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Enhancement of silicon etching rate in XeFs environment is considered by a proposed model, which includes
processes of adsorption, activation, chemical reactions, relaxation, desorption, and sputtering. The enhancement
of silicon etching rate is explained by considering hydrocarbon molecules from background gas contamination in
the vacuum chamber, and assuming that hydrocarbon radicals enhance the etching rate. The composition of the
adsorbed layer during silicon etching in XeF; environment is calculated. It is found that hydrocarbon radicals
intensify reaction of XeFs molecules with Si atoms on the surface and that this changes the kinetics of the etching
rate. Using the obtained theoretical results the difference in kinetics of the etching rates of first and subsequent

run is explained.
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1. Introduction

XeFs5 is a solid white crystal at atmospheric pressure
and room temperature, which sublimates at pressure
about 500 Pa. Materials commonly used in integrated
circuit manufacture, such as photoresist, aluminium, and
silicon dioxide, are not attacked by this dry etchant [1].
XeFs is the only commercially available xenon derivative.
A characteristic feature of this reagent is that it behaves
as a fluorinating agent in the gas phase or under irradia-
tion. Silicon etching in XeF, environment represents an
attractive alternative to study the reactive ion etching
process [2-6]. In integrated circuit manufacture, it is re-
quired to eliminate several types of wafer contamination
which may influence the next step in the etching pro-
cess and the final reliability of the device. As dimensions
of features are decreasing, wafer contamination becomes
more and more persistent. The main form of contami-
nation consists of traces of metal, sputtered from walls
or electrodes, which are deposited on wafer surface [7].
Depending on the type of reactor and materials used for
electrodes, traces of Ca, Fe, Zn, Cr, Mn, Ni, Cu, and K in
the range from 0.01 to 0.4 ML may be found on the wafer
after etching. Even after extensive cleaning some of these
contaminants remain on the surface [8]. Another source
of contamination consists of solutions used for photoresist
development [9, 10]. The development of sensitive equip-
ment to detect small traces of contamination follows the
increased concern about contaminants. However, the in-
fluence of activated polymer on the etching rate is little
investigated.

In previous works [11, 12], silicon etching in XeF5 envi-
ronment was considered. It was found that ion bombard-
ment intensifies adsorption of XeF5 molecules on the sur-
face and subsequent reaction of adsorbed XeF5 molecules
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with Si atoms. The polymer formed on the surface slows
down the etching rate at later stages of the etching pro-
cess [13, 14]. In this work, the kinetics of the ion-beam-
-assisted etching rate of Si in XeF5 environment is in-
vestigated. The influence of hydrocarbon radicals on the
chemical reactions taking place on the Si surface is de-
termined. Thin vapour-deposited Si films are etched in
XeF; environment [15]. The etching process is performed
in a diffusion-pumped high-vacuum system. It is impor-
tant to note that photoresist masks are not used in the
experiment. XeFs molecules emanated from the Knudsen
beam at the flow rate 2.0 x 10'5 molecules/s. The beam
is directed to the film being etched and produced the
effective pressure at the surface about 10! Pa at tem-
perature 300 K. ArT ions are directed to the grounded
Si film at normal incidence and bombarded the surface
with the energy 450 eV. The etching rate is measured
using quartz crystal microbalances. It is found that the
hydrocarbon radicals in the adsorbed layer intensify re-
action of XeF; molecules with Si atoms and that this
changes the kinetics of the etching rate. The difference
in kinetics of the etching rates of first and subsequent run
is explained.

2. Model

During Si etching in XeF, environment, competi-
tion between etching and polymerization processes takes
place. The etching process does not proceed by continu-
ous removal of the outermost Si layer, but by the forma-
tion of a fairly thick, disordered reaction layer containing
SiF, SiFs, and SiF3 species [16-18]. Under certain condi-
tions, the trapped SiF4 molecules are also observed. The
reaction layer is formed when F atoms, produced during
dissociative adsorption of XeFs molecules, diffuse in the
adsorbed layer [19, 20] and near-surface region [4]. The
etching process in the presence of polymerizing species
is driven by ion bombardment. Polymerization prevails
at low energy of incident ions (= 10 V). Meanwhile, at
higher energy of incident ions (> 100 eV), the etching
process becomes pronounced.
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The model is proposed to explain experimentally ob-
served enhancement of etching rate and difference in ki-
netics of the etching rates of first and subsequent run
during Si etching in XeF; environment [15, 21]. A mech-
anism of the enhanced Si etching rate, which is based on
the activation of adsorbed hydrocarbon molecules, is used
in the model. The mechanism is following: (1) adsorbed
hydrocarbon molecules are slowly activated, usually by
creating radicals; (2) hydrocarbon radicals in the poly-
mer film enhance the reaction of XeFs molecules with
Si atoms. Small amounts of hydrocarbon molecules are
present in the vacuum chamber. They originate from an
oil used in the vacuum pump. XeF, and C,H, molecules
from the gas phase adsorb on the surface

