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Hccneoosansl xapakmepucmuKku 2a3060il hazvl u KUHEMUKA PEAKMUBHO-UOHHO20 MPAG-
aenus ouoxcuoa kpemuus ¢ naasme CFiJCsFg/Ar/He npu eapvuposanuu coomuouteHus
CF4/CsFsu nomenyuana cmewjenus 6 pesicume manoii (~ 0,05 Bm/cm®) exnaovieaemoii mouqno-
cmu. Humepec k maxomy pexcumy 00ycl106/1€H 803MONCHOCHbIO HOTIYUEHUA 6bICOKOU AHU30-
mponuu MpasieHus npu Majablx PaouayuoHHbIX noepeixcoeHusx nogepxHocmu. Cxema uccie-
008aHUA 6KNI0YANIA OUAZHOCHUKY NIA3Mbl C ROMOWbIO 30H008 Jlenemwopa u onmuueckoi
IMUCCUOHHOI CHEKMPOCKONUU 6 éapuanme eHympeHHel (6e3 ucnonv306aHus cmaHoapm-
Houl 0obaexku) akmunomempuu. Ilokazano, umo 3amewjenue CsFg na CF4 ne npusooum
CYU4ecmeeHHbIM USMEHEHUAM NAPAMEMPOE INEKMPOHHOU U UOHHOU KOMNOHEHM RIA3Mbl,
HO COnpo6oHCOaemcsa He3HAUUMETbHbIM POCHOM KOHYeHmpauyuu amomoe ¢mopa. Hanpo-
mue, yeeauuenue mowHocmu (a, c1e0o8ameibHo, U NOMEHYUAIA) CMEeU|eHUs He 803MYUia-
em cocmaea NAA3Mbl, HO XAPAKMEPU3Yemcsa NPONOPUUOHATLHLIM UIMEHEHUEM IHepIuU
oomobapoupyrowux uonos. Taxum odpazom, éviOpanuvie eapvupyemvie napamempsl npeo-
CMagnalm KiaccudecKkue «XUmMuueckKuily u «QhuauuecKui» Mexanusmvl 6030elcCMmeus Ha
KUHEMUKy 2emepozeHHbIX CMAaouil npoyecca mpasieHus. YcmaHoel1eHo, Ymo OCHOBHOIL
6K1a0 6 npoyecc mpasnenun Si0Qz eHOCUM XUMUUECKAA COCMABNANOULAA, NPU IMOM HNPU
MowHocmax cmewienHuna eviuwte 400 Bm eeposamnocmv xumuueckou peaxuyuu Si(s.) +
+ xF — SiFy (20e unoexc (s.) omeeuaem uacmuye, 10KAIU308AHHOIN HA NOGEPXHOCMU) He 3A6U-
cum om Ighexkmugnocmu 00pA306aHUA UECHMPOB AOCOPOYUU 014 AMOMOG (mopa noo oeii-
cmeuem uoHHoU 6omobapouposku SiOx(s.) — Si(s.) + xO0. B ycnosusax manvix MouiHocmeil cme-
WieHUs HaIuYue MAaKol 3a8UCUMOCHU NOOMEEPHCOAEMCA CUMOAMHBIM NoeedenHuem 3Ipghex-
MUBHOU 6ePOAMHOCIU 83AUMOOCIICIEUA U UHMEHCUBHOCHU UOHHOI 00MOApOUpPOSKU, XapakK-
mepuzyemoil npou3eeoeHuem nIOMHOCHU HOMOKA UOHO8 HA KOPEeHb K6AOPAMHbII U3 UX IHEP-
euu. Coenanvl npeononoHcenus 00 0COOEHHOCMAX KUHEMUKU 00BbEMHBIX U 2€MepPO2eHHbIX NPo-
Ueccos 6 yci08uAax HU3KOI NAONMHOCHU NA3MbL.
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Gas-phase characteristics as well as reactive-ion etching kinetics of silicon dioxide in
CF4/C4Fg/Ar/He plasma with variable CF4/C4Fs mixing ratio and bias potential were investigat-
ed under conditions of low (~ 0.05 W/cm?) input power regime. The interest to such regime is
due to the possibility to obtain higher etching anisotropy with lower surface damages. The re-
search scheme included plasma diagnostics by Langmuir probes and optical emission spectros-
copy in the internal (with no use of standard additives) actinometry approach. It was shown
that the substitution of C4Fs for CF4 does not produce sufficient changes in both electrons- and
ions-related plasma parameters, but causes a weak increase in fluorine atom density. On the
contrary, an increase in the bias power (and thus, in the bias potential) does not disturb plasma
composition, but is characterized by proportional changes in the ion bombardment energy. As
such, selected variable parameters represent somewhat classical “chemical” and “physical”
factors influencing heterogeneous stages of the etching process. It was found that the dominant
contribution to the SiO; etching process belongs to its chemical component while bias powers
above 400 W provide no dependence of Si(s.) + xF — SiFy (Where index (s.) points out the par-
ticle situated on the surface) reaction probability on the efficiency of ion-induced production of
adsorption sites for fluorine atoms, as SiOx(s.) — Si(s.) + xO. At lower bias powers, the presence
of such dependence is confirmed by similar changes of effective reaction probability and ion
bombardment intensity, traced by the multiplication of ion flux on square root of ion energy.
Some suggestions concerning peculiarities of both gas-phase and heterogeneous process kinetics

