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Ilposedeno cpasnumensnoe ucciedosanue I1eKmMpPoOPuU3ULECKUX RApAMempos niaa3mol,
CMAYUOHAPHO20 COCIMABA 2a30801i (ha3bl U 3AKOHOMEPHOCHIEN PeaKmMUHO-UOHHO20 mpagienusn Si u
SiO2 ¢ nnazme ounapnvix cmeceit CFs + Ar u CaFs + Ar 6 ycnosusnx undykyuonnozo B4 13,56 MI'y
pazpaoa. QuKcupoGaHHbIMU NAPAMEMPAMU NPOUECCA ABTIATIUCH OA6IeHUe HA3MO00PA3yIouezo 2a-
3a (6 mmop) u ypoeHuU MOWHOCHIU, NOOBGOOUMOTL OM UCHIOUYHUKOB 6030yicoenun naazmul (700 Bm)
u cmeuienusn (200 Bm). Cxema ucciredosanus e6KIo4anla OUAZHOCHIUKY NIA3Mbl 30HOAMU
Jlanemiopa u 0-mepnoe (2n106anvnoe) modenuposanue naazmoxumuueckux npoveccoe. Ilokazano,
Ymo ucciedo6anHvle cmMecu HPOAGNAIOM OIU3KUE CEOIICHEA WOHHOU KOMHOHEHMbl NA3Mbl U
INEKMPOHHO20 2a3A, HO XAPAKMEPUYIOMCA CYUeCHEEHHBIMU OMIUYUAMY 6 KUHEMUKE AmoMO6 U
paouxanos. Ocovennocmamu cucmemsl CsFs + Ar 6 uccnedosannom ouanazone ycioeuil A6na0mMcsa
bonee 6bICOKUE KOHUECHMPAUUU ROAUMEPOOPAYIOUWUX PAOUKATI08, MEHbUIUE KOHYEHMPAYUU amo-
Mo06 pmopa u Honee cnadasa 3agucumocmp ux Konyenmpayuu om 0oau Ar ¢ cmecu. Ilpu uccnedo-
6aHUU KUHEMUKU MPAGIEHUA YCMAHOGIEHO, YMO a) yeenuuenue 00au ap2oua é cmecax CFs+ Ar u
CaFs + Ar conpososrcoaemca kauecmeenno paznuunvlm usmeHenuem cKopocmeii mpaenenus Si u
SiOz; u 6) naonwoaemvie 3a6ucumocmu ckopocmu om 0oau Ar 6 06eux cmecax He co2nACylOmMca ¢
noeedenuem NAOMHOCIMU HOMOKA AMOMO6 pmopa. Ouesuono, umo maxkas CUMyayus coOmeem-
CmEyem u3MeHeHUI0 6ePOAMHOCHU 63AUMOOCIICIEU AMOMO8 C 00paAdamvleaemMoll NOGEPXHOCHIBIO.
Ilpeononosceno, umo pocm cooeprcanus Ar ¢ cmecu CFs + Ar co cnaboii nonumepusayuonnoi
Hazpy3Koil Ha oopadampléaemylo HOGEPXHOCMb AKMUBUPYEM 2eMEPOZEHHbIE XUMUYECKUe PeaKyuu
3a cuem uHmMeHCUDUKAUUU UOHHO-CIUMYIUPOBGAHHON OecopOuUU NPOOYKMOE MpAaeieHUus w/uiu
amopuzauyuu nosepxnocmu. Iloooonsiit 3hpgpexm ¢ cmecu CsFs + Ar ¢ gvlcokoit nonumepuzayuon-
HOUl HAZPY3KOU MOXMCem Oblmb OMHECEH K CHUMNCEHUIO MOUUHbL MOopyenepoonoil noaumepHoil
naeHKu, ymo oonezyaem oocmyn amomos F k oopabamuvieaemoii nosepxHocmu.