XeFa(g) — XeFs(a), (1a)

C,Hy(g) = C Hy(a). (1b)
These processes are characterized by adsorption frequen-
cies k1 = a1 N(XeF2) and ko = aaN(C,H,), where «;
is the sticking coefficient of i-th type species and N (i) is
the concentration of i-th type species in the gas phase.
Adsorbed C,H, molecules are activated by incident Ar™
ions

Art

C.Hy(a) — AP, (2)
where AP is the hydrocarbon radicals in the polymer
film. The hydrocarbon radicals have dangling bonds and

chemisorb species in the adsorbed layer. The activation
process is characterized by activation frequency

G = gly/C, (3)
where g is the activation constant, Iy is the ion flux,
and C is the surface concentration of Si atoms (C =
1.36 x 10* m~2). The activated polymer relaxes: AP —
C,Hy(a). This process is characterized by relaxation fre-
quency R = 7,71, where 7, is the mean relaxation time.

The main reactions, taking place in the adsorbed layer,
are the following:

Si+ 2XeFa(a) — SiFy(a) + 2Xe(a),
Si + 2XeFa(a) 25 SiFy(a) + 2Xe(a),
20,H,(a) 25 P, (4c

P+ C.H,(a) 25 P. (4d
It is important to note that these reactions do not repre-
sent elementary steps. Rather, they are composite reac-
tions that embody the most important kinetics param-
eters. The reactions are characterized by reaction rate
constants ki, ko, k3, and k4, respectively. Let us as-
sume that polymer formed during reactions, defined by
Egs. (4c) and (4d), is much slower activated than ad-
sorbed C,H, molecules. The components of the adsorbed
layer desorb and are sputtered by incident ions. The re-
moval frequency of i-th adsorbed layer component con-
sists of desorption and sputtering frequencies

w; = Tijdl + 7'551 =vgexp(—FE;q/kT) +Y:I/C, (5)
where 7; is the mean lifetime of i-th component, v is
the oscillation frequency of atoms in the solid, E; 4 is the

desorption activation energy of i-th type species, k is the
Boltzmann constant, T is the temperature, and Y; is the
sputtering yield of i-th component. Sputtering of acti-
vated polymer, polymer, and Si atoms is characterized
by sputtering frequencies, w; = w;s. Ion bombardment
increases the removal of SiF, radicals [22, 23]. However,
this phenomenon does not change the etching rate and is
not included in the model.

Components, present in the gas phase and produced
during reactions on the surface, are included in the ad-
sorbed layer of one-monolayer thickness. Six components
exist in the adsorbed layer: XeF,, SiFy, Xe, C,H,, AP,
and P, with relative concentrations ¢; = [XeFq]/C, ¢3 =
[SiF4]/C, ¢s = [Xe]/C, cx = [C;H,]/C, ¢c5 = [AP]/C,
and ¢g = [P]/C. The relative surface concentration of Si
atoms is equal to ¢; = 1. The following system of equa-
tions includes rate expressions of processes mentioned
earlier and describes the kinetics of component concen-
trations in the adsorbed layer:

1 — ey — 2kl — 2hacics — wner

% = k1c} + kaocles — wac,

% = 2]@10% + 2]{526%05 — W3cCs,

% = Bra — Gey — 2kscies — kycacscg (©)
+ Res — wycy,

% = Gcey — Res — wses,

% = kscics + kycacsce — wecs,

where 8 = 1— O is the fraction of the surface not covered
with adsorbate and © = Z?:l ¢; is the surface coverage.
The etching rate is proportional to the removal rate of
formed SiF4 molecules and Si atoms

V= ho ((JJ202 + LU7C7) 5 (7)
where hg = 2.72 A is the thickness of a monolayer.

