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Abstract—The characteristics of the gas phase and the kinetics of reactive-ion etching of silicon in a
50% CgxF,0 + 50% Ar plasma are studied. The study scheme includes plasma diagnostics using Langmuir
probes and optical emission spectroscopy, as well as the measurement of etching rates with varying input
power (200—600 W) and gas pressure (4—12 mTorr). It is shown that (a) the nature of the change in the
parameters of the electron and ion components of the plasma generally corresponds to the regularities known
for other fluorocarbon gases; and (b) the kinetics of the formation of fluorine atoms is significantly affected
by bulk processes of the form CF, + O — COF,_; + F. It is established that the change in the silicon etching
rate is determined by the kinetics of the heterogeneous reaction Si + xF — SiF, flowing in the mode of lim-
itation by the flow of fluorine atoms. It is assumed that the effective probability of this reaction under constant
temperature conditions is determined by the processes of competitive adsorption of oxygen atoms and/or surface

oxidation.
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1. INTRODUCTION

Nonequilibrium gas-discharge plasma of fluoro-
carbon (C,H,F,) gases historically plays an important
role in the technology of integrated micro- and nano-
electronics devices during the processes of structuring
the surface of various kinds of silicon wafers and func-
tional layers [1, 2]. The main tool here consists of the
processes of reactive ion etching (RIE), which com-
bine the effects of physical and chemical effects on the
treated surface. The control of physical and chemical
factors under varying treatment conditions (the com-
position of the plasma gas, its pressure, input power,
and displacement power on the treated surface) allow
us to effectively optimize the etching rate, profile
anisotropy, and selectivity with respect to the mask
material [3, 4].

Obviously, optimization of the RIE output charac-
teristics is impossible without understanding the
mechanisms of the physical and chemical phenomena
that ensure the gasification of the treated surface
atoms. This, in turn, requires the identification of rela-
tionships between the parameters of the gas phase
(electrophysical characteristics and plasma composi-
tion) and the kinetics of ion-stimulated heterogeneous
processes. Numerous studies of relevant issues for the
plasma of traditional fluorocarbon gases—CF,, CHF;,

C,F;, etc.—are set out in the reviews [5—8] and sum-
marized in the monographs [1—4]. In general, for each
of these gases (a) kinetic schemes have been developed
that adequately describe the kinetics of plasma-chem-
ical processes and the composition of the gas phase;
(b) the types of dominant particles are established and
their roles in the etching process are determined;
(c) the factors that determine the polymerization load
of the plasma on the surfaces in contact with it, as well
as the composition and stationary thickness of the flu-
orocarbon polymer film, are analyzed; and (d) meth-
ods have been developed to control the etch/polymer-
ization balance by varying the external parameters and
additive gases.

Recent studies have shown that a significant draw-
back of traditional fluorocarbon gases is their high
global warming potential (GWP) [9, 10]. For example,
the value of the GWP index (a parameter showing how
many times the contribution of the given gas to the for-
mation of the greenhouse effect exceeds the similar
effect of CO,) is more than 5000 for tetrafluorometh-
ane and more than 7000 for trifluoromethane [10, 11].
Thus, the search for new plasma-forming gases,
which, on the one hand, have a lower negative impact
on the environment, and, on the other hand, meet the
requirements of the technology, is an urgent task.
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According to the results of the works [11, 12], we can
conclude that one of the possible candidates here
could be C¢F,0, which has a unit GWP index and
remains liquid at temperatures below 50°C. The latter
property greatly facilitates the extraction of the unre-
acted fluorocarbon component from the exhaust gases
of plasma-chemical reactors. At the same time, the
properties C¢F,0 plasma and the possibilities of its tech-
nological applications have been studied extremely
poorly. The main reasons for this are the lack of exper-
imental data on the kinetics of RIE processes in the
given gas, as well as the objective difficulties in analyz-
ing the electrophysical parameters and plasma com-
position against the background of an indefinite
kinetic scheme. The development of the latter is sig-
nificantly hampered by the lack of reliable information
on the mechanisms and kinetic characteristics (cross
sections, rate constants) of the dissociation of C¢F,O
and its decay products.