KmoueBbie ciaoBa: Si, SiOz, TpaBieHue, moMMepu3alys, MOTOK aTOMOB (Topa, MOTOK SHEpPruu
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The comparative study of plasma electro-physical parameters, steady-state gas phase

compositions and reactive-ion etching Kinetics for Si and SiO: in binary CF4 + Ar and CsFs + Ar
gas mixtures were studied under conditions of 13.56 MHz inductive RF discharge. As fixed input
parameters, we used the total pressure of feed gas (6 mTorr) as well as power levels supplied by
plasma excitation source (700 W) and bias source (200 W). The investigation approach combined
plasma diagnostics experiments with double Langmuir probe and 0-dimensional (global) model
for the chemistry of neutral species. It was shown that investigated gas mixtures exhibit quite
close properties in respect to both ions-related parameters and electron gas while are character-
ized by sufficient differences in kinetics of atoms and radicals. The features of C4Fs + Ar gas un-
der the given set of processing conditions are the higher density of polymerizing radicals, the low-
er density of F atoms as well as the weaker sensitivity the last parameter to the change in Ar frac-
tion in a feed gas. Etching experiments indicated that a) an increase in Ar fraction in CFa4 + Ar
and CsFs + Ar gas mixtures results in qualitatively different changes in Si and SiO: etching rates;
and b) obtained dependencies of etching rates on Ar fraction in both gas mixtures contradict with
the behavior of F atom flux. Obviously, such situation corresponds to the change in reaction
probability of F atoms with the treated surface. It was suggested that an increase of Ar fraction in
the low-polymerizing CF4 + Ar plasma activates the heterogeneous chemical reaction through the
intensification of ion-stimulated desorption of etching products and/or surface amorphization.
The similar effect for the high-polymerizing CsFs + Ar plasma may be related to decreasing fluo-
rocarbon film thickness that provides the better access of F atoms to the etched surface.

Key words: Si, SiOz, etching, polymerization, fluorine atom flux, ion energy flux, effective reaction probability

INTRODUCTION

Until now, silicon-based electronic devices
continue to play the leading role in various branches
of industry and science. The chemical basement of
such devices is the silicon itself (as the substrate ma-
terial) as well as various functional over- and under-
layers which build the device structure. Among those,
silicon dioxide plays an important role being used as
gate dielectric, spacer material and passivating coat-
ing [1-3].
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As real devices always have the complicated
multi-level architecture, their fabrication procedure
mandatory includes the patterning (the dimensional
etching) of various silicon-based materials (SiOz,
SisN4, SiC) together with the silicon itself. In order to
satisfy requirements to device dimension and perfor-
mance, one mostly uses the reactive-ion etching (RIE)
technique with fluorocarbon gas plasmas [2-4]. Such
favorable combination provides the ability to adjust
the output process characteristics (etching rate, anisot-
ropy factor and etching selectivity) through contribu-
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tions of chemical and physical etching pathways as
well as through the balance between etching and sur-
face polymerization. Accordingly, there were many
experimental studies reported about RIE kinetics and
mechanisms for Si and SiO: in various fluorocarbon
gas systems (for example, Refs. [5-13]). When sum-
marizing basic features of both etching and polymeri-
zation processes on the plasma-etched surface inter-
face, following conclusions can be made:

— The chemical etching pathway under
conditions of conventional RIE process (gas pressure
below 50 mTorr, ion bombardment energy above 200 eV)
is mainly provided by F atoms.

— The chemical interaction of F atoms
with Si surface occurs spontaneously even at nearly
room temperatures (due to the formation of high vola-
tile SiF4) and exhibits the weak sensitivity to the ion
bombardment with energies below ~ 100 eV. Never-
theless, Si etching rate in high-polymerizing plasmas
is controlled not only by the F atom density, but also
depends on ion fluxes and ion energies. The latter
reflects the contribution of the sputter etching as well
as is caused by the change in polymer film thickness
that influences the access of F atoms to the etched
surface.

— The chemical interaction of F atoms
with SiO2 surface has the sufficient energy threshold
(as the Si-O bond of ~ 799 kJ/mol is stronger than the
Si-F one ~ 552 kJ/mol [14]) and cannot occur sponta-
neously at typical process temperatures. Due to this
reason, the chemical etching of SiO2 by F atoms re-
quires preliminary Si-O bonds breaking by the ion
bombardment and thus, is controlled by the ion flux at
€i < 200 eV. At the same time, the higher ion energies
lead to the domination of the chemical etching path-
way controlled by the F atom flux. At least, SiOzetch-
ing rate in the CF4 + Oz plasma shows the maximum
at 30-40% Oq, as it was repeatedly mentioned for F
atom density [15-17].