3. Results and discussion

The experimentally measured kinetics of silicon etch-
ing rate in XeFy environment [15] is used to determine
the influence of activated polymer on the enhancement of
etching rate. The experimental and theoretical kinetics
of silicon etching rate are shown in Fig. 1. The values of
reaction rate constants and frequencies, found by extrap-
olation from experimental data, are presented in Table.
It is observed that ion bombardment increases adsorption
of XeF, molecules and C,H, molecules. The obtained
theoretical results are in agreement with experimental
measurements [24]. The removal frequencies of XeFs,
SiF4 molecules, and Xe atoms increase in the presence
of ion bombardment. The sputter yield of SiF, radicals
increases with respect to Si atoms due to a decrease in
binding energy. Large yields of SiF, radicals exhibiting a
collision cascade-type energy distribution are observed by
time-of-flight experiments [25]. The mean lifetime of SiF,
molecules in the adsorbed layer in presence of ion bom-
bardment is equal to 19.4 ms. The experimentally mea-
sured value is about 40 ms [23]. The difference between
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Fig. 1. Experimental [15] (points) and theoretical

(curve) kinetics of silicon etching rate in XeF environ-
ment.

TABLE

The values of reaction rate constants and frequencies,
found by extrapolation from experimental data.

Reaction rate
constant or t<200s | 200s<t<650s |t>650s

frequency [s7]
K1 70 100 0
K2 2.4 3.0 3.0
G 0 0.027 0.027
R 0 0 0
k1 0.35 0.35 0.35
ko 0 80 80
ks 0 0.50 0.50
ka 0 0.50 0.50
w1 0.15 51.5 51.5
w2 0.15 51.5 51.5
w3 0.15 51.5 51.5
w4 0.40 0.40 0.40
ws 0 0.014 0.014
we 0 0.40 0.40
w7 0 0.018 0.018

theoretical and experimental mean lifetimes is caused by
ion bombardment parameters. Ion bombardment driven
transport of reaction products through the reaction layer
is reaction-rate limiting step at low ion flux [26].

The kinetics of concentrations of adsorbed layer com-
ponents during silicon etching in XeFs environment, cal-
culated using Eq. (6), are shown in Fig. 2. It is observed
that, in the absence of ion bombardment, XeFs, SiF,
molecules, and Xe atoms prevail in the adsorbed layer.
In the presence of ion bombardment, concentrations of
these species vanish due to increased removal frequen-
cies. Concentrations of C,H, molecules and activated
polymer increase. The activated polymer intensifies re-
action of XeF5 molecules with Si atoms and enhances
the etching rate. At later stages of the etching process,
surface coverage by activated polymer increase and the
etching rate starts to decrease.

The difference in kinetics of the etching rates of first
and subsequent run is observed experimentally [21, 27].
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Fig. 2. The kinetics of concentrations of adsorbed layer
components.
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Fig. 3. Experimental [21] (dashed curves) and theoret-
ical (curves) kinetics of silicon etching rates of first and
subsequent run.

It is found that subsequent run starts on a less reactive
surface. The proposed model explains the difference in
kinetics of the etching rates. It is assumed that C.H,
molecules present in the adsorbed layer are activated be-
fore the subsequent run (C,H, molecules are activated
thermally at zero incident ion energy). The experimen-
tal [21] and theoretical kinetics of silicon etching rate are
shown in Fig. 3. During the experiment the steady-state
etching rate is reached later because of the absence of ion
bombardment.

The kinetic chain length of the polymer is the average
number of monomers added to each polymerizing radical
during polymerization. The kinetic chain length is de-
fined as the ratio of the number of propagation steps to
the number of initiation steps:
_ kacs

l= Tact. (8)

The dependence of kinetic chain length on time is shown
in Fig. 4. The kinetic chain length increases due to in-
creased adsorption of C,H, molecules when the flow of
XeF5 molecules is switched off. The monomer conversion
is calculated using the Carothers equation

1
= )

where X,, =1+ 1 is the number-average degree of poly-

p=1-
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Fig. 5. The kinetics of monomer conversion.

merization. The kinetics of monomer conversion is shown
in Fig. 5. The monomer conversion increases due to in-
creased adsorption of C,H, molecules. The kinetic chain
length and the monomer conversion increase with the in-
crease of concentration of activated polymer.

4. Conclusions

1. The activated polymer intensifies reaction of XeF5
molecules with Si atoms on the surface and enhances the
etching rate at energy of incident ions 450 eV. The in-
creased surface coverage by activated polymer slightly
decreases the etching rate at later stages of the etching
process.

2. The difference in kinetics of the etching rates of
first and subsequent run is due to the activation of C H,
molecules present in the adsorbed layer.
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