at low plasma densities were made.
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INTRODUCTION

Fluorocarbon gases with a general formula of
CxFy play a remarkable role in modern electronic de-
vice technology being used for dry (plasma-assisted)
patterning of silicon family compounds [1-3]. The
most effective tool to obtain nano-scale feature sizes
is the reactive-ion etching (RIE) process which com-
bines physical (physical sputtering) and chemical
(ion-assisted heterogeneous reactions) etching path-
ways. Accordingly, the adjustment of these two com-
ponents in most of cases provides the desirable bal-
ance between various output RIE characteristics, such
as etching rate, etching selectivity in respect to the
mask material as well as the degree of anisotropy
which controls shapes of etching profiles. From many
published works (see, for example, Refs. [4-6]), it is
known also that the etching performance for the given
fluorocarbon gas strongly depends on the y/x ratio
that pre-determines densities of F atoms and polymer-
izing CFx (x < 2) radicals [5, 6]. In particular, the CF4
plasma (y/x = 4) represents the system with low pol-
ymerizing ability and thus, provides the domination
of etching over the surface polymerization. The fea-
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tures of such plasmas are high etching rates and sur-
face cleanness, nearly-isotropic etching profiles and
bad SiO./Si etching selectivity [6, 7]. Oppositely, the
C.Fg plasma (y/x = 2) is the case of high polymerizing
gas systems. Accordingly, it is characterized by lower
etching rates, but provides the decent etching anisot-
ropy (due to the protection of sidewalls by the depos-
ited polymer layer) and SiO./Si selectivity (due to the
thinner polymer film on the oxygen-containing sur-
face) [3, 4, 8].

The overall trend in the modern RIE technol-
ogy is the use of multi-component gas mixtures com-
bining one or several fluorocarbon components with
noble and/or molecular additives. The reason is that
the variation of gas mixing ratio offers the additional
tool to optimize output RIE characteristics through
changes in both gas-phase and heterogeneous reaction
kinetics. In our previous works [9-13], we carried out
detailed investigations of gas mixing effects in binary
and ternary gas systems composed by CF4, C4Fs and
Ar under conventional RIE conditions (gas pres-
sures below 50 mtorr, input power densities of 0.5-
0.1 W/cm? that correspond to the plasma density of ~
1010 cm®, and ion bombardment energies above
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200 eV). Corresponding results may briefly be sum-
marized as follows:

1) An increase in Ar fraction in both CFs+Ar
and CsFs + Ar plasmas changes electrons- and ions-
related plasma parameters and thus, influences both
gas-phase and heterogeneous reaction kinetics. Most
principal effect here are a) the elevation of electron
temperature and plasma density; b) the increasing ef-
ficiency of electron-impact processes that results in
slower decrease of F atoms density [9, 10]; and c) the
growth of ion bombardment intensity that accelerates
ion-driven heterogeneous processes, such as surface
bond breaking, the desorption of low volatile reaction
products and the destruction of fluorocarbon polymer
film. As such, the change in the effective probability
of ion-assisted chemical reaction represents the su-
perposition of all above effects [11, 12].

