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Ilposeoeno uccnedosanue eérusnus coomnouwenuu komnonenmos HBr/O; u Cly/O; ¢
naasmooopaszyowei cmecu HBr+Cly+O; na napamempuol naazmel, cmayuonapusie KoHyenmpayuu
AKMUGHBIX YACMUY U KUHEMUKY mpaeienus Si 6 ycil08usx, XapakmepHuix 0711 NPOUeccos peak-
MUGHO-UOHHO020 mpaesienusn: 0asnenue naazmooodpazyrwuezo 2aza (p = 10 mmop), exnaovigaemasn
mownocms (W = 500 Bm) u mownocmo cmewgenust (\Wqc = 200 Bm). /lannsie no enympennum napa-
Mempam naazmol U KUHEMUKe Naa3MOXuUMU4ecKUX npoyeccos 0uliau noiyueHsl nPpu CO6MeCHHOM UC-
nonv3oeanuu OuazHocmuku naazmel 3onoamu Jlanemwpa u 0-mepnoit (2106anvnoil) mooenu
naasmol. bvino naiioeno, umo eapvuposanue coomuouwenus HBr/O; npu nocmosnnom cooeprcanuu
Cly 6 2azoeo0ii cmecu xapakmepusyemcsa 6onee CUNbHBIM GAUAHUEM HA CMAUUOHAPHBLIL COCMAB
naazmbl uepes3 peaKkyuu noo Oelicmeuem 31eKmpoHHOZ0 y0apa u RPOUecchl AamoMHO-MOJIEKYIAAPHOZO
ezaumooeiicmeus, a maxce obecneuugaem 6onee WUPOKOe UZMEHEHUE CYMMAPHOI KOHUEeHmpayuu
amomoe 2anozenoe ¢ 2azoeoul ¢hase. bvino noxkazano maxxice, Umo 6apvLupoanue COOMHOUIEHUIL
HBr/O; u Cl2/O; 6 cmopony yeenuuenus konuenmpayuu Kuciopooa conpogoHcoaemcsa CHUICCHUEM
CKOpOCmu mpagienus KpemMnus, KOmopoe He Koppeaupyem ¢ usmMeHeHuAMYU ni0mHocmell NOmoKoe
amomoe 2ano2eHo8 u Inepzuu uono6. MooenvHulil ananu3 KUHEMUKY mMPasieHus no360Uj1 3aKi0-
yumo, umo Ipexmusnan eepoasmnocms 2emepozennoii peakyuu Si + Cl/Br 3agucum om nnomno-
CMU ROMOKA OKUCTUMETIbHBIX YACIUY — AMOMO08 Kuciopooa u paduxanoe OH. Ilpuuunamu maxoii
3agucumocmu mozym saeaams : 1) okucnenue KpemMuus, npueoodauee K yeeaudeHuI0 nopozoeoii IHep-
2uu 63aumooelicmeus; u 2) OKUci1eHue 2aa02eHu008 KPeMHUsA 6 MeHee aemydue COeOUHeHUus euoa
SiBryOy u SiClxOy, xomopoe obycnasnueaem cuusicenue cCKOpoCmU UOHHO-CHUMYTUPOGAHHOIL Oe-
copouuu npoOyKmoe u 001 c60000HbIX UeHmpos aocopoyuu ons amomos Cl/Br.

KaroueBble cjioBa: HOHM3alus, Jucconuanus, MIOTOK aTOMOB raJiIor€HOB, IIOTOK aTOMOB KHUCJIOpOaa, I10-
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The effects of both HBr/O;and Cl2/O2 mixing ratios in HBr+Cl,+0; gas mixture on plasma
parameters, steady-state densities of active species and Si etching kinetics were studied under the
typical conditions of reactive ion etching process: total gas pressure (p = 10 mTorr), input power
(W = 500 W), bias power (Wq = 200 W). The data on internal plasma parameters and plasma
chemistry were obtained using a combination of Langmuir probe diagnostics and 0-dimensional
(global) plasma modeling. It was found that the variation in HBr/O, mixing ratio at constant Cl
fraction in a feed gas is characterized by the stronger impact on the steady-state plasma composition
through both electron-impact and atom-molecular reaction kinetics as well as allows one to obtain
the wider change in the total halogen atom density. It was shown that changes in both HBr/O, and
Cl/O, mixing ratios toward O,-rich plasmas lowers the Si etching rate that exhibits no evident
correlations with total halogen atom flux and ion energy flux. The model-based analysis of Si etch-
ing kinetics allowed one to conclude that the effective reaction probability for Si + CI/Br heteroge-
neous reaction depends on the flux of oxidative species — oxygen atoms and OH radicals. The rea-
sons may be 1) the oxidation of silicon resulting in higher reaction threshold energy; and 2) the
decreasing fraction of free adsorption sites for CI/Br atoms due to the oxidation of reaction prod-
ucts into the lower volatile SiBrxO, and SiClO, compounds.

