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B oannoit pabome npedcmaenensvt pe3yabmanvl KOMOUHUPOGAHHBIX (IKCHEPUMEHMATlb-
HbBIX U MOOETIbHBIX) UCCTIE006AHUTL XAPAKMEPUCMUK 24306011 (ha3vl u Kunemuku mpaenenus Si u Si0;
6 naasme cmecu CiFg + Ar. Ikcnepumenmot npo6oounIUCs NPU NOCMOAHHOM 00ULEM OABIEHUN CMeCU
(p = 6 mmop), exnaovieaemoii mowgnocmu (W = 900 Bm) u mowgnocmu cmeutenusn (Wy. = 200 Bm),
npu smom coomuouienue komnonenmoe CiFg/Ar eapvuposanocs 6 ouanazone 0-75% Ar. annsie no
GHYMPEHHUM RAPAMEMPAm Naa3Mbl, KUHEMUKe NIA3MOXUMUYECKUX NPOUECCO8 U CHAYUOHAPHBIM
KOHUEHMPAyuamM 4acmuy, 6 2a3060i (hase noayuanu nPu cO6MeCMHOM UCHONb306AHUN OUAZHOCHUKY
naazmol 30n0amu Jlanzmiopa u 0-mepnozo modenupoganus naamol. Mexanusmvl mpaeienus uoeH-
muguuuposanu uepes aHaau3 KOppeaayuil Mexcoy UiMepeHHbMU CKOPOCMAMU MPAGTIEHUA U PAC-
YEeMHBIMU 3HAYEHUAMYU NIAOMHOCHEN NOMOKOE aKMUGHBIX yacmuy (amomoe I, nonumepoobpazyio-
wux paouxanoe CFy u nonoxcumensvnovix uonos). bvino naiioeno, umo 6 ucciedosanHom ouanazone
ycenosuii npoyeccot mpaenenusn Si u SiO: 6 nnazme cmecu CiFg + Ar 1) npomexarom ¢ cmayuonaproil
obnacmu; 2) umerom xapaxkmepnsle 4epmul UOHHO-CHIUMYTUPOSAHHOI XUMUUECKOU Peakyuu 6 pe-
JHcume mpaeienus, TUMUMUPYEMOM HOMOKOM HEUmMPAIbHbIX Yacmuy; 3) He c60000HbL OM GIUAHUA
mMoawuHsl (hmopyanepoonoli noaumeproi nienku. bvino noxazano, umo enuanue ycnosuit npoge-
O0€HUsA npoyecca mpasieHus Ha eTUYUHY IPPEKMUBHOT 6ePOANMHOCINU 63AUMOOEIICHIBUA AMOMOE
¢mopa c Si u SiO:; adexeamno xapaxmepuszyemca OMHOUWEHUAMU NJIOMHOCIMb HOMOKA NOAUMEDPOD-
Pazylouux paoukaios / niOmHoCmy ROMOKA AMomoe (mopa u Hi10OMHOCHb ROMOKA ROAUMEPOODPa-
3YIOWUX paouKanog / Ri10MHOCHL NOMOKA IHEP2UU UOHOE.
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In this work, we performed the combined (experimental and model-based) study of gas-
phase plasma characteristics and etching kinetics for both Si and SiO; in the C4Fs + Ar gas mixture.
The experiments were carried out at constant total gas pressure (p =6 mTorr), input power (W =900 W)
and bias power (Wq =200 W) while the C4Fg/Ar mixing ratio was varied in the range of 0—-75% Ar.
The data on internal plasma parameters, plasma chemistry as well as the steady-state plasma com-
position were obtained by both Langmuir probe diagnostics and 0-dimensional plasma modeling.
The etching mechanisms were investigated through the analysis of relationships between the meas-
ured etching rates and the model-predicted fluxes of active species (F atoms, polymerizing CFy
radicals and positive ions). It was found that, under the given set of experimental conditions, the Si
and SiO; etching process 1) appears in the steady-state etching regime; 2) exhibits the features of
the ion-assisted chemical reactions in the neutral-flux-limited mode; and 3) is influenced by the
fluorocarbon polymer film thickness. It was shown that the influence of input process parameters
on the effective probability of chemical reaction between Si, SiO; and fluorine atoms may be ade-
guately characterized by the fluorocarbon radicals/fluorine atoms and fluorocarbon radicals/ion

energy flux ratios.