2) The substitution of C4Fs for CF4 in the CaFg +
+ CF4 + Ar plasma exhibits much weaker effect on
both electron temperature and plasma density, but
directly influences densities of F atoms and CFy radi-
cals through corresponding source species. In this
case, the ion-assisted chemical reaction occurs at the
nearly constant ion bombardment intensity while the
effective reaction probability traces the polymer film
thickness.

Unfortunately, the existing data cannot be ap-
plied directly to explain plasma chemical phenomena
in more complicated gas systems and/or under differ-
ent processing conditions. The reason is that the in-
troduction of new component as well as the change in
discharge excitation regime disturbs both electron
energy distribution and charged species balance. This
causes the mandatory response from chemical kinetics
of all gas-phase components and thus, results in the
multi-channel influence on densities of plasma active
species. Therefore, the study of plasma parameters
and composition in new gas systems and/or pro-
cessing regimes is the mandatory thing to understand
the performance and the technological potential for
given RIE process.

The subject of this work was the CF4 + C4Fg +
+ Ar + He plasma excited in the low (~ 0.05 W/cm?®)
input power mode. The interest to such regime is due
to the possibility to obtain higher etching anisotropy
with lower surface damages [14-16]. As variable pa-
rameters, we selected the CF4/C4Fs mixing ratio and
the bias power that directly influence the negative
bias potential. According to previously published da-
ta, it can be expected that these ones represent some-
what classical “chemical” and “physical” factors in-
fluencing heterogeneous stages of the etching process.
The silicon dioxide, as the etched material, was a kind
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of test object with the well-known etching mechanism
under conventional RIE conditions. Therefore, the
analysis of corresponding etching kinetics allows one
better understanding the features of the low-power
RIE process.

EXPERIMENTAL DETAILS

Experiments were carried out in the inductively
coupled plasma (ICP) reactor known from our previous
works [10-13]. Plasma was excited using the 13.56 MHz
power supply connected to the flat copper coil on the top
side of reactor chamber. Another 13.56 MHz RF gener-
ator powered the bottom electrode to produce the
negative bias potential, -Ug.. Constant processing pa-
rameters were gas pressure (p = 10 mtorr, or 1.33 Pa),
input power (W = 50 W that corresponded to
~ 0.05 W/cm?®) and total gas flow rate (q = 114 sccm).
Accordingly, variable inputs were represented by bias
power (Wq. = 200-500 W) and initial composition of
CF4 + C4Fs + Ar + He gas mixture. The latter was set
by partial flow rates for CFs and C4Fs within the total
value of 14 sccm at constant g(Ar) = 25 sccm and
q(He) = 75 sccm. Therefore, an increase in q(CF.) in
the range of 0-14 sccm corresponded to the full sub-
stitution of C4Fg for CF4, and the fraction of CF4 in a
feed gas y(CF4) = q(CF4)/q was changed as 0-12%.

Gas-phase plasma parameters were measured
using the double Langmuir probe tool (DLP2000,
Plasmart Inc.). The treatment of raw |-V curves with
accounting for well-known statements of Langmuir
probe theory in low pressure plasmas [17, 18] yielded
data on electron temperature (T.) and ion current den-
sity (J+). In order to reduce experimental errors due to
the deposition of fluorocarbon polymer on probe tips,
these were conditioned in 50% Ar + 50% O; plasma
for ~ 5 min before and after each experiment.

The negative bias potential, -Ug, was moni-
tored using the high-voltage probe (AMN-CTR,
Youngsin Eng.).