— An effective tool to adjust the balance
between etching and polymerization effects is to mix
a fluorocarbon gas with Ar and/or O:[1, 2, 18]. The
fraction of additive component does influence kinetics
of F atoms and polymerizing radicals in a gas phase
as well as changes decomposition rates of fluorocar-
bon polymer films through both physical and chemi-
cal mechanisms. The steady-state thickness of poly-
mer film on SiO: is lower than that on Si under one
and the same processing conditions [5-7]. The reason
is etching of polymer by oxygen atoms on the
film/SiO2 interface [18].

When analyzing above results, one can for-
mulate at least two important problems which require
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more attention and research efforts. First, most of ex-
perimental works did not discuss both etching and
polymerization effects with accounting for plasma
parameters and plasma chemistry. As such, even very
detailed and accurate studies [5-11] said nothing
about mechanisms which transfer the change in oper-
ating conditions to heterogeneous process kinetics.
And secondly, data for various gas systems and mate-
rials correspond to different processing conditions and
reactor types. Accordingly, since those cannot be
compared directly, some uncertainty in the selection
of optimal gas chemistry for the purpose of given RIE
process still does exist.

Our previous works suggested the advanced
investigation scheme which combines etching exper-
iments with plasma diagnostics by Langmuir probes
and modeling of plasma chemistry [12, 13, 19-21].
Such an approach allowed one a) to understand how
processing parameters do effect on electrons- and
ions-related plasma characteristics; b) to determine
key gas-phase reaction pathways influencing steady-
state densities of F atoms and polymerizing radicals;
and c¢) to analyze etching mechanisms with model-
predicted fluxes of plasma active species. The main
idea of given study was to above research scheme to
RIE process of Si and SiO2z in CFs + Ar and CsFs+ Ar
plasmas. Since corresponding fluorocarbon compo-
nents are very different in their polymerizing abilities
[18], the comparative study may clearly demonstrate
differences in corresponding etching regimes.

EXPERIMENTAL AND MODELING DETAILS

Experimental setup and procedures

Both plasma diagnostics and etching experi-
ments were performed in the planar inductively cou-
pled plasma (ICP) reactor, the same as that used in
our previous studies [12, 13]. Plasma was produced
using the 13.56 MHz rf generator connected to the 5-
turn copper coil on the top side of reactor chamber.
Another rf power source with 12.56 MHz biased the
bottom electrode. The latter was to set the ion bom-
bardment energy according to the negative dc bias
voltage (-Udc). Constant processing parameters were
total gas flow rate (g = 40 sccm), gas pressure (p = 6
mTorr), input power (Winp = 700 W) and bias power
(Wae = 200 W). As a variable value, we used the
component mixing ratio in a feed gas. This parameter
was adjusted by partial flow rates of individual gases
(gi) within the constant total gas flow rate. Therefore,
the composition of gas mixture coming to the reactor
chamber was characterized by component fractions of
yi = qiQq.

Plasma diagnostics by the double Langmuir
probe (DLP2000, Plasmart Inc.) delivered data on
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electron temperature (Te) and ion current density (J+).
The treatment of measured voltage-current curves
followed for the well-known statements of the double
Langmuir probe theory [22]. In order to minimize the
contamination of probe tips by the fluorocarbon pol-
ymer, these were treated before and after each meas-
urement in the 50% Ar + 50% O: plasma [19-21].

Etching kinetics for Si and SiO2 were studied
using fragments of non-oxidized or oxidized Si(100)
wafer. Etched samples with a size of ~ 2x2 cm were
placed on the bottom electrode and centered in radial
direction. The bottom electrode had a built-in water-
flow cooling system that allowed one to maintain its
temperature (Ts) at the nearly constant value within
the processing times © ~ 5 min. The small sample size
allowed one to neglect the loading effect as well as to
provide the etching regime controlled by heterogene-
ous process kinetics. Etched depths (Ah) were deter-
mined using the surface profiler (Alpha-Step 500,
Tencor) for the processing time t = 1 min. For this
purpose, we developed a partial surface masking by
the photoresist AZ1512 with a thickness of ~ 1.5 um.
The quasi-linear shape of Ah = f(t) curves in both gas
systems pointed out on the steady-state etching re-
gime. Accordingly, Si and SiO: etching rates were
simply calculated as R = Ah/r.