Key words: ionization, dissociation, halogen atom flux, oxygen atom flux, ion energy flux, etching rate,
effective reaction probability

be desorbed only by ion bombardment. Another posi-

INTRODUCTION . _~ . o
tive feature of HBr-containing plasmas is the obtaining

Chlorine- and bromine-containing gases (and
namely, Cl, and HBr) play the remarkable role in mod-
ern micro- and nano-electronics technology being used
for the dry (plasma-assisted) etching of various inor-
ganic materials. The main application fields for Cl,-
and HBr-based plasmas are 1) the patterning of semi-
conductors, metals and metal oxides which form non-
or very low-volatile reaction products being treated in
the fluorine-containing environments [1-3]; and 2) the
highly-anisotropic etching of both mono- and poly-Si
[3-5]. The last phenomenon is caused by the much
lower probability of spontaneous chemical reaction in
the Si + CI/Br system compared with that for Si + F [6, 7]
due to the worse penetration of CI/Br atoms inside the
lattice. That is why, the etching of Si in Cl,- and HBr-
containing plasmas is accompanied by the formation of
non-saturated SiCly and SiBrx compounds which may

of higher etching selectivity for Si and organic photo-
resist mask. This effects probably follows from the
graphitization and the cross-linking of polymer surface
due to the ultra-violet irradiation from excited HBr
molecules [8].

Until now, there were several studies devoted
to investigations of Si etching characteristics and
mechanisms in Cl,- and HBr-based plasmas. The re-
sults of these works may be summarized as follows:

- Effective probabilities for Si + Cl and Si + Br
reactions have no principal difference under the typical
reactive-ion etching conditions. Such conclusion is
supported by several experimental facts, and namely
by that: 1) differences in the halogenation degrees for
Siin Cl; and HBr plasmas correlate with differences in
corresponding atom size [9]; 2) silicon etching yields
for CI*, Br* and HBr* ions are quite close [10]; and 3)
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the variation of Cl,/HBr mixing ratio at constant ion
bombardment energy leads to the neatly constant Si
etching yield [6].

- Silicon etching rates in HBr plasma are lower
than those in Cl, plasma under one and the same pro-
cessing conditions [5]. Such difference is in agreement
with differences in volume densities and fluxes of hal-
ogen atoms in corresponding gas systems [9, 11, 12].
Also, the addition of O, to HBr or Cl slows Si etching
rate, but allows one to obtain the more anisotropic etch-
ing [13, 14]. The last effect is normally associated with
the passivation of sidewalls by low volatile oxy-chlo-
rides and bromides.

In our previous works [15, 16], we have per-
formed the combined (experimental and model-based)
study to analyze plasma chemistry and Si etching ki-
netics in the ternary HBr+Cl,+O, gas mixture. The
most principal results were that 1) the composition of
a feed gas influences the steady-state densities of neu-
tral species through both electron-impact kinetics and
gas-phase processes involving O, O(*D) and OH spe-
cies; and 2) under the typical conditions of reactive-ion
etching process, the silicon etching Kinetics corre-
sponds to the neutral-flux-limited regime as well as is
affected by the oxidation of SiClx and SiBrx into lower
volatile compounds. These findings clearly indicate
that the O, content in a feed gas represent an additional
factor to adjust both gas-phase and heterogeneous
chemistries in order to optimize output process charac-
teristics. In this work, we attempted to compare the ef-
fects of HBr/O and Cl,/O, mixing ratios on plasma pa-
rameters, steady-state densities of active specie and sil-
icon etching kinetics. The main idea was to demon-
strate the ability of HBr+Cl,+0, gas system to control
both gas-phase and heterogeneous chemistries by the
gas mixing ratios only.