Steady-state densities of F atoms were deter-
mined using plasma diagnostics by the optical emis-
sion spectroscopy (OES) (AvaSpec-3648, JinYoung
Tech). For this purpose, we measured emission inten-
sities of well-known actinometrical lines F 703.8 nm
and Ar 750.4 nm which are featured by a) direct elec-
tron impact excitation mechanisms with known pro-
cess cross-sections [19]; and b) low radiational life-
times. Taking into account the constant and known
density of Ar atoms in both feed gas and under plas-
ma conditions, one can apply the standard actinomet-
rical approach in a form of

I(F)/I(Ar) = CealFI/[ATr], Q)
where | is the measured emission intensity, and Crar
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is the coefficient combining corresponding excitation
rate coefficients kex = f(Te) and transition probabilities
[19]. The last work demonstrated also that a) Cear =
const at Te = 3-4 eV; and b) the F atoms density de-
termined from Eq. (1) has a good agreement with
mass-spectrometry experiments.

Etching kinetics of SiO, was studied using
fragments of thermally oxidized Si (111) wafers.
Treated samples with an average size of ~ 2x2 cm
were placed in the middle part of the bottom elec-
trode. The bottom electrode has the built-in water-
flow cooling system which allows one to stabilize its
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temperature at the nearly constant value of ~ 17 °C. In
order to determine SiO, etching rates, we covered a
part of sample surface by the photoresist mask as well
as measured the height of the step Ah between
masked and non-masked areas using the surface pro-
filer Alpha-Step 500 (Tencor). In preliminary experi-
ments, it was found that all kinetic curves Ah = f(z)
exhibited nearly linear shapes within processing times
T up to 5 min. Since this surely points out on the
steady-state etching regime, etching rates were simply
calculated as R = Ah/x.
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Fig. 1. Electrons- and ions-related plasma characteristics as functions of CF4 fraction in a feed gas (at Wac = 400 W, curve 1) and bias
power (at y(CFa) = 10%, curve 2): a) electron temperature; b) ion current density; c) negative bias potential; and d) parameter T+,
characterizing the ion bombardment intensity
Puc. 1. XapakTepucTHKH JIEKTPOHHON W MOHHOIT KOMIIOHEHT I1Ia3MBbl B 3aBHcUMOCTH OT o CF4 B rutasmoo0pasyroriem rase (pu
Wie =400 Br, kpuBast 1) u momaoctu cmenterns (npu Y(CF4) = 10%, kpuBas 2): a) TeMnepaTypa 3JIeKTPOHOB; 0) INIOTHOCTb HOHHOTO
TOKA; C) OTPHUIATENbHBIN TOTEHIMAN CMELIEHHS; U 1) TTapameTp &iY2I '+, XapakTepu3ylomuii MHTEHCHBHOCTh HOHHON GOMOApMPOBKU

RESULTS AND DISCUSSION

Fig. 1 represents effects of CF./CsFs mixing
ratio and bias power on electrons- and ions-related
gas-phase characteristics. The analysis of these data
with accounting for the previous research experience
of CFs + Ar [9, 13], C4Fs + Ar [9-11, 13] and CF4 +
+ C4Fg + Ar [10-12] plasmas allows one to formulate
several important features which may be useful for
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the optimization of corresponding RIE process. These
are as follows:

1) Similarly to conventional RIE conditions
[10, 11], an increase in CF,4 fraction in a feed gas
causes rather weak changes in both electron tem-
perature (Fig. 1(a)) and ion current density (Fig.
1(b)). Perhaps, the general reason is that the substitu-
tion of C.Fs for CF4 does not results in global changes
in the electron energy loss channels (and thus, in the
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electron energy distribution function) as well as does
not disturb formation/decay balances for both ion and
electrons. On this background, the weak decrease in
T. may be associated with increasing fractions of
more saturated and bigger-sized CFx species (for in-
stance, CF4; and CFs3, instead of CF, and CF which
dominate in CsFgs-based plasmas [10-12]) character-
ized by higher cross-sections and lower threshold en-
ergies for electron-impact excitation and ionization
processes. Accordingly, this also causes the growth of
total ionization rate, densities of charged species and
the parameter J., as mentioned in Fig. 1(b). It can be
seen also, that the combination of nearly constant bias
potential (Fig. 1(c)) and increasing ion flux '+~ J./e
provide the similar monotonic change in the parame-
ter &2, (Fig. 1(d)), where & = e(-Uq-Uy) is the ion
bombardment energy, and Ur = f(Te) [4] is the float-
ing potential. As the sputtering yield is generally pro-
portional to the momentum transferred from the inci-
dent ion to the surface atom [4], the multiplication of
&', traces the ion bombardment intensity [9, 10].
Therefore, the somewhat activation of ion-driven het-
erogeneous processes also takes place.