Earlier in [13] a comparative study of the plasma
parameters and kinetics of RIE of Si and SiO, in
CF, + Ar and C¢F,O + Ar mixtures was carried out.
It was found that under identical discharge excitation
conditions, both plasma systems (a) are characterized
by the similar concentrations of charged particles; and
(b) there are no fundamental differences in the composi-
tion or thickness of the deposited fluorocarbon polymer
film. However, a distinctive feature of C4,F,O + Ar
plasma is the lower etching rates of Si and SiO,, which
is consistent with the differences in the concentrations
of fluorine atoms. At the same time, an obvious short-
coming of this work is the lack of data on the absolute
concentrations of atoms. This limits the possibilities of
analyzing the kinetics of neutral particles in the
plasma volume and heterogeneous processes on the
treated surface. The main idea of this study was to fur-
ther develop the experimental and theoretical
approaches to study the properties of C;F,O + Ar
plasma under conditions typical for RIE processes of
silicon and its compounds. Accordingly, the objectives
of the study were (1) to obtain data on the absolute
concentrations of fluorine and oxygen atoms with
varying input power and gas pressure; and (2) analyze
the silicon etching mechanism in the effective interac-
tion probability approximation. As shown earlier in
our works [14—16], the nature of the change in this
parameter under the conditions of temperature con-
trol of the processed material makes it possible to
identify third-party factors that affect the kinetics of a
heterogeneous chemical reaction.

2. METHODOLOGICAL PART
2.1. Equipment and Experimental Technique

The experiments were carried out under the condi-
tions of an induction RF (13.56 MHz) discharge in a
planar reactor with an anodized aluminum working
chamber [14—16]. The variable values were the gas

RUSSIAN MICROELECTRONICS

EFREMOV et al.

pressure (p = 4—12 mTorr) and input power (W =
200—600 W), which corresponded to the specific
power range of ~0.2 to 0.6 W/cm?. The set of constant
parameters included the total flow rate of the plasma
gas (g = 40 std. cm?/min), and the initial composition
of the mixture C¢F,O + Ar given by equal partial flow
rates of its components, and the bias power at the lower
electrode (W,, = 200 W). The last condition corre-

sponded to the variable value of the bias voltage U .,
which tracks the change in the positive ion flux density.

Data on the electrophysical parameters of the
plasma were obtained using a double Langmuir probe
DLP2000 (Plasmart Inc., Korea). To minimize the
distortion of the probe current-voltage characteristics
(CVC) due to polymerization on the probes, a pulsed
ion bombardment cleaning system was used. In addi-
tion, before each measurement, the probes were addi-
tionally processed in 50% Ar + 50% O, plasma for
~2 minutes. An analysis of the measured CVCs using
the well-known provisions of the probe theory for low-
pressure discharges [4, 17] provided data on the electron
temperature (7,) and ion current density (/, ). The total
concentration of positive ions was estimated from the

ratio n, = J,/0.6levy [4], where vy = \JeT,/m; is the
ion velocity at the outer boundary of the electrical
double layer near the probe surface and m; is the effec-

tive ion mass [15, 16]. When determining m; we
assumed that the dominant ion in plasma C4F,,0 is

CF;r . Indirect confirmation of this fact is (a) the
absence of fundamental differences in the absolute

values J,, measured in C¢F,,0 and CF, under identi-
cal discharge excitation conditions [13]; and (b) CF,
dominance among stable thermal decomposition
products of C¢F,0, including under the conditions of
the spark breakdown of the gas gap [18, 19]. The value
U, was controlled with an AMN-CTR high-voltage
probe (Youngsin Eng, Korea).

