chambers rf power (KW)
(20X 20X 10 cm). Pure Cf gas was used for discharges

with a fixed gas flow rate of 4.4 ccm. The gas pressure was “"g 20 ‘

varied by changing the pumping speed. The plasmas were S (®) 1kW 1

produced periodically with a repetition rate of 4 Hz and a =

discharge duration of 10 ms. < ol ¢ . 1
The absolute F atom density was measured by VUVAS Z .

in the down stream plasma at a distance of approximately 50 S N

cm from the end of the helical antenna. In VUVASa com- )2 o .

pact ECR Ck plasma device operated under a low micro- 2 0 . .

wave power(0.1 kW) and a low gas pressufé mTorn was w 70 5 10 15

employed as the light source in the VUV wavelength range. CF, pressure (mTorr)
The wavelength of the probe emission for detecting F atoms
at the ground state (#?P°) was 95.85 nm which was ob- FIG. 1. Absolute F atom density measured by vacuum ultraviolet absorption
tained by the transition bet\Neensz\Pw and 235 2p"1/2 spectroscopy as a funcFion @ the rf power andb) the CF, gas pressure.
states. By differentially pumping the vacuum tube connect-The C_F4 pressure was fixed at 5 mTorr {g) and the rf power was fixed at
ing the helicon plasma to the ECR plasma to prevent neutra%l kWiin ().
radicals from passing through, an absorption spectroscopy
system with no vacuum windows was constructed. The ab- s )
sorption length was 36 cm which was much longer than th@us papef? the F atom density was on the order of
diameter of the plasma colum(@ cm). Since the lifetime of ~10">~10"cm™®. Considering the results of laser-induced
F atoms was much longer than the geometrical diffusion timdluorescence spectroscopy for a Jifessure of 30 mTor
determined by the chamber design, a uniform distributiorthe CF radical density for the discharge conditions similar to
was assumed for the F atom density in the helicon chambdpose in the present experiments may be on the order of
along the transmission line of the probe emission. The absot0'' cm >, The increase in the F atom density with the rf
lute F atom density was deduced from the absorption with OWer is due to the increase in the electron density. On the
conventional theorty by assuming Doppler broadening at a other hand, the decrease in the F atom density with the CF
temperature of 400 K for the spectral distribution of thePressure is attributed mainly to the lower electron density for
probe emission. Doppler broadening at 300 K was assumel@e higher gas pressure. In our helicon-wave, @lasmas, a
for the spectral distribution of absorbing F atoms in the heli-higher electron density can be obtained for a higher rf power
con chamber, since most of the F atoms were placed outsidi!d & lower gas pressure. This may be because the excitation
of the plasma column. The transition probability of efficiency of the helicon wave decreases with the, Q&s
1.3x10° st was used to evaluate the absorption crosgressuré’
section'® A small error within a factor of 2 was expected for ~ The measurement of the F atom density was repeated for
the absolute F atom density by evaluating various sources ofarious rf powers and GFgas pressures. The F atom densi-
error. For the measurements of the electron density, a micrdles at 9.9 ms are summarized in Fig. 2 as a function of the
wave interferometer at 35 GHz was installed at 10 cm uppeProduct between the electron density and the density of
stream from the observation chord of VUVAS. the parent gascr, . Since the major production process of F
atoms is dissociative ionization of ¢y electron impact,
the horizontal axis of Fig. 2 is proportional to the production
rate of F atoms. The plots indicated by the same symbol
Figure 1 shows the absolute F atom density measured bgorrespond to the F atom densities obtained for a fixeg CF
VUVAS. In Fig. 1(a), the F atom density was measured for gas pressure and various rf powers from 0.2 to 3 kW. The
various rf powers with a fixed gas pressure of 5 mTorr, whileelectron density was measured by the microwave interferom-
in Fig. 1(b), the F atom density was examined as a functioreter. The electron density at the observation position of VU-
of the CF; gas pressure for a fixed rf power of 1 kW. The F VAS may roughly be the same as that measured by the mi-
atom densities plotted in Fig. 1 were observed at a dischargerowave interferometer because of the strong magnetic field
time of 9.9 ms when both the electron density and the neutrand the low gas pressures. The density of the parent gas was
radical densities including F atoms roughly reached theicalculated from the filled Cfgas pressure. The decrease in
guasi-steady-state values. As has been reported in the prewiCF4 due to dissociation was not taken into consideration.