2) An increase in bias power does not disturb
both electron temperature and plasma density (as it
follows from the change of J.) that surely suggests no
influence on densities of neutral species. At the same
time, it results in the nearly proportional growth of
negative bias potential (Fig. 1(c)), so that one can ob-
tain the enforcement of the ion bombardment (Fig.
1(d)) even under the condition of I'+~ const. It is im-
portant to note that the corresponding change in
&?T"s value (and thus, in the effect on ion-driven het-
erogeneous processes) exceeds that for the CF4/CasFs
mixing ratio.

From plasma emission spectra, it was found
that emission intensities for F 703.8 nm and Ar 750.4
nm remain to be nearly constant vs. Wqc, but demon-
strate the monotonic increase with increasing y(CF,)
(Fig. 2(a)). In particular, the lar = f(Wqc) curve surely
means the constancy of corresponding excitation
function kexne, as it would be expected from men-
tioned changes in T. and J.. Accordingly, the same
behavior of I, as well as the condition I¢/lar = const
allow one to assume no effect of bias power on the F
atom density. Obviously, such situation results from
the nearly constant F atom formation rate in R1: CFy +
+ e — CFxa+ F + e due to the quite close ki values
for various CFy species. It should be noted that the
weak increase in [F] toward higher bias powers, as
shown in Fig. 2(b), is within the standard experi-
mental error. However, the physical reason may be
the slightly increasing electron density, as follows
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from the behavior of J.. On the contrary, the
Ir = f(y(CF4)) curve reflects the overall effect from
both F atom density and excitation function. The real
[F] value extracted from Eqg. (1) demonstrates the
non-linear growth toward CF4-rich plasmas as well as
tends to be saturated at maximum y(CF4). The identi-
cal behavior of F atom density have been obtained by
plasma modeling of CF4 + C4Fg + Ar gas system un-
der conventional RIE conditions [11, 12]. In fact, this
suggests the similarity of general plasma chemical
phenomena in high- and low- input power modes as
well as assumes the same explanation for the change
in [F]. According to Refs. [11-13], this is a combina-
tion of the nearly constant F atom formation rate in
R1 and the decreasing F atom loss frequency in R2:
CyFs + F — CF, + CFs which dominates over the het-
erogeneous loss in CsFg-rich plasmas. Therefore, the
main feature of the low input power mode is only the
lower F atom density.

From etching experiments, it was found that
the SiO; etching rate increases slightly vs. y(CF,) as
well as demonstrates the rapid growth toward higher
bias powers (Fig. 2(c)). From Refs. [12, 20], it can be
understood that the total rate of RIE process may be
represented in a form of two summands, Rphys + Rchem.
These components characterize parallel etching path-
ways, such as physical sputtering and ion-assisted
chemical reaction. The evaluation of Rpnys = YsI'+
using the experimental data on SiO, sputtering
yields (Ys = 0.4 atom/ion for 0-12% CF4 and 0.3-0.45
atom/ion for Wy, = 200-500 W [21, 22]) indicated that
the maim contribution to the measured etching rate
belongs to Rehem (Fig. 2(c)). The effective probability
of ion-assisted chemical reaction yr = Rchem/T'r (Fig.
2(d)), where T is the flux of fluorine atoms, exhibits
no correlation with the fluorocarbon film thickness, as
the latter decreases toward CF,-rich plasmas. The last
fact evidently follows from decreasing polymer depo-
sition rate (due to much lower polymerizing ability of
CF4 compared with C4Fs [4, 5, 9]) and increasing pol-
ymer destruction rate (due to increasing ion bom-
bardment intensity). Therefore, the obtained situation
contradicts with the general rule “the thinner film, the
higher reaction probability” mentioned by both exper-
iment and modeling for many fluorocarbon gas plas-
mas, including CsFs + Ar [10, 12] and CsFs + CF4 +
+ Ar [11, 12] gas systems. In our opinion, the reason
is not the feature of low-power plasma excitation
mode, but simply the low content of fluorocarbon
components in the gas mixture. Accordingly, this
produces the very thin or even the non-continuous
polymer film which does not influence the SiO; etch-
ing kinetics. Another remarkable fact is that the
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change of yr does not correlate with the ion bom-
bardment intensity at Wq. > 400 W. In fact, this
means that the ion-induced production of adsorption
sites for F atoms R3: SiOx(s.) — Si(s.) + XO (where
index (s.) points out the particle situated on the sur-
face) does not limit the rate of chemical reaction R4:
Si(s.) + xF — SiFx. Perhaps, the latter occurs in the
F-atom-deficient regime due to high ion bombard-
ment intensity and low F atom flux, as a result of low
plasma density in a low input power mode. Accord-
ingly, the small decrease in yr toward higher y(CF)
values may be due to the ion-induced desorption of F
atoms prior their interaction with silicon in R4. There-
fore, the low input power RIE mode somewhat equal-