Key words: C4Fs, reaction rate, ion energy, density, flux, etching, polymerization
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INTRODUCTION

Silicon and silicon-based compounds (SiOo,
Si3sN4 and SiC) are the basement of modern electronic
device technology being used as the wafer materials,
hard masks, semiconductor and dielectric layers [1-3].
Since the most of applications require the precision
patterning of the material surface, the development of
the dry etching process for both Si and SiO; is an im-
portant task to be solved for advanced micro- and
nano-device characteristics.

Fluorocarbon gases with a general formula of
CxHyF; are widely used in the microelectronic industry
for dry patterning of silicon wafers and dielectric
(SiO2, SizNa4) thin films [4, 5]. Among these, the CF. is
characterized by the highest F/C ratio and provides the
domination of etching over the surface polymerization
process under the typical reactive ion etching condi-
tions [5]. The more polymerizing fluorocarbons (CaFs,
C4Fs, CHF3 and CH.F,) are normally used for the etch-
ing processes which require as much as possible
SiO,/Si etching selectivity. The nearest example is the
etching of contact holes through the SiO, insulating
films to poly- or mono-crystalline silicon under layers
where one should obtain the submicron dimensions to-
gether with the high aspect ratio. Until now, there were
many works dealt with the etching processes for Si and
SiO in the fluorocarbon-based plasmas, including the
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CsFs + Ar gas mixture [3-8]. However, the most of
studies have the pure experimental nature and discuss
the etching kinetic and mechanisms only through the
relationships between input process conditions, meas-
ured etching rates and thickness of the fluorocarbon
polymer film. As a result, the existing data on the het-
erogeneous stages of the etching process are not
matched with the changes in the gas-phase plasma
characteristics. Obviously, such situation does not pro-
vide the understanding of the whole process pathway
and thus, limits the possibilities for the optimization of
etching process.

The main feature of current work is the com-
bined experimental and theoretical (i.e with the use of
plasma modeling) study of C.sFs + Ar gas system which
provides the ability for the effective matching of gas-
phase and heterogeneous chemistries. Accordingly, the
main goals of current study were: 1) to figure out how
the change in C4Fs/Ar mixing ratio influences the gas-
phase plasma characteristics, such as electron temper-
ature, energy of ion bombardment, densities and fluxes
of plasma active species; 2) to determine the relation-
ships between the gas-phase plasma characteristics and
the etching kinetics for both Si and SiO»; 3) to establish
the gas-phase-related parameters which adequately
characterize the etching/polymerization balance in the
fluorocarbon gas system with a high polymerizing ability.
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EXPERIMENTAL AND MODELING DETAILS

Plasma etching and diagnostics experiments
were performed in a planar inductively coupled plasma
(ICP) reactor [9]. All experimental series were per-
formed at a fixed total gas flow rate (q = 60 sccm), gas
pressure (p = 6 mTorr), input power (W =900 W) and
bias power (W = 200 W). The initial compositions of
C4Fs + Ar gas mixture were set by adjusting the flow
rates of the corresponding gases. Accordingly, the frac-
tion of Ar in a feed gas yar = qa/q was varied in the
range of 0-75%.

Plasma parameters were measured by double
Langmuir probe tool DLP2000 (Plasmart Inc). The
treatment of |-V curves aimed at obtaining electron
temperature (Te) and ion saturated current density (j-)
was carried out using the software supplied by the
equipment manufacturer. The calculations were based
on the Johnson & Malter’s double probes theory [10]
with the one-Maxwellian approximation for the elec-
tron energy distribution function (EEDF). The total
positive ion density (n+) was extracted from the meas-
ured j+ using the Allen-Boyd-Reynolds (ABR) approx-
imation [11].