Ill. RESULTS
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FIG. 2. The absolute F atom density as a function of the product between FIG. 4. The decay time constant of the F atom density in the initial after-
the electron density, and the density of the parent gage . The dotted ~ 9/0W 71 as a function of the product between the electron and parent gas
curve illustrated in the figure shows a relationship: (n nc:)o.s densitiesngncr, . The dotted curve illustrated in the figure shows a relation-
€' . .
! ship 71 (Nnce,) 0%,

The maximum dissociation degree of JR the present ex-
periments was approximately 25% for a J#essure of 2.5

mTorr andng=2x10"cm 3. As shown in Fig. 2, the F :
. . . respectively, for an rf power of 1 kW and a gpressure of
atom density was essentially determlnedmcp4. By ap- 5 mTorr22

plying the least squares method to each data set for fixed gas 11,4 decay time constant
pressures, a relationship !

and Ck radical densities were examined by laser-induced
fluorescence spectroscopy, and wer8.3 ms and~5 ms,

in the initial afterglow is
summarized in Fig. 4 as a function o@nCF4. Similar to Fig.
nFoc(nenCFA)O-E"O-7 (1) 2, plots indicated by the same symbol were obtained for
various rf powers and fixed gas pressures. Although the data
points obtained experimentally include somewhat large scat-
ter, the following two tendencies can be seen from the figure:

was evaluated from the experimental results, wherale-
notes the F atom density. The dotted curve illustrated in Fig
2 shows the relationshipeo< (ngnce,) °°.

To understand the loss processes of F atoms in the hightd) 71 decreases withenee,, and
density CF; plasma, we carried out the lifetime measurement(2) 7, is longer for the higher gas pressure.
of t.he. F atom density in the .aftgrglow. A ,typ'(?al temporal By applying the least squares method, the following relation-
variation of the F atom density is shown in Fig. 3. The rf ship
power and the Cfgas pressure were 1.5 kW and 5 mTorr,
respectively. The rf power was turned offtat 10 ms. After Tl“(”enca)_(o's_o"’ v
the termination of the rf power, the F atom density dropped )
rapidly during ~4 ms with a decay time constant of was rogghly.evaluated beEvC\)/(:e.r@ a-mdnenca. In the figure,
7,=3.4 ms. After that, the F atom density decreased expo@ "elationshipr;=(nence,) * is illustrated by the dotted
nentially with a decay time constant @§=27 ms. The error CuUrve.
in the evaluation of the former decay time constapmay The decay time constan in the late afterglow was not
be rather large since the duration of the initial density decaylependent on the rf power but was strongly dependent on the
is comparable tar;. In the present helicon-wave ¢plas- CF; gas pressure. Hence no particular relationships were
mas, decay time constants less tharu®0were observed for found betweenr, andnence, . Figure 5 shows the GFpres-
the electron densit§: The decay time constants of the CF
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FIG. 5. Pressure dependence of the decay time constant of the F atom
density in the late afterglow,. The solid circles represent the averages of
FIG. 3. Temporal variation of the F atom density in the afterglow. The rf the decay time constants for various rf powers. The error bars correspond to
power and the CFgas pressure were 1.5 kW and 5 mTorr, respectively. the maximum and minimum values obtained during the power scan.
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sure dependence of the decay time constgntThe solid 10"
circles correspond to the averagesrgfobserved for various

rf powers from 0.2 to 3 kW. The maximum and minimum
values ofr, obtained during the power scan are indicated by
the error bars. As shown in the figure, increased steeply
with the CF, pressure in the range of 2.5-10 mTorr, and was
much longer than the decay time constantin the initial
afterglow.

2
10+ B

10°L L)

Surface loss probability o

10 . )
IV. DISCUSSION 0 5 10 15
CF4 pressure (mTorr)

According to the cross section data shown in the

literature'*®the dominant reaction of GRwith electrons is
dissociative ionization, FIG. 6. The surface loss probability of F atoms corresponding to the decay
time constantr, shown in Fig. 5.
CF,+e—CF; +F+2e. 3

Hence F atoms are mainly produced by E8), and other ) ) )
multistep reactions such as §Fe—CF,+F+e are negli- 6 Sincer, is much longer tham /D, « can be evaluated
gible. Accordingly, the behavior of the F atom density can befom the second term of the right hand side of Eg). The

understood by the following simplified rate equation: surface loss probability of F atoms was mainly on the order
of 1073, and was strongly dependent on the ,C§as
diF: ke —| — + = | ne=k n.nee — Ne 4) pressuré?® This result suggests that the surface covertye
dt P eCR \gp gy FTPECR oo fraction of sites covered with adsorbpie greatly affected

by the gas pressufé.According to the result, the surface
coverage was an increasing function with the gas pressure,
and was saturated at10 mTorr. Note that the surface loss
probability of CF, radicals obtained by the lifetime measure-
ments with laser-induced fluorescence spectroscopy was on
the order of 102.22

AS N 215(2—a) According to Eq(4), the F atom density in the discharge

T PO (5 plasma in the steady-state is given by

wherek, is the reaction rate coefficient for dissociative ion-
ization shown in Eq(3), mp denotes the diffusion time con-
stant of F atomsyy stands for the decay time constant of F
atoms due to reactions, andr# 1/m+1/7z. The diffusion
time constantp is given by

where D denotes the diffusion coefficienty, is the geo- NE=7KpNeNc, - ©®)