Stationary concentrations of F and O atoms were
determined by optical actinometry using analytical
pairs F 703.8 nm/Ar 750.4 nm and O 777.2 nm/Ar
750.4 nm [20, 21]. All these spectral lines are charac-
terized by (a) excitation by direct electron impact; and
(b) a low lifetime of the excited state, which makes it
possible to neglect the processes of nonradiative relax-
ation [21]. The atomic concentrations were calculated
from the relation

nX _ CX IX
- “Ar 7 H
Ny Ar

where [/, and ny are the radiation intensity and con-
centration of the determined particle X (X = F or O),

and Cffr is the actinometric coefficient determined by
the ratio of the excitation constants and the probabili-
ties of optical transitions. The excitation cross sections
and the parameters of optical transitions are well
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known from the literature. [21, 22]. In particular, in

the work [21], it was shown that parameters Cff, are
constant in the electron temperature range of 3 to 4 eV
(~2 for a pair of F 703.8 nm/Ar 750.4 nm and ~1.6 for
the O 777.2 nm/Ar 750.4 nm pair), while the results of
the actinometric determination of atomic concentra-
tions are in close agreement with the results of mass
spectral measurements.

The samples subjected to etching were located in
the central part of the lower electrode and consisted of
fragments of Si(100) wafers of ~2 X 2 cm. The built-in
water cooling system maintained a constant electrode
temperature after plasma ignition. The etching rate
was determined as R = 4/t, where Ah was the height
of the step at the border of the masked and nonmasked
areas of the treated surface, and t was the etching
time. Value A4 was measured with an Alpha-step D-
500 profilometer (KLA-Tencor, United States), and
an AZ1512 photoresist ~1.5 um thick was used as a
masking coating. The value of the etching time was
chosen within the quasi-linear section of the kinetic
dependence Ah = f (1) corresponding to the station-
ary etching mode. Obviously, the existence of such a
mode is ensured by the constancy of the sample tem-
perature and the absence of the effect of masking the
treated surface with a fluorocarbon polymer. Accord-
ing to the results of preliminary experiments, it was
also found that an increase in the treated surface area
does not lead to a decrease in the etching rate and is
not accompanied by noticeable changes in the probe
CVC. This allows us to conclude that the etching pro-
cess proceeds in the kinetic mode and is characterized
by a negligibly small effect of the etching products on
the parameters of the gas phase.

2.2. Approaches to the Analysis of Etching Kinetics

The analysis of the relationship between the
parameters of the gas phase and the kinetics of hetero-
geneous interaction was based on the published data
on the mechanisms of reactive-ion processes in the
plasma of fluorocarbon gases [4—7, 14, 23]. For typi-
cal RIE conditions (gas pressure <20 mTorr, ion bom-
bardment energy 200—600 eV), these data can be sum-
marized in the following statements:

(1) The observed RIE rate can be represented as
R,jys + Roperm» Where the terms are the rates of physical
sputtering and chemical etching of the target material.

(2) The physical component of the etching process
(R,,s and any ion-stimulated process, for example,
desorption of the interaction products or destruction
of a fluorocarbon polymer film) is characterized by

the rate Y I',, where Yy is the output of the process
(atom/ion) and I', = J, /e is the ion flux density. The
change in parameter Yy when varying the RIE condi-

tions is proportional to \/EI-, wheree; =e|-U, —U,|is
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the bombarding ion energy and U, is the floating
potential.

(3) The chemical component of the etching process
(R, and any heterogeneous reaction involving neu-
tral active particles, for example, the formation of a
fluorocarbon polymer film or its etching with oxygen

atoms) is characterized by the rate y,I'y, where vy is

the effective interaction probability and I' is the flux
density of the corresponding neutral particles. The
change in the parameter y, for the target material
under varying RIE conditions is determined by the
kinetics of the processes of filling and cleaning active
centers. The key factors here are the surface tempera-
ture, the volatility of the interaction products, and the
presence of processes leading to the inhibition or
masking of active centers. The competitive adsorption
of nonreacting particles is usually considered as the
first mechanism and the deposition of a fluorocarbon
polymer film is considered as the second one.