EXPERIMENTAL AND MODELING DETAILS

Experiments were performed in the planar in-
ductively coupled plasma (ICP) reactor [15, 16].
Plasma was excited using a 13.56 MHz RF power sup-
ply connected to a flat copper coil on the top side of the
chamber. Another 12.56 MHz RF generator powered
the bottom electrode in order to produce the negative
dc bias voltage (-Uqc) and to control the ion bombard-
ment energy. The experiments were carried out at con-
stant gas pressure (p = 10 mTorr), total gas flow rate
(q = 40 sccm), input power (W =500 W), bias power
(Wgc= 200 W) while the variable parameter was the
composition of feed gas. In one experimental series,
the Cl, flow rate q(Cl,) was fixed at 20 sccm while HBr
and O flow rates were variably set to a combined total
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of q(O2) + q(HBr) = 20 sccm. Therefore the fraction of
Cl; y(Cly) was always 50%, and an increase in q(O5)
from 0-10 sccm corresponded to the transition from
50% Cl, + 50% HBr to 50% Cl, + 25% HBr + 25% O-
gas mixture. Another experimental series assumed the
constant q(HBr) = 20 sccm as well as the variable flow
rates for Cl, and O2 within q(O2) + q(Cl,) = 20 sccm.
In this case, the fraction of HBr in a feed gas was al-
ways 50% while an increase in g(O2) from 0-10 sccm
corresponded to the transition from 50% Cl, + 50%
HBr to 50% HBr + 25% Cl, + 25% O, gas mixture.
Plasma diagnostic provided the data on electron tem-
perature (Te) and ion current density (J+). The latter
were extracted from voltage-current curves using the
well-known statements of the double Langmuir probe
theory [17, 18].

In etching experiments, samples of Si with di-
mensions of ~ 2x2 ¢cm were located in the middle part
of the bottom electrode. The bottom electrode had a
built-in water-flow cooling system that allowed one to
maintain its temperatures at ~17 °C. Accordingly, we
assumed constant sample temperatures (Ts) in all ex-
perimental series as well as ignored the temperature-
related effects when analyzing the etching kinetics.
The Si etching rates were calculated as R = Ah/t, where
Ahis the etched depth measured by the surface profiler
Alpha-Step 500 (Tencor), and T = 2 min is the pro-
cessing time. In order to supply the measurements of
Ah, we developed a partial surface masking by the pho-
toresist AZ1512. The thickness of the photoresist layer
was ~1.5 um. Preliminary experiments showed that the
presence of etched samples in the reactor chamber does
not influence the Langmuir probe diagnostics results
within the standard experimental error. This allows one
to neglect the influence of reaction products on bulk
plasma characteristics and thus, to match bulk and het-
erogeneous subsystems only through fluxes of active
species from gas-phase to sample surface.

In order to analyze the influence of HBr/O, and
Cl,/O, mixing ratios on kinetics and densities of
plasma active species, we developed a simplified 0-di-
mensional (global) kinetic model operated with vol-
ume-averaged plasma parameters. Similar to our pre-
vious works [11, 12], the model was based on the sim-
ultaneous solution of steady-state kinetic equations
with using the experimental data on Te and J: as the
input parameters. The set of chemical reactions was
taken from Refs. [15, 16]. Corresponding Kkinetic
schemes have demonstrated an acceptable agreement
between model-predicted and measured plasma param-
eters for pure HBr, Cl; and O, plasmas [19-21].
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RESULTS AND DISCUSSION

Fig. 1 illustrates the influence of HBr/O, and
Cl,/O2 mixing ratios on silicon etching rate (Rs;). It can
be seen that in increased in y(O,) in both cases lowers
the Rs; value with different quantitative effects. Partic-
ularly, the substitution of HBr for O, at y(Cl,) = const
suppresses Si etching rate by ~ 14 times, in the range
of 64.2-4.5 nm/min for 0-25% O,. The influence of
Cl/O; mixing ratio appears to be much weaker and
slightly exceeds ~ 5 times (64.2-12.2 nm/min for O-
25% O5). The above data clearly demonstrate that the
higher O, content in a feed gas provides the stronger
differences in the silicon etching kinetics within one
and the same etching mechanism. Previously, several
works have mentioned that the quantitative differences
in Si etching rates in non-oxygenated Cl.- and HBr-
based plasmas are in general agreement with the fluxes
of corresponding halogen atoms. In order to under-
stand how this rule works for HBr+Cl,+O; plasma as
well as to figure out the features of Si etching mecha-
nism in the given gas system, the information on
plasma parameters and the steady-state plasma compo-
sition is mandatory required.