metrical d?ffusion Iength. determined by the chamber designype decay time constant, did not depend on the electron
[o2=V/S with V andS benEthe volume and surface area of density so much when the Gfgas pressure was kept con-
the chamber, respectively, is the mean velocity of F atoms  stant. According to Eq(6), the constant lifetime should re-
given by y8kT/7M (T andM are the temperature and mass sult in a proportional relation between andn,. However,
of F atoms, respectively, aridis the Boltzmann constant 3 scaling lawnge ng'5”°'7 was observed experimentally for
and & stands for the surface loss probability on the chambefixed CF, gas pressures as shown in Fig. 2. Hemgaloes
wall. When the surface loss probability equals unity, E}.  not correspond to the lifetime of F atoms in the discharge
gives the geometrical diffusion time which is calculated asplasma. On the other hand, if we suppose that the decay time
A%/D+2I0/v =0.16 ms for a Cfgas pressure of 2.5 mTorr constantr, in the initial afterglow represents the lifetime of
theoretically?® On the other hand, the second term of theF atoms in the discharge plasma={r,), the scaling laws
right hand side of Eq(5) dominates the first one if the sur- shown in Eqs(1) and(2) are roughly consistent with E¢).
face loss probability is much smaller than unity. In this case,The similar F atom density in spite of the longer for the
the diffusion time constanty becomes independent of the higher gas pressure can be attributed partly to the small pro-
gas pressure, provided that the surface loss probability iduction rate coefficienk in the high-pressure plasma be-
kept constant. cause of the low electron temperature. In the discharge
Considering the lifetimes of CF~0.3 ms) and CF  plasma, ionization Fe—F"+2e is also the loss process of F
(~5ms) radical? the gas species in the chamber wereatoms. However, since the rate coefficient for the above re-
mostly F and CEin the late afterglow (=25 ms), where action is 3.6< 10 1° cm®s for an electron temperature of 5
the F atom density decreased exponentially as shown in FigV,!* the ionization loss cannot be dominant for the range of
3. Therefore, the dominant loss process of F atoms in the latdne electron density in the present experiments.
afterglow may be the diffusion to the wall surface. The decay = The duration of the initial decay of the F atom density
time constantr, may correspond to the diffusion time con- roughly coincided with the lifetime of CFradicals. Al-
stantrp, and the loss of F atoms due to reactions is neglithough we do not have any diagnostics for;C&dicals, the
gible (r>m). If the reaction F-F(+M)—F,(+M) is lifetime of CK, may be a similar value to that of GE"?®
dominant, the decay curve of the F atom density is not apHence, the reason why the decay of the F atom density has
proximated with an exponential function. The surface losswo components can be attributed to the existence of CF
probability « is calculated by, and Eq.(5) as shown in Fig. (x=2 or 3 radicals in the chambdthe lifetime of CF radi-
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cals was shorter than the duration of the initial density de{1) We carried out absolute density and lifetime measure-
cay). When there are GRadicals in the chamber, they seem ments of F atoms in helicon-wave excited high-density
to be able to react with F atoms. If the reaction with,CF CF, plasmas by using vacuum ultraviolet absorption
radicals is fast enough to dominate the diffusion loss, the spectroscopy.

rapid density decay can be observed while thg €ielicals (2) The F atom density in the discharge plasma was summa-
survive in the chamber. In this period, the lifetime of F atoms  rized as a function of the product between the electron
satisfies the conditiorr= ;= m<m,. However, according and parent gas densities. As a result, a scaling naw

to the cross sectional data available to date, the reaction rate o (nence,)®*=%" was found.

coefficients for the gas phase reactions between F and CK3) The decay of the F atom density in the afterglow was

(such as F-CFK,—CF,,; and HCF,+M—CF,,,+M) are
too small to explain the short lifetime,, since the gas pres-
sures in the present experiments were fdwence, we pro-

composed of two components with different time con-
stants: the rapid decay in the initial afterglow and the
exponential decrease in the late afterglow.

pose the reactiofrecombination of F atoms with Ckradi-  (4) The decay time constant; in the initial afterglow
cals on the wall surface, roughly satisfied the scaling law o (nence,) =34
which is a consistent relationship with the scaling law
for the F atom density.
(5) The decay time constant, in the late afterglow was
much longer tharr,, and was strongly dependent on the
CF, gas pressure. The surface loss probability of F atoms
wassevaluated from,, and was mainly on the order of
10>
The above two scaling laws and the lifetimes of ,CF
radicals suggest that the major loss process of F atoms in
the discharge plasma and the initial afterglow is the re-
action with CK radicals (probably,x=3) on the wall
surface. In the late afterglow, the dominant loss process
of F atoms is simple diffusion to the chamber wall.

wall

F+CK— CF 1, (7)

as the dominant loss process of F atoms in the discharge
plasma and the initial afterglow. The importance of this re-
action has been pointed out by Hikosaka and Suasithe
loss process of GHradicals. After the disappearance of the
CF, radicals, the major loss process of F atoms changes int@
the diffusion with a longer time constant.

Under the assumption described above, the lifetime
varies inversely asicr, such that

! 8
T1=TRX —.
1= TR Ncr,
This relationship is consistent with E(R) when the density ACKNOWLEDGMENTS
of CF, radicals satisfies the following scaling law:
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V. CONCLUSION
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