ized etching mechanisms for Si and SiO.. At the same
time, at bias powers below 400 W, the effective reac-
tion probability follows the ion bombardment intensi-
ty (Fig. 2(d)). Such situation is quite typical for con-
ventional SiO; RIE process in low polymerizing
plasmas. It was found also that the parameter
[r/ei* (the so-called neutral/charged ratio) charac-
terizing the etching anisotropy exhibits the weak sensi-
tivity to y(CF4) (1.4-1.6 for 0-12% CF4 at Wy = 400 W),
but decreases by ~ 1.5 times with increasing bias pow-
er. As such, similarly to conventional RIE conditions,
W represents the most effective tool to increase the
“directional” component of the etching process and
thus, to adjust the shape of etching profile.
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Fig. 2. Densities of F atoms and SiOz etching kinetics as functions of CF4 fraction in a feed gas (at Wac = 400 W, curve 1) and bias pow-
er (at y(CFa) = 10%, curve 2): a) emission intensities for Ar 750.4 nm (solid lines) and F 703.8 nm (dashed lines) maxima;

b) F atom density; c) SiO: etching rate (dashed satellite curves represent Rerem); and d) effective reaction probability
Puc. 2. Konuenrpaiuu aToMoB hropa i KuHeTHKa Tpasienus SiOz B 3aBucumoctH ot goiau CF4 B ma3mMooGpasyrolem rase
(pr Wac = 400 B, kpusast 1) u monrroctr cmentenus (npu Y(CFa) = 10%, xpuBast 2): a) HHTEHCHBHOCTH YMUCCHOHHBIX MAaKCHMYMOB
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CONCLUSIONS

In this work, we investigated gas-phase char-
acteristics and reactive-ion etching (RIE) kinetics of
SiO; in CF4/C4Fg/Ar/He plasma with variable
CF4/C4Fg mixing ratio and bias power in the low
(~ 0.05 W/cmd) input power mode. It was found that
the substitution of C4Fs for CF4does not produce suf-
ficient changes in both electrons- and ions-related
plasma parameters, but causes a weak increase in flu-
orine atom density. The last effect is the same with
that obtained for conventional RIE conditions and
probably results from decreasing loss frequency for
F atoms in CoF4 + F — CF; + CF3. The increasing bias
power has no influence on gas-phase plasma charac-
teristics, but enforces the ion bombardment due to the
change in the negative bias potential. From etching
experiments, it can be understood that a) the meas-
ured SiO; etching rate is mainly composed by its
chemical component; b) the thin or even the non-
continuous fluorocarbon polymer film does not limit
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the access of F atoms to the etched surface; and c) the
condition Wq > 400 W sufficiently reduces the influ-
ence of ion-induced process SiOx(s.) — Si(s.) + xO
on the Si(s.) + xF — SiFx reaction kinetics. Perhaps,
the last feature is due to the combination of high ion
bombardment intensity and low F atom flux, as a re-
sult of low plasma density in a low input power mode.
On the contrary, at lower bias powers, the effective
reaction probability correlates with the ion bombard-
ment intensity.
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