80 1l4p
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0, fraction in HBr+Cl,+0,, %

Fig. 1. Silicon etching rates (1, 2) and effective reaction probabili-
ties for Si + CI/Br reaction (3, 4) as functions of O2 fraction in a
feed gas at y(Cl2) = const (1, 3) and y(HBr) = const (2, 4)
Puc. 1. Cxopocts TpaBnenus kpeMaus (1, 2) 1 3dpexTrBHasT BepOsIT-
HOCTb B3anmoetictust B peakuuu Si + CI/Br (3, 4) xak dhyHkimu
noiu Oz B rutasmoobpasyroieit cmecu mipu Y(Cl2) = const (1, 3) u
Y(HBr) = const (2, 4)

Fig. 2 represents experimental and model-pre-
dicted data plasma parameters and densities of charges
species. It was found that electron temperature (mean
electron energy) exhibits the similar decreasing ten-
dency toward O»-rich plasmas (T. = 2.9-3.3 eV for 0-
25% O at y(Cl,) = const and 2.9-3.4 eV for 0-25% O,
at y(HBr) = const) due to similar shifts in electron en-
ergy losses. Particularly, the substitution of HBr for O,
at y(Cl) = const changes dominant gas-phase compo-
nents from HCl to Cl, Cl and O (Fig. 3(a)) and causes

AM. Edpemos, B.B. Priokun, B.b. berenun, K.-H. Kwon

a decrease in electron energy losses for vibrational ex-
citation, electronic excitation and ionization. The rea-
sons are 1) higher threshold energies and cross-sec-
tions for vibrational excitation of HCI compared with
those for Cl; and O [22, 23]; and 2) increasing fraction
of atomic species. The substitution of Cl, for O, at
y(HBr) = const produces similar changes in the densi-
ties of both HCI and O; (Fig. 3(b)) as well as sup-
presses the density of Cl, molecules which are charac-
terized by higher electronic excitation and ionization
cross-sections (and thus, by higher electron energy
losses for corresponding processes) compared with
those for O, [23]. Therefore, an increase in y(Oy) in
both cases lowers the overall electron energy loss and
thus, enriches EEDF by the high-energy electrons.
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Fig. 2. Electron temperature (1) and densities of charged species
(2 —positive ions; 3 — electrons; 4 — negative ions) as functions of
O: fraction in a feed gas at y(Cl2) = const (a) and y(HBr) = const (b)
Puc. 2. Temneparypa 351eKTpoHOB (1) U KOHLEHTPALUY 3apsKEH-
HBIX 4acTHUI] (2 — MOJIOKUTEJIbHBIE HOHBI; 3 — JIEKTPOHBL; 4 — OT-
pHIaTeNbHBIE HOHBI) Kak (GyHKImK 1omm O2 B m1a3mMoobpasyio-
meit cmecu nipu y(Cl2) = const (a) u y(HBr) = const (b)

Another important feature of HBr/O, and
Cl»/O, mixing ratios is the different effect on densities
of charged species. Particularly, the substitution of
HBr for O; at y(Cl2) = const lowers the density of HCI
molecules under the condition of [Cl;] + [CI] > [HCI]
for y(0O,) > 8% (Fig. 3(a)). Such situation provides an
increase in total ionization frequency due to 1) higher
ionization rate coefficients for both Cl,and CI com-
pared with HCI [22]; and 2) an increase in all ionization
rate coefficients together with increasing Te. This rea-
sonably causes an increase in n. and ne. Simultane-
ously, one can obtain the nearly proportional increase
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in both total attachment rate (because of higher attach-
ment rate coefficient for Cl, compared with HCI [22])
and ion-ion recombination frequency for negative ions
(because of increasing n.). This results in the nearly
constant n. aswell as in decreasing plasma electroneg-
ativity (n./ne = 5.1-3.1 for 0-25% O_). Oppositely, the
substitution of Cl, for O, at y(HBr) = const provides
the continuous domination of HCI over other neutral
components (Fig. 3(b)) while a decrease in [HCI] (by
~ 2.5 times for 0-25% O) appears to be stronger than
the growth in corresponding ionization rate coefficient
(by ~ 1.6 times for 0-25% O-). As such, an increase in
O, fraction in a feed gas leads to monotonically de-
creasing formation rates for electrons and positive ions
as well as causes similar decreasing tendencies for n.
and ne. In addition, the dominant contribution of HCI
to the total attachment rate slows the formation of neg-
ative ions due to the simultaneous decrease in [HCI]
and ne. This leads to a decrease in n.as well as to the
nearly constant n./ne ~ 5.