The etched samples of Si and SiO- had the di-
mensions of about 2x2 ¢cm?. The samples were placed
in the middle part of the bottom electrode which was
equipped with the built-in water-flow cooling system.
The last was used to maintain the constant sample tem-
peratures at ~ 17 °C. The etching rates (R) for both ma-
terials were determined from the corresponding etched
depths Ah measured by the surface profiler Alpha-step
500 (Tencor) for the processing time t =60 s. In pre-
liminary experiments, it was found that the condition
1 < 300 s surely provided the quasi-linear shape for the
Ah = f(z) function and thus, the steady-state etching re-
gime. As such, one can simply assume R = Ah/r.

In order to obtain the densities of neutral spe-
cies, we developed a simplified zero-dimensional ki-
netic model with using the data of Te and n. as input
parameters [12, 13]. The set of chemical reactions was
taken from previous works [14-17]. These works also
provide the detailed discussion on both Kkinetic
schemes and sources of chemical kinetics data. Simi-
larly to Refs. [13-15], the model used following as-
sumptions: 1) the electron energy distribution function
(EEDF) is close to Maxwellian one; 2) the electroneg-
ativity of the low-pressure CsFg + Ar plasma is low
enough to assume n. << n.: ~ ne; 3) the heterogeneous
chemistry of atoms and radicals can be described in
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terms of the conventional first-order recombination ki-
netics; and 4) The temperature of the neutral ground-
state species (Tgas) is independent on the feed gas com-
position. Since the experimental data on gas tempera-
ture were not available in this study, we took Tgs = 600 K
as the typical value for the ICP etching reactors with
similar geometry under the close range of experimental
conditions [15-17].

For the analysis of heterogeneous chemistry,
the fluxes for each king of neutral species with the vol-
ume density n were calculates as I" ~ 0.25nvr, where
vt is the thermal velocity corresponding to the given
Tgas Value. Finally, the total flux of positive ions was
simply evaluated as I'+ = j+/e. The ion bombardment
energy was found as &; = -e(Uqc + Us), where Ug is the
negative dc bias on the bottom electrode provided by
Wee, and Us = 0.5TcIn(me/2.3m.) is the floating poten-
tial. The effective ion mass m. was determined from
the factional composition of neutral components with
accounting for the corresponding ionization rate coef-
ficients.

RESULTS AND DISCUSSION

The general regularities and mechanisms
which determine the gas-phase characteristics in the
CasFs-based plasmas, including the CsFs+Ar gas sys-
tem, were the subjects of detailed discussion in our pre-
vious works [15, 18]. That is why, we will just briefly
overview the corresponding data for an actual set of in-
put parameters as well as focus the attention on the is-
sues which have the principal importance for the pur-
pose of this study.

From Fig. 1(a), it can be seen that an increase
in Ar fraction in a feed gas suppresses Te (4.7-3.3 eV
for 0-75% Ar), but results in increasing both j. (1.1-
2.4 mA/cm? for 0-75% Ar) and ns = ne (3.9x10%-
9.0x10%° cm’® for 0-75% Ar). A decrease in T, toward
Ar-rich plasmas may be connected with increasing
electron energy loss in inelastic collisions [5]. A
growth in both n. and ne is because of decreasing their
losses in both volume (through decreasing rates of dis-
sociative attachment and ion-ion recombination) and
heterogeneous (through decreasing electron diffusion
coefficient and ion Bohm velocity) processes. The op-
posite changes in ne and the dissociation rate coeffi-
cients for neutral multi-atomic species (which follow
the behavior of T.) suggest the rather weak effect of yar
on the electron-impact kinetics for atoms and radicals.
In such situation, the changes in the steady-state densi-
ties of fluorine-containing neutral particles with ya, are
mainly determined by the decreasing amount of CsFsg
in a feed gas.
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Fig. 1. Measured (1-3) and model-predicted (4) plasma parame-
ters as functions of Ar fraction in C4Fs+Ar feed gas at p = 6 mTorr,