Plasma modeling

Relationships between gas mixing ratios and
steady-state densities of plasma active species were
studied using a simplified O-dimensional (global)
model. Detailed information on model assumptions
and algorithm may be found in Refs. [12, 13, 21]. Ki-
netic schemes (sets of reactions with related rate coef-
ficients) were taken from our earlier works devoted to
of CF4 + Ar/Oz [16, 23, 24] and CsFs + Ar/O2 [13, 20,
21] plasmas. These works have confirmed that a com-
bination of given kinetic schemes with given model-
ing approach allows one to obtain the correct descrip-
tion of plasma chemistry in gas systems of our inter-
est. As input model parameters, we used experimental
data on Te and J+. The latter yielded the total density
of positive ions n+ as well as the electron density ne
under an assumption of ne = n+. The neutral gas tem-
perature (Tgs) was assumed to be ~ 600 K, as the typ-
ical value for close processing conditions, reactor type
and geometry [12, 13]. As output parameters, we ob-
tained steady-state densities of neutral species and
their fluxes to the treated surface.

Phenomenological analysis of heterogeneous
kinetics

The basic features of reactive-ion etching
processes in fluorocarbon-based plasmas have been
discussed in detail in Refs. [5-13, 19, 21, 28]. Accord-
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ing to these works, basic approaches for the analysis
of etching and polymerization Kkinetics may be sum-
marized as follows:

— Under conditions of conventional RIE pro-
cess, the measured etching rate R represents the com-
bination of two summands, Rphys + Rchem. These corre-
spond to sputter and chemical etching pathways, re-
spectively.

— The rate of physical etching pathway Rphys (in
our case — the sputtering of both target surface and
fluorocarbon polymer film, the breaking of Si-O
bonds and the desorption of low-volatile reaction
products) is YsI'+, where Ys is the ion-type-averaged
process yield, and '+ ~ J+/e is the ion flux. When tak-
ing in mind that Ys ~ (Miei)*?, the change in any
physical etching pathway may be traced by the pa-
rameter (Miei)“?I"+, characterizing the ion energy flux.

— The rate of chemical etching pathway Rchem
(in our case — the interaction of F atoms with Si and
SiOz surfaces) is yrI'r, where I'r is the flux of F atoms
with the gas-phase density [F], and yr ~ So(1-0) is the
effective reaction probability. The last parameter ex-
hibits the exponential-like dependence on the temper-
ature of etched surface (through the sticking coeffi-
cient so, as follows from the Arrhenius law) as well as
is sensitive to any plasma-related factor influencing
the balance between free adsorption sites (1 - 6) and
those passivated by reaction products and/or non-
reactive species 0. In polymerizing plasmas, yr de-
creases with increasing thickness of the fluorocarbon
polymer film when the latter reached the threshold
thickness that provides I'e’/T'r << 1, where T’ is the
flux of F atoms on the polymer film/etched surface
interface.

— The growth of polymer layer is provided by
CFx (x = 1, 2) radicals as well as appears to be slower
in fluorine-rich plasmas. Therefore, the I'pol/TF ratio,
where T'poi is the total flux of polymerizing radicals,
surely characterizes the polymer deposition rate, and
the parameter Ipol/(Miei)*?I':T'r traces the change in
the polymer film thickness.

RESULTS AND DISCUSSION

Correlations of processing conditions (gas
pressure, input power and bias power) with electrons-
and ions-related plasma parameters in CF4 and CaFs
gases have been studied in earlier works [24-27]. Due
to this reason, below we will analyze only on differ-
ences between CFs + Ar and CsFs + Ar plasmas under
the condition of p, Winp = const. According to Table,
the main features may be formulated as follows:

— The electron temperature exhibits systemati-
cally higher values in CsFs + Ar plasma as well as is
characterized by somewhat different change vs. Ar
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content in a feed gas. The first phenomenon looks
rather unexpectedly, as the CsFs plasma contains big-
ger multi-atomic species (Fig. 1) with potentially
more effective electron energy loss channels. At the
same time, the total density of CzF4, CoFs and CF4
compounds in this gas system is lower compared with
that for less-saturated CFx (x < 3) radicals. As such,
assuming that exactly these species provide the major
electron energy consumption in CsFs plasma, higher
Te values may be related to lower energy losses for
vibrational and electronic excitations compared with
those for CFsmolecules. An increase in Ar fraction in
CF4 + Ar mixture lowers electron energy loss for ex-
citations of fluorocarbon species, but causes the near-
ly-proportional increase in the energy loss for ioniza-
tion. The last effect is due to the condition eiki <
g2k2, where R1: CFs+e — CFs" + F+2e (e1=15.9 eV,
ki = 1.6x10° cm®/s at Te = 3 eV) and R2: Ar + ¢ —
Ar' +2e (s2=15.6 eV, ka=3.0x10° cm¥s at T, = 3
eV). That is why the change in CF4/Ar mixing ratio at
p, Winp = const results in Te ~ const. At the same time,
and increase of yar in CaFs + Ar plasma causes the
much stronger increase in electron energy losses for
ionization because of e3ks < e1ki, where R3: CF2+e —
— CF2" +2e with e3=10.0 eV and ks = 2.1x10®° cm?/s
at Te = 3 eV. Such situation produces a decrease in Te
toward Ar-rich plasmas.

Table

Electrons- and ions-related plasma parameters in
CFs + Ar and CsFs + Ar plasmas
Tabnuya. IlapaMmeTpsl 3J1eKTPOHHOI 1 HOHHOM
xomnonent B miasme CF4 + Ar and CsFs + Ar

YA, CF4+ Ar CsFg+ Ar

% |[Te, eV/| Ny, cm® | -Ug,V |Te, V| Ns, cm® | -Uge, V
0 3.6 | 4.4.10'° | 262 4.7 | 3.9.10° | 278
25 | 3.6 | 45.10° | 249 45 | 44.10'° | 249
75 | 3.8 | 5.8.10%° | 188 3.8 | 8.3.101° | 198

— The plasma density exhibits quite close abso-
lute values in both gas systems as well as is character-
ized by similar changes vs. Ar content in a feed gas. A
bit higher n. in pure CF4 plasma at yar < 30% is due to
slower ion transport to chamber walls under the con-
dition of close total ionization frequencies, as follows
from ki~ ks. An increase in both n+and ne toward Ar-
rich plasmas is provided by the growth in total ioniza-
tion frequencies. Such situation results from a combi-
nation of two conditions, such as a) the domination of
k2 over ki and ksdue to higher ionization cross-section
for Ar atoms; and b) the effective ionization of meta-
stable atoms Ar™ = Ar(®Po..2) through R4: Ar™ + e —
— Ar* + 2e. The systematically higher ion current
density (and thus, the ion flux) in the CsFs + Ar
plasma (J+ = 1.05-2.36 mA/cm? for C4Fs + Ar vs.
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0.95 — 1.63 mA/cm? for CF++ Ar and at 0-75% Ar)
is due to differences in masses and transport coeffi-
cients for dominant positive ions.

— The negative dc bias at Wae = const exhibits
slightly higher values in C4Fs + Ar plasma as well as
always decrease with increasing yar. That is why,
there are no principal differences in both absolute
values and tendencies for ion bombardment energies.
Corresponding ranges are 284-210 eV for CFs + Ar
and 308-220 eV for CaFs + Ar at 0-75% Ar. As a re-
sults, the C4Fs + Ar plasma provides the systematical-
ly higher ion bombardment intensity, as can be seen
from differences in (Mie)*’T'+ (Fig. 2).