3. RESULTS AND DISCUSSION

According to the results of probe diagnostics of
C¢F,O + Ar plasma, it was found that the nature of
the change in the parameters of the electron and ion
components of the plasma corresponded to the regu-
larities known for other fluorocarbon gases. From
Table 1, it can be seen that the electron temperature
and ion current density increase with increasing power
added at p = const, but decrease with increasing gas
pressure under the conditions W = const. The nature
of dependence 7,=f (W) is due to the increase in the
degrees of dissociation of the molecular components
ofthe plasma, which leads to the enrichment of the gas
phase with atomic particles and less saturated CF, rad-
icals. Therefore, there is a decrease in the energy losses
of electrons in low-threshold processes of vibrational
and electronic excitation. Accordingly, the drop in 7,
with increasing gas pressure reflects the opposite
change in the energy loss of electrons due to the
increase in the frequency of their collisions with heavy
particles. It can also be seen that the dependences

J. = f(p,W) are always sharper than the value \/f, ,
which tracks the behavior of the ion velocity at the
boundary of the electrical double layer near the probe
surface. Thus, the observed responses of the ion cur-
rent density to a change in the discharge excitation
conditions are generally formed by similar depen-
dences of the total concentration of positive ions n,
and hence the ionization rate. The growth of the
invested power at p = const increases the total ioniza-
tion rate due to a similar change in the electron con-
centration in the plasma. The unambiguous depen-
dency n, = f (W) follows from the balance equation
for the input power, which is analyzed in [4, 24]. In
contrast, the increase in gas pressure under the condi-
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Table 1. Parameters of the electron and ion components of C¢F;,O + Ar plasma

p, mTorr 4 12 4 4 12 4 12
W, W T, eV J,, mA/cm? n,, 100 cm3 Y
200 3.6 3.5 0.20 0.16 0.91 0.74 414 441
400 3.8 3.7 0.46 0.39 2.03 1.79 368 409
600 4.0 3.8 0.64 0.59 2.79 2.61 336 365

T, is the electron temperature; J, is the ion current density; n, is the total concentration of positive ions; —U ;. is the negative displace-

ment on the treated surface.

tions W = const suppresses ionization by reducing 7,
and the rate constants of the corresponding processes

k;,. The characteristic values of the threshold energies

of processes of the form CF, + e — CF; + 2e (espe-
cially for the ionization of atomic particles) exceed the

average energy of electrons in plasma &€ = 3/27T,.
Therefore, even small changes in the electron tem-
perature are accompanied by sharp dependences

k.. = f(T,). Another factor that reduces the efficiency
of the formation of positive ions with increasing gas
pressure can be the drop in the electron density due to
an increase in the electronegativity of the plasma. The
reason for this may be related, among other things, to
an increase in the concentrations of the F, and O,
molecules formed during the recombination of fluo-
rine and oxygen atoms. Note also that the magnitude
of the negative bias under the conditions W,. = const
always changes inversely J, . This is due to the partial
compensation of the induced negative charge due to
the heterogeneous electron-ion recombination.

‘When studying the emission spectra of the plasma,
it was found that the emission intensities of atomic
lines F 703.8 nm, O 777.2 nm, and Ar 750.4 nm
sharply increase with increasing input power, but
slightly decrease with increasing gas pressure (Fig. 1a).
Obviously, both effects are a superposition of changes
in the concentrations of these particles and excitation
functions k,.n,, where k,. = f(T,) is the excitation
rate constant. The actual concentrations of F and O
atoms determined from the results of actinometric
measurements (Fig. 1b), have a less pronounced
dependence on the value W, but increase with increas-
ing gas pressure. The reason for the opposite effect of
pressure on the intensity of radiation and the concen-
tration of atoms is the sharper decrease in the corre-
sponding excitation functions.