From Fig. 3, one can conclude that the non-ox-
ygenated 50% HBr + 50% Cl, plasma is characterized
by 1) the domination of HCI and BrCl over other gas-
phase components; and 2) the condition [Br] >> [CI].
When analyzing the kinetics of neutral species, it can
be concluded that both phenomena result
from the stepwise dissociation of HBr and 10"
Br, through their interaction with CI at-
oms in R1: HBr + Cl — HCI + Br (ki ~
1.9x10! ¢cm?/s) and R2: Br, + Cl — Br +
+ BrCl (ki ~ 1.5x102° cm®/s). The frequen-
cies of these processes (ki[Cl] = 75 s and
ko[CI] = 595 s™) exceed the corresponding
values for R3: HBr + e — H + Br + e (Ksne
=10s?) and R4: Br, + e — 2Br + e (kaNe =
100 s?). Therefore, the mixing of HBr and
Cl, accelerates the consumption of HBr,
Br, and CI as well as promotes the for-
mation of Br, HCI and BrClI.

The substitution of HBr for O, at
y(Cl2) = const rapidly suppresses densities
of HBr, Br, and BrCl molecules (Fig. 3(a)).
The reasons are the acceleration of R3, R4
and R5: BrCl +e — Br+ Cl + e (due to an
increase in Te and ne, See Fig. 2(a)) as well
as the stepwise dissociation of above spe-

=

o
o
@

Density [cm'3]

cies in reactions involving O and OH. Among 107F

bromine-containing species. The first effect is pro-
vided by several factors, such as 1) an increase in HCI
dissociation frequency through R10: HC1 +e — H + Cl +
e, R11: HCI + O(*D) — OH + CI (ki1 ~ 1.0x10° cm?fs)
and R12: HCl + OH — H20 + Cl (k12 ~ 1.5x1012 cm?/s);
and 2) a decrease HCI formation rate in R1 and R2. The
slower change in [HCI] results from an increase in HCI
formation rates in R13: Cl. + H — HCI + CI (kiz ~
4.0x10 cmd/s) and heterogeneous recombination of
H and Cl atoms. The density of ClI atoms increases by
about an order of magnitude due to the simultaneous
increase in their formation rate and a decrease in decay
frequency. The mentioned change in Cl atom for-
mation rate is mainly provided by R14: Cl; + ¢ — 2Cl
+ e due to the growth of [Cl;]. The latter is connected
with an increase in formation rate for Cl, molecules
through R15: BrCl + Cl — Cl, + Br (kis ~ 1.5x10 cm¥s)
and heterogeneous recombination. A decrease in ClI
atom decay frequency is mainly connected with R2 and
R15 due to decreasing densities of Br, and BrCl spe-
cies. The weakly decreasing density of Br atoms is
completely associated with the corresponding change
in their total formation rate. The latter is produced by
the opposite behaviors of R2 and R5 from one side and
R15 from the other side.

1014 _
a) b)
HCl HCl

10 F

e . Bro

the latter, most effective ones are R6: HBr
+OH — H20 + Br (ks ~ 8.0x10" cm?s), RT:
Br,+0 — BrO+Br (k7 ~ 1.3x10™ cm?¥/s), R8:
Br, + OH — HOBr + Br (ks ~ 3.1x10 ¢cm?®/s) and R9:
BrCl + O — BrO + Cl (kg ~ 2.0x10 cm®/s). The den-
sity of HCI also shows a decrease toward O,-rich plas-
mas, but exhibits the weaker change compared with