In the CF4 + Ar plasma, dominant fluorine-
containing components are CFs molecules together
with CFs radicals and F atoms (Fig. 1(a)). The de-
creasing densities of CFx radical toward lower “x”
values ([CFs] > [CF2] > [CF] [24, 25]) is due to their
consequent formation mechanism in R5: CFx + ¢ —
CFx1 + F + e as well as because of higher heteroge-
neous loss probabilities (sticking coefficients) for
lower saturated CFx species. The main formation
pathways for fluorine atoms are R1 and R5 with x =3
and 4. The loss of fluorine atoms is mainly due to a
couple of heterogeneous processes R6: F + F — F
and R7: F + CFx — CFx+1 while corresponding gas-
phase counterparts contribute the total recombination
rate by less than 10%. The dilution of CF4 by argon
does not introduce new process for the production of
F atoms, but influences the electron impact dissocia-
tion Kinetics for CFx species due to the simultaneous
increase in Te and ne. In particular, one can obtain an
increase dissociation frequencies (16.1-34.3 s* for
CFsin R1 + R5, 28.7-51.1 s*for CFs in R5 and 40.1-
74.2 s for CF in R5 at 0-75% Ar) as well as slower
changes in densities of F atoms (by ~ 1.8 times at 0-
75% Ar) and polymerizing radicals (by ~ 1.4 times
for [CF] + [CF2] at 0-75% Ar).

In the CsFs + Ar plasma, dominant F atom
carriers are fluorocarbon components CFx (x = 1, 2, 3)
and CaoFx (x = 3, 4) [22, 26, 27] (Fig. 1(b)). These are
either first-step dissociation products appeared
through R8: C4Fs + e — 2C2F4+ e and R9: CsFs+ ¢ —
— C3Fs + CF2 + e or fragments from the further de-
composition of corresponding species in electron-
impact processes. Among latters, the most important
are R5 for x = 2, R10: CsFs + ¢ — CaFs + CF2 + ¢,
R11: CoFs+e — 2CF2 + e and R12: CoFs + e — CoFs +
+F + 2e. The main source of F atoms is represented by
R5 for x = 1, 2, 3 while their decay is noticeably contrib-
uted by R13: CoFs + F — CF2 + CFs (Kis ~ 4-10™ cm?/s).
An increase in yar does not affect the efficiency of
electron-impact reactions (due to opposite changes in
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Te and ne) and thus, causes the nearly proportional
decrease in densities of fluorocarbon radicals (for ex-
ample, by ~ 3.8 times for [CF] + [CF2] at 0-75% Ar).
At the same time, the effect of yar on the F atom den-
sity is much weaker (by ~ 1.7 times at 0-75% Ar) and
is comparable with that in CF4 + Ar plasma. The last
feature is not connected with electron-impact kinetics,
but comes from the rapidly decreasing F atom decay
frequency in the gas-phase reaction R13.

Above data allow one to conclude that the
Ca4Fs+ Ar plasma provides the much higher density of
polymerizing radicals (mostly due to higher formation
rates of CF2 in R9, R11 and R13) while demonstrates
only a bit lower density of F atoms (mostly due to
their higher decay frequency in R13). Accordingly,
the difference between fluxes of polymerizing radi-
cals and polymer deposition rates in these gas systems
reaches two orders of magnitude (Figs. 2(a, b)). The
similar gap is also between steady-state thicknesses of
polymer films, as can be seen from Fig. 2(d). The last
conclusion is in the evident agreement with F/C ratios
for corresponding fluorocarbon molecules.

1014

-3

crease of yar in the CsFs + Ar plasma leads to the
nearly proportional (by ~ 3.8 times at 0-75% Ar) de-
crease in the parameter I'pol/(Mici)¥*+Ir and thus,
causes the similar change in the polymer film thick-
ness. As such, the variation of CsFs/Ar mixing ratio
provides a real tool to adjust both polymer film thick-
ness and related output characteristics of RIE process.

In etching experiments, it was found that
etching rates of Si and SiOzin pure Ar plasma (in fact,
rates of physical sputtering, Rpnys) are quite close and
do not exceed 10 nm/min. Obviously, corresponding
values are much lower compared with those measured
in fluorocarbon-containing gas mixtures, as shown in
Fig. 3. When analyzing these data together with fluxes
of plasma active species, some suggestions about
etching mechanisms and related effects can be made.
First, the condition Rphys << R means that the domi-
nant etching pathway in all cases is the ion-assisted
chemical reaction. Second, identical shapes of R =
f(yar) curves for Si and SiO: for each gas system
probably reflect the situation that corresponding etch-
ing processes are provided by same active species and
have same limiting stages. At least, this sug-
gestion is supported by the experimental
study made by Standaert et. al [5]. And third-
ly, the evident dissimilarity in etching rate
behaviors in Figs. 3(a) and 3(c) point out on
different etching regimes in CFs- and CaFs-
based plasmas. According to previous etch-
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Fig. 1. Steady-state densities of neutral species in CF4 + Ar (a)
and CaFs + Ar (b) plasmas. Black bars correspond to pure fluoro-
carbon gas while grey bars are for mixtures with 50% Ar
Puc. 1. CtaunoHapHble KOHIIGHTPAUHU HEHTpaIbHBIX YaCTHI] B
mia3me CF4 + Ar (a) and CaFs + Ar (6). UepHBle CTONIOIBI OTHO-
CATCS K YUCTOMY (TOPYTIIEpPOIHOMY Ta3y, a Cephle - K CMECSIM,
conepxkauM 50% Ar