The analysis of data Fig. 1b suggests some features
of'the kinetics of fluorine and oxygen atoms in C¢F,,0 +
Ar plasma. First, the effect of the input power on the

RUSSIAN MICROELECTRONICS

concentration of fluorine atoms is always much stron-
ger than for oxygen atoms. At low pressures, this is
expressed in different trends in the growth of the con-
centrations of the corresponding particles (by factors
of ~2.5 for n; and ~1.5 for n, at p =4 mTorrand W =
200—600 W); and at high pressures, in an even sharper
increase of iy at n, = const. In our opinion, this means
that a significant contribution to the formation of flu-
orine atoms is made by bulk processes of the R1 form:
CF,+0 —> COF,_, + F (k; ~3x 107" cm3/s for x =
3,2and ~ 6 x 10~ cm?/s for x = 1 [25, 26]). Accord-
ingly, the transition to the region of high pressures
increases the rate of oxygen consumption due to the
increase in the concentrations of CF, radicals. Sec-

ond, note that in the region W <450—500 W, the con-

dition n, > n; is always satisfied. It is logical to assume
that the dissociation of the initial molecule C4F,O pre-
dominantly comes with a break in the weakest C—C
bonds (~610 kJ/mol or 6.4 ¢V) and C—F bonds
(~552 kJ/mol or 5.8 eV) [22], while the strong C=0
double bond (~1060 kJ/mol or 11 eV) ensures the for-
mation of CO molecules as one of the stable dissocia-
tion products. Thus, the higher concentrations of oxy-
gen atoms can be due to the binding of fluorine in bulk
R2 processes: CO + F — CFO (k, ~ 3 X 107" cm?/s)
and R3: CFO + F — CF,0 (k; ~ 8 x 107! cm3/s) [26,
27]. Obviously, an increase in the input power reduces
the efficiency of these channels due to the increase in
the rates of CO dissociation by electron impact.

Figure 2 presents data illustrating the effect of dis-
charge excitation conditions on the kinetics of silicon
etching. The measured etch rates Rg; increase mono-
tonically both with an increase in the input power and
gas pressure, which contradicts the nature of the
change in the ion flux density (Table 2). Thus, in the
studied range of conditions, the etching process does not
have ion-limited stages and is determined by the kinetics
of the heterogeneous reaction R4: Si + xF — SiF,. The
latter conclusion is confirmed by estimates of sputter-

ing rates R, using published data on the dependence

Vol. 51 No.4 2022
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Fig. 1. Radiation intensities of analytical lines (a) and concentration of atoms (b) in a plasma mixture of 50% C¢F,0 + 50% Ar.
(a): (1) Ar 750.4 nm (reduced by a factor of 10); (2) F 703.8 nm; (3) O 777.2 nm. Solid lines correspond to a gas pressure of

4 mTorr; dotted lines correspond to 12 mTorr.

of the sputtering coefficient on the energy of ions [28]
(Table 2). Calculations of the effective probability of

heterogeneous interaction Y= R,,,/I'r, Wwhere
Rejem = Rsi — R, is the chemical component of the

etching rate and T’ = 0.25n, (8RTgas/1tMF)1/2 is the
flux density of fluorine atoms, showed the depen-
dence of this parameter on the discharge excitation
conditions even under conditions of the temperature
control of the sample in the reactor (Fig. 2b). Previ-
ously, in [13], it was found that the plasma polymer-
ization ability C4F,,O + Ar has no fundamental differ-
ences from similar characteristics of the CF, + Ar sys-
tem. Since the properties of the latter are well known,
it can be assumed with a sufficient degree of confi-