W =900 W and Wac =200 W: 1 — electron temperature; 2 — positive
ion and electron density; 3 — negative dc bias voltage on the sub-

strate holder; 4 — ion energy flux

Puc. 1. DxcnepumenTanbhbie (1-3) u pacueTHble (4) mapamMmeTpbl
TUIa3MbI B 3aBHCHMOCTH OT JI0JIM aproHa B IITa3MO00pasyromeii cMecu
C4Fs+Ar mpu p = 6 mrop, W =900 Bt and Wy =200 Bt: 1 — Temmiepa-

Typa 3JIEKTPOHOB, 2— KOHIICHTPpAaIUs MOJIOKUTECIIBHBIX NOHOB 1
OJICKTPOHOB; 3- OTPULIATCIIBHOC CMECIICHUE HAa MOJIOKKOACPIKa-

TCIC, 4 — MIOTHOCTH OTOKA OHEPTUH HOHOB

From Fig. 2, it can be seen that the dominant
neutral species in pure CsFg plasma are CFx (X = 1-3)
radicals, C2F4 and CzF3. The most of these components
either are directly formed from the original C4Fs mole-
cules (R1, R2) or appear through their first-step disso-
ciation products (R3-R5):

CsFg+e = 2CFs+ e (Rl)
CsFg+e — CsFg + CFy + ¢, (RZ)
CiFs+e — CoFs +CFa+ e (R3)
CoFs+e —2CF,+e (R4)
CoFst+e— CoFs+F+e (R5)

The high formation rate for CF radicals is pro-
vided by the electron-impact dissociations of C,Fs and
CF»through R6 and R7 while the high density of CF3
is supported by their formation in R8 and R9:

CiFst+e—>CF,+CF+e (R6)
CFo+e—>CF+F+e (R7)
C.Fs+F — CF, + CF3 (R8)
CF;+F — CFs (R9)
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Fig. 2. Model-predicted densities of neutral species as functions of
Ar fraction in CsFe+Ar feed gas: 1 — CF2, 2 — CF, 3— CF3, 4 — CaF4,
5 — CaFs, 6 — CF4, 7 - F. The process conditions correspond to Fig. 1
Puc. 2. PacuerHsle KOHICHTpalunu HeﬁTpaJ'ILHLIX YaCTHII B 3aBU-
CHUMOCTH OT JIOJIM aproHa B 1ia3mMoo0pasyromiei cmecu CaFs+Ar:
1-CF2,2—-CF,3—-CF3,4 — CaFs4,5— CaoF3, 6 — CF4, 7 - F. Yeiio-
BUsI TIPOLIECCa COOTBETCTBYIOT pHC. 1

The last process occurs effectively both in gas
phase and on the chamber surface. At the same time,
the main channels for the formation of F atoms are R7,
R10 and R11:

CFrs+e—>CF,+F+e (R10)

CF+e—C+F+e (R11)
while their decay, in addition to the heterogeneous re-
combination, is sufficiently contributed by R8. Since
the last process provides an effective conversion F —
CF./CF3, the condition [F] << [CF:], [CFs] always
takes place. An increase in yar lowers the amount of
Ca4Fs molecules coming to the reactor chamber, sup-
presses the rates of R1-R6 and results in the monoton-
ically decreasing densities of all fluorine-containing
components. The faster change of [CF3] (by 7.2 times
for 0-75% Ar) as well as the slower decrease in [F] (by
1.7 times for 0-75% Ar) are connected with the kinetics
of R8. Really, since the first reactant of R8 is produced
by R1 from the original C4Fs molecules, the transition
toward Ar-rich plasmas noticeably lowers both decay
rate for F atoms and formation rate for CF; radicals. It
is important to note that the above data on plasma pa-
rameters and densities of neutral species in C4Fe+Ar
gas system are in good agreement with the existing
model-based [16, 17] and experimental [7, 19] works.
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This allows one to assume that our model adequately
describes plasma chemistry and correctly reflects the
relationships between input process parameters and
gas-phase composition.