Important features of the CF4+ Ar plasma are
nearly constant values of Tpol/T'r and Tpod(Migi) 2T+ T
under the condition of yar = 0-75%. In fact, this points
out on the weak effect of CF4/Ar mixing ratio on both
polymer deposition rate and its residual amount on
the plasma-treated surface. Similar results were ob-
tained in Ref. [5] by experiments. Oppositely, an in-
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ing experience, one can suggest that the low-
polymerizing CF4+ + Ar plasma is featured by
a  the ion-assisted chemical reaction under the
condition of thin or even non-continuous

polymer film.  Oppositely, the high-
polymerizing C4Fs + Ar plasma provides the

etching regime controlled by the polymer
thickness through the transport of etchant

. species to the film/etched surface interface.

B In order to verify above suggestions
concerning etching regimes, it is necessary to

analyze correlations between Rcrem and fluxes of
plasma active species. In particular, non-monotonic Si
and SiO2 etching rates from Fig. 3(a) contradict with
monotonic changes in both (Mie)?I"s and T'r as well
as correspond to monotonically increasing effective
reaction probabilities yr = Rehem/T'r (Fig. 3b), where
Rerem = R - Rpnys. Obviously, an increase in yr with
increasing Ar fraction in a feed gas cannot be associ-
ated with the polymer film thickness, as follows from
very weak changes of both Tpo/Tr and Tpol/(Migi) YT+
in the range of 0-75% Ar. At the same time, the good
correlation between yr and (Miei)*T"+ (Fig. 2c) allows
one to assume that the ion bombardment activates
heterogeneous chemical reaction through both desorp-
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tion of reaction products and formation of adsorption
sited for F atoms. In fact, this is a typical situation for
the ion-assisted chemical reaction in non-polyme-
rizing plasmas [18, 29, 30]. In addition, similar etch-
ing behaviors for Si and SiO:z surely mean that the
SiO2 etching rate is not limited by the production of
adsorption sites for F atoms in the ion-driven process
SiOx(s.) — Si(s.) + xO. Probably, such situation re-
sults from the high ion energy flux that provides the
fast destruction of oxide bonds on the plasma-etches
surface interface.

Monotonically increasing Si and SiO: etching
rates from Fig. 3(c) also contradict with the change of
I'rand also correspond to increasing effective reaction
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probabilities (Fig. 3d). The main difference with a
previous case is that the change of yr not only follow
the tendency of (Miei) "+, but also demonstrates an
agreement with a decrease in the polymer film thick-
ness, as can be seen from Fig. 2(d). Taking into ac-
count high polymerizing ability of C4Fs-based plas-
mas, one can reasonably suggest that a) the RIE etch-
ing process in pure CsFs plasma is limited by the
transport of etchant species through the thick polymer
film; and b) the transition to Ar-rich plasmas activates
chemical reaction by providing the better access of F
atoms to the etched surface. Therefore, the formally
similar changes in yr Vvs. yar in CFs + Ar and CsFs +
Ar plasmas are caused by different mechanisms.
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Fig. 2. Gas-phase-related parameters characterizing kinetics of etching and polymerization processes in CF4 + Ar (1) and CaFs + Ar (2)
plasmas: a) total flux of polymerizing radicals; b) I'pol/T'r ratio characterizing the polymer deposition rate; ¢) parameter (Miei)*2T'+ char-
acterizing the polymer physical etching (sputtering) rate; and d) parameter Ipol/(Migi)2I'+I'r which traces the polymer film thickness
Puc. 2. TTapameTpsl Ta30B0i# (a3sl, XapaKTepU3YOIIHe KHHETHKY TpaBiieHus u nonuMepusaun B miazme CFa + Ar (1) u C4Fs + Ar (2):
a) CyMMapHbIi MOTOK MOJUMEPOOpasyouX paaukaios; 0) oTHomenue [ pol/I'F, XapakTepu3yoliee CKOPOCTh OCAKACHHS MOJIUMEPA; B)
mapametp (Migi)Y2I'+, XapakTepu3yomuii CKOpOCTh TpaBIeHHs MoauMepa; 1 ¢) mapametp I pol/(Migi) 2+ 'F 0TCIeKHBAIOITHIT TONIIHHY
MOJIMMEPHO MJIEHKU
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Fig. 3. Etching rates (a, ¢) and effective reaction probabilities for F atoms (b, d) CF4 + Ar (a, b) and C4Fs + Ar (c, d) plasmas
Puc. 3. Ckopoctu Tpasienus (a, b) 1 3¢ deKTHBHBIC BEpOATHOCTH B3aUMOIeHCTBUsI 171 aToMOB ¢rropa (C, d) B rutazme CFa + Ar (a, b)
and CsFs + Ar (c, d)