dence that the condition €, > 200 eV ensures the exis-
tence of a thin or even noncontinuous polymer film,
which does not limit the access of fluorine atoms to
the treated surface [4]. In our opinion, the reason for
the decrease in parameter y with an increase in the
input power and gas pressure, is the competitive
adsorption of oxygen atoms, leading to a decrease in
the proportion of free active centers. In addition, it is
logical to assume the occurrence of chemical pro-
cesses involving oxygen, which reduce the reactivity of
silicon with respect to fluorine atoms. As such pro-
Vol. 51
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cesses, we can consider (a) oxidation of the surface
itself, leading to the formation of Si—O bonds, which
formally corresponds to an increase in the threshold
energy R4; and (b) oxidation of R4 products into less
volatile compounds of the SiF,O, type, which leads to
a decrease in the proportion of active centers capable
of adsorbing fluorine atoms. Note that similar hetero-
geneous effects were discussed earlier for mixtures of
traditional fluorocarbon gases with oxygen. For exam-
ple, in [29], a similar correlation was observed between
the concentration of oxygen atoms and the probability of
interaction during the etching of SiO, ina CF, + O, + Ar
plasma mixture by varying the O,/Ar ratio. A similar
situation has also been reported for Si and SiO, in a
C,F; + O, + Ar mixture under conditions where the
etching rate is not limited by the diffusion of fluorine
atoms in the polymer layer [15, 30]. In the light of the
foregoing, the slight increase in the effective probabil-
ity of interaction in the low-pressure region at W =
200—400 W (Fig. 2b) is presumably the result of ionic
activation of the process through the purification of
active centers and the breaking of oxide bonds. In the
region of high pressures, this is hindered by the com-
bination of a low flux density of ions and a high flux
density of oxygen atoms. For the same reason, there is
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Fig. 2. Silicon etch rates (a) and the effective probability of the heterogeneous reaction Si + xF — SiF, (b) in a plasma mixture
of 50% C¢F1,0 + 50% Ar. (a) (1, 2) Measured etching rates R; (3, 4) chemical component of the etching rate R, defined as
Rsi = Rypys- Solid lines correspond to a gas pressure of 4 mTorr; dotted lines correspond to 12 mTorr.

a decrease in parameter y with an increase in gas pres-
sure under conditions W = const.

In conclusion, we note that the conclusions made
in this work on the mechanisms of the gas-phase and
heterogeneous processes in C¢F,O + Ar plasma are
rather hypothetical due to the lack of direct experi-
mental evidence. At the same time, they generally
agree with the results of studies of other fluorocarbon
gases and, apparently, adequately reflect the specifics
of the system under study.

CONCLUSIONS

A study was made of the electrophysical parameters
of the plasma, the concentrations of atomic compo-
nents, and the kinetics of reactive-ion etching of sili-
con in a mixture of C4F,O + Ar. Interest in C¢F,0 is
due to the prospect of replacing traditional fluorocar-
bon gases, which have high global warming potentials.
In an experimental study of the gas phase using Lang-
muir probes and optical emission spectroscopy, it was
found that (a) the nature of the change in the parame-

Table 2. Parameters of the physical (ionic) component of Si etching in C¢F;,0 + Ar plasma

p, mTlorr 4 12 4 4 12 4 12
W, W r,, 108 cm™2s! g, eV Y,, atom/ion R}y, NM/min
200 1.3 1.0 437 441 0.42 0.44 6.3 5.3
400 2.9 2.5 392 409 0.38 0.42 13.0 12.5
600 4.0 3.7 361 365 0.35 0.38 16.8 16.6

I, is the ion flux density; €; is the ion bombardment energy; ¥; is the sputtering coefficient [28]; R,y is the physical component of the

etching rate (sputtering rate).
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ters of the electronic and ion components of the
plasma corresponds to the patterns known for other
fluorocarbon gases; (b) the concentration of fluorine
atoms increases monotonically with an increase in the
input power and gas pressure; and (c¢) volumetric pro-
cesses of the CF, + O — COF,_, + F form affect the
kinetics of the formation of fluorine atoms. It is shown
that the chemical component makes a dominant con-
tribution to the silicon etching process, while the
kinetics of the heterogeneous Si + xF — SiF, reaction
are characterized by a nonconstant effective