Fig. 3 represents the influence of C4Fg/Ar mix-
ing ratio on the etching rates for Si and SiO.. It can be
seen that an increase in yar from 0-75% results in mon-
otonically increasing etching rates for both materials
(95-134 nm/min, or by ~ 1.4 times for Si and 99-
165 nm/min, or by ~ 1.7 times for SiO,) as well as
causes the weak (by ~ 18%) growth in SiO,/Si etching
selectivity. At the same time, the flux of fluorine atoms
follows the behavior of [F] and decreases from
1.6x10%7-9.0x10'® cm?s?, or by 1.7 times for 0-75%
Ar. Obviously, such situation corresponds to an in-
crease in effective reaction probabilities yr = R/Tr for
etched materials (0.05-0.12 for Si and 0.03-0.08 for
SiO;, see Fig. 3). From previously published works [3-8],
it can be understood that etching process for both Si
and SiO- in the highly polymerizing fluorocarbon plas-
mas are controlled by F atoms, but are influences by
the fluorocarbon polymer film, deposited on the treated
surface. Since the thicker film reduces the flux of F at-
oms on the film/Si or SiO. interface compared with
that coming from bulk plasma, one can speak about the
decreasing effective reaction probability which can be
roughly expected as yr ~ 1/h, where h is the film thick-
ness. According to Refs. [5, 20-23], the basic ap-
proaches for the analysis of the fluorocarbon film dep-
osition/etching kinetics may be formulated as follows:

- The growth of the fluorocarbon polymer film
is provided by the radicals with two or more free bonds
(in our case — CF; and CF) [5, 21] as well as appears to
be faster in fluorine-poor plasmas. The last is because
the polymer surface contains the less saturated fluoro-
carbon groups and thus, easier joins the CFx species
from a gas phase) [21].

- The decomposition of the fluorocarbon poly-
mer film on the plasma/film interface is provided by
physical etching pathway with the rate of YsI'+, where
Ys ~ &i*2 [22, 23] is the averaged sputtering yield.

As such, the fluorocarbon polymer deposition
kinetics may be characterized by the T'po/Te ratio,
where T'yo is the total flux of polymerizing radicals CF
and CF. Accordingly, the parameter &I, (the so-
called ion energy flux) characterizes the fluorocarbon
film etching Kkinetics while the combination
[pol/eit?I+Te directly reflects the steady-state amount
of residual polymer (and thus, the thickness of the flu-
orocarbon polymer film) on the etched surface.
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Fig. 3. Measured etching rates (1, 2) and model-predicted effec-
tive reaction probabilities with fluorine atoms (3, 4) for SiO2 (1,
3) and Si (2, 4) as functions of Ar fraction in C4Fs+Ar feed gas.
The process conditions correspond to Fig. 1
Puc. 3. DxcniepuMeHTaNBHBIE CKOPOCTH TpaBieHus (1, 2) u pac-
4eTHbIe () (EKTUBHBIC BEPOSITHOCTH B3aMOJICHCTBHS C aTOMaMH
¢dropa (3, 4) nnst SiOz2 (1, 3) u Si (2, 4) B 3aBUCUMOCTH OT JTOJTH
aprosa B ma3moo6pasyroieii cmecu CaFst+Ar. YcmoBust npo-
1ecca COOTBETCTBYIOT puc. 1

From plasma modeling results, it was found
that the behaviors of T'r and I'po follow the densities of
corresponding species shown in Fig. 2. Accordingly,
an increase in ya, results in monotonically decreasing
I'r (1.6-10%7-9.0-10% cm?s%, or by 1.7 times, for 0-75%
Ar), Tpo (2.0-1018-5.7-10Y cm?s?, or by 3.5 times, for
0-75% Ar) and Tpoi/Tr ratio (12.8-6.3 for 0-75% Ar, see
Fig. 4(a)). From Fig. 1(b), it can be seen also that the
transition toward Ar-rich plasmas results in decreasing
both -Uq. (278-226 V for 0-75% Ar) and ion bombard-
ment energy (si = 307-246 eV for 0-75% Ar). How-
ever, this tendency is completely overcompensated by
increasing ion flux (I'+ = 6.6-10-1.5-10% cm?s? for
0-75% Ar), so that the parameter &'I". shows the
growth in the range of 1.2-10'7-7.9-10* eV¥2cm s, It
is important to note that the mentioned change in
Ioo/Tk is in good agreement with the experimentally
measured fluorocarbon polymer deposition rates from
Refs. [6, 24]. Also, the change of &*2I", versus C4Fs/Ar
mixing ratio has a good agreement with measured flu-
orocarbon polymer etching rates in C4Fs: + Ar plasma
[6, 24]. These facts confirm that the above gas-phase-
related parameters adequately reflect the influence of
operating conditions on both fluorocarbon polymer
deposition and etching kinetics. Accordingly, the com-
bination of decreasing I'po/T's and increasing &I’
provides the monotonic decrease in IpoleiI+Te
(1.1-106-2.7-10Y7 eV-Y2cm?s for 0-75% Ar) that points
out on the decreasing thickness of the fluorocarbon
polymer film. Earlier, the experimental work of Matsui
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et al. [7] also pointed out on the decrease in the poly-
mer film thickness on Si and SiO, with decreasing frac-
tion of C4Fs gas in C4Fs + Ar + Oz plasma with fixed
Ar/O2 mixing ratio. Finally, Fig. 4(b) represents the
correlation between effective reaction probabilities and
the Tpo/eitI. Tk ratio. The shape of the curves is quite
close to that obtained in experiments for the correla-
tions of the fluorocarbon film thickness with Si and
SiO; etching rates [6-8]. Obviously, the increase in ef-
fective reaction probability due to decreasing h ~
[pol/ei?IsTr toward Ar-rich plasmas overlaps the fall
of I'r and leads to increasing R = yrI['r. In fact, this rea-
sonably explains why an increase in Ar fraction in
C4Fs+Ar gas mixture accelerates the Si and SiO; etch-
ing processes at constant operating conditions.
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Fig. 4. Model-predicted parameters determining the SiO2 and Si etching
Kinetics in CaFs+Ar plasma. In Fig. a): 1 — TpolTr; 2 — Tpoll (62T +TF),
10", In Fig. 6): 1 — SiO2; 2 — Si. The process conditions corre-
spond to Fig. 1
Puc. 4. PacueTHble mapameTpsl, ONpeessIoNye KHHETUKY TPaBJIeHuUs
SiO2 u Si B nnasme CaFs+Ar. Ha puc. a): 1 — TpolTF; 2 — poll (12T +TF),
10'Y. Ha puc. 6): 1 — SiO2; 2 — Si. Ycnosus npomuecca
COOTBETCTBYIOT puc. 1

Certainly, one can understand that the pro-
posed mechanism provides mainly the qualitative anal-
ysis of etching process due to the evident simplifica-
tions in primary assumptions. Particularly, the C4Fs/Ar
mixing ratio may also influence the effective reaction
probability through the chemical composition of the
fluorocarbon polymer film which determines the film
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permittivity for etchant species, sputtering yield, etc.
However, since the given phenomenological approach
provides the same results with numerous experimental
studies, it can be an effective tool for obtaining the in-
formation on the etching process kinetics as well as for
etching process optimization.

The reported study was funded by RFBR ac-
cording to the research project Ne 18-37-00064 mol_a.
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