80

0 5 10 15 20 25
o, fraction in HBr+CI2+OZ,%

Fig. 3. Steady-state densities of neutral species in HBr+Cl2+O2

plasmas with variable HBr/Oz2 (a) and Cl2/Oz (b) mixing ratios

Puc. 3. CranmoHapHble KOHIEHTpAIMU HEUTPAIBHBIX YaCTHIL B

mazme HBr+Cl2+02 ¢ nepeMeHHbIMH COOTHOLICHUSIMI KOMIIO-
HeHroB HB1/O2 (a) u Cl2/O2 (b)
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The substitution of Cl, for O, at y(HBr) = const
provides the nearly constants electron-impact dissoci-
ation frequencies for molecular species due to an op-
posite change in Te and ne (Fig. 2(b)). As such, the
weakly decreasing densities of HBr, Br,, BrCl and HCI
toward O-rich plasmas (Fig. 3(b)) result only from the
effects of gas-phase atom-molecular processes R6-R9,
R11 and R12. In contrast to the previous case, the rel-
ative contributions of stepwise dissociation processes
to total dissociation rates for above species appear to
be much weaker. The reasons are 1) the weaker influ-
ence of Cl,/O, mixing ratio on the electron-impact ki-
netics of R16: O, +e > 20 +eand R17: O +e —» O
+ O(*D) + e that limits the formation rates for O atoms
and OH radicals; and 2) the lower rate coefficients for
Cl, + O/OH reactions compared with those for HBr +
O/OH and Br, + O/OH [23]. The last feature means
also the gas system with y(HBr) = const provides
higher conversion rates of O and OH into HOBr and
BrO and thus, is characterized by lower densities of ox-
idant species compared with the case of y(Cl,) = const.
The density of Cl atoms shows the weak decrease to-
ward O,-rich plasmas due to a decrease in their for-
mation rates in R5 and R14. The evident reason for
such effect is the decreasing densities of source spe-
cies. The similar behavior of [Br] is also caused by the
change in Br atom formation kinetics. Particularly, one
can obtain a decrease in Br atom formation rates
through R2, R5 and R15 due to the corresponding
changes in [Br2] and [BrClI].

The above data allow one to conclude that that
change in HBr/O; and Cl,/O, mixing ratios leads to
quite similar change in [Br] as well as exhibits the dif-
ferent effect on [CI]. As a result, the gas system with
y(Cl2) = const provides the wider adjustment for the
total density of chemically active species. In previous
works [6, 9, 10], one can find enough arguments that
partial probabilities for heterogeneous reactions Si + Cl
and Si + Br are quite close. Therefore, the measured Si
etching rate may be represented as Rs;j = yr(I'c1 + I'sr),
where yr is the effective reaction probability, and T'ci +
I'sr is the total flux of halogen atoms to the etched sur-
face. The substitution of HBr for O- at y(Cl,) = const pro-
vides an increase in I'cj + ['er (4.0x101"-8.2x10Y cm?s?, or
by ~ 2 times for 0-25% O) due to the rapid increase in
I'ci. Accordingly, the combination of decreasing etch-
ing rate and increasing flux of chemically active spe-
cies corresponds to the rapidly decreasing yr toward
O,-rich plasmas (1.3x102-4.6x10%, or by ~ 30 times
for 0-25% Oy, see Fig. 1). The substitution of Cl, for
0O, at y(HBr) = const lowers the T'ci + T'es; value
(4.0x10%7-2.7x10 cm2s?, or by ~ 1.5 times for 0-25%
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0,) due to the corresponding changes in partial densi-
ties and fluxes. However, the faster change in Rsi com-
pared with I'c) + I's; toward O-rich plasmas also cor-
responds to decreasing yr (1.3x102-3.8x10°3, or by
~ 4 times for 0-25% O,, see Fig. 1). From Refs. [5, 18],
it can be understood that the effective probability of
ion-assisted chemical reaction at nearly constant sur-
face temperature normally correlates with the ion bom-
bardment intensity. The latter may be characterized by
the parameter (Miei)YT"s [24-26], where M; is the ef-
fective ion mass, &i = -e(Uqc + Uy) is the ion bombard-
ment energy, -Us = 0.5TeIn(me/2.3m.) is the floating
potential, and T+ is the flux of positive ions. It was found
that the substitution of HBr for O, at y(Cl,) = const de-
creases both - Ug (453-429 V for 0-25% O, see Fig. 4)
and ion bombardment energy because of eUgc >> eUs.
However, this change is overcompensated by increas-
ing '+ (4.6x10%-6.1x10 cm2s for 0-25% O,), so that
the parameter (Miei) ¥+ indicates the intensification of
ion bombardment toward O--rich plasmas (Fig. 4). The
substitution of Cl for O, at y(HBr) = const causes very
similar change in - Ugc (453-425 V for 0-25% O,) but
results in slightly decreasing ion flux in the range of
4.6x10%-4.1x10% cm?st. Accordingly, the monotonic
decrease in (Migi)*2I'. takes place (Fig. 4).
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Fig. 4. Negative dc bias at Wac = const (1, 2) and the parameter
(Miei)Y2Ts characterizing ion energy flux (3, 4) in HBr+Cl2+0O2 plas-
mas with variable HBr/Oz (1, 3) and Cl2/Oz (2, 4) mixing ratios
Puc. 4. OrpunarensHoe cmenieHue mpu Wde = const (1, 2) u mapa-
MeTp (Migi) 2T+, XapakTepu3yromuii TIOTHOCTh TTOTOKA SHEPTHH
uoHoB (3, 4), B mnazme HBr+Cl2+O2 ¢ nepeMeHHBIMHE COOTHOIIIE-
Husmu komnonenToB HBr/Oz (1, 3) u Cl2/Oz (2, 4)