CONCLUSIONS

In this work, we discussed in a comparative
scale reactive-ion etching Kinetics and mechanisms
for Si and SiOz in CF4 + Ar and C4Fs + Ar plasmas.

It was shown that an increase in Ar faction in
a feed gas always a) results in sufficient changes in
plasma density (due to changes in total ionization
rate); b) increases the intensity of ion bombardment;
and c) causes the lower-than-proportional decrease in
F atom density. The last phenomenon is due to either
an increase in electron-impact dissociation frequen-
cies for CFx species (in the case of CFs + Ar plasma)
or a decrease in F atom loss frequencies in gas-phase
reactions (in the case of C4Fs + Ar plasma). Specific
features of CsFs + Ar plasma under the given set of
processing conditions are the higher polymerization
ability (as follows from lower F/C ration in the origi-

32

nal fluorocarbon molecule) as well as the lower F at-
om density. It was found that the dominant etching
mechanism in all cases is the chemical etching path-
way while corresponding etching rates do not follow
the behavior of F atom flux. This fact points out on
the process-condition-dependent effective reaction
probability for F atoms. The analysis of correlations
between effective reaction probability and gas-
phase-related plasma parameters allowed one to
suggest limiting stages and etching regimes. As a
result, it was concluded that the formally similar
changes of effective reaction probability for F atoms
in CFs4 + Ar and C4Fs + Ar plasmas are due to differ-
ent heterogeneous effects.

The research were carried out within the
framework of the state assignment of the Federal
State Institution «Scientific Research Institute for Sys-
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tem Analysis of the Russian Academy of Sciences»
(fundamental research) on subject No. 0580-2021-
0006 “Fundamental and applied research in the field
of lithography limits in semiconductor technologies
as well as physical and chemical etching processes
for 3D nanometer dielectric structures for the devel-
opment of critical technologies for the production of
ECB. Investigations and developments of both models
and constructions for microelectronic elements in the
extended temperature range (from -60C to +300C) ".

Paboma evinonnena 6 pamxax 2ocyoap-
cmeennoeo 3aoanus OI'Y OHI] HUUCH PAH (npo-
gedenue PYHOAMEeHMAIbHbIX HAYYHBIX UCCTEe008AHULL)
no meme Ne 0580-2021-0006 « @ynoamenmanvuvie u
NpUKIAoHble UCCiedosanus 6 obaacmu aumozpagpu-
YecKux npeoenos noIynpPOEOOHUKOBLIX TMEXHONOSUL U
usuro-xumuyeckux npoyeccos mpasnenus 3D Hano-
MEMPOBLIX OUINEKMPUYECKUX CIMPYKIYP OAs1 PA36U-
musi Kpumuveckux mexrono2uti npoussoocmea IKP.
Hccnedosanue u nocmpoerue mooenetl u KOHCMpPYKYui
SNIEMEHMOB MUKPOITIEKMPOHUKU 6 PACUIUPEHHOM OUd-
naszowne memnepamyp (om -60C do +300C)».
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