The absence of qualitative (in the case of
y(Cly) = const) and quantitative (in the case of y(HBr)
= const) correlation between the changes of yz and
(Migi)Y2I", allows one to assume that the effective re-
action probability is influenced by an additional factor
connected with the chemistry of neutral species. Ac-

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2019. V. 62. N 10 81



A.M. Efremov, V.V. Rybkin, V.B. Betelin, K.-H. Kwon

cording to previously published works [13-16], this re-
ally may be the increasing flux of oxidative species I'o
+ Ton (2.5x10%-6.8x10% cm?s for y(Cl,) = const and
1.3x10%-3.4x10%* cms for y(HBr) = const at 1-25%
0,) that influences the heterogeneous stages of the
etching process through suppressing yr. The mecha-
nisms for such influence may be connected with 1) the
direct oxidation of Si atoms into SiOy through surface
defects (broken Si-Si bonds) produced by ion bom-
bardment; and 2) the oxidation of Si + CI/Br reaction
products into lower volatile SiBr,Oy and SiCIxOy com-
pounds. Obviously, the first pathway lowers yg through
increasing reaction threshold for halogen atoms while
the second one retards the chemical reaction through
decreasing fraction of free adsorption sites for etchant
species. For the case of y(Cl,) = const, the last sugges-
tion is confirmed by the fact that the growth of I'c +
Ton appears to be faster compared with (Migi)¥2T .
This corresponds to an increase in surface fraction cov-
ered by reaction products.

CONCLUSIONS

In this work, we investigated the influence of
0 on gas-phase parameters and Si etching Kinetics in
HBr + Cl,+ Oz inductively coupled plasma through the
changes in HBr/O and Cl»/O, mixing ratios. The com-
bination of plasma diagnostics by Langmuir probes
and plasma modeling allowed one to conclude that the
variation in HBr/O, mixing ratio 1) is characterized by
the stronger impact on both electron-impact and atom-
molecular reaction kinetics; 2) provides the wider
change in the total halogen atom density and flux; and
3) results in increasing ion bombardment intensity to-
ward O-rich plasmas. The experiments showed that
and increase in O fraction in a feed gas in both cases
lowers the Si etching rate and effective reaction prob-
ability for Si + CI/Br heterogeneous reaction. The last
effect may be related to 1) the oxidation of Si by O and
OH species resulting in higher reaction threshold en-
ergy; and 2) the oxidation of reaction products into the
lower volatile SiBrxOy and SiCl,Oy compounds result-
ing in decreasing fraction of free adsorption sites for
etchant species.

The publication was carried out as part of the
state assignment of the Federal State Institution Scien-
tific Center for Research and Development of the Rus-
sian Academy of Sciences (fundamental scientific re-
search) on the topic No. 0065-2019-0006 “Fundamen-
tal and applied research in the field of subwave holo-
graphic lithography, physicochemical etching pro-
cesses of 3D nanometer dielectric structures for the de-
velopment of critical technologies for the production of
electronic components ".
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Ilybnukayus evinoaneHa 8 pamkax 20cyoap-
cmeennoeo 3aoanus @I'Y OHI] HUUCHU PAH (npo-
sedenue HYHOAMEHMATbHBIX HAYYHBIX UCCIe008AHUIL)
no meme Ne 0065-2019-0006 « @ynoamenmanvhvie u
NPUKIAOHble UCCAe008aHUs 8 0baacmu cy680IHOBO
eonoepagpuneckol aumozspaguu, GUIUKO-XUMUYECKUX
npoyeccog mpasnenus 3D Hanomemposvix Oudiex-
MPUYECKUX CMPYKMyp 071 PA3GUMUsL KPUMU4eCKux
mexHoao2ull npouzeoocmea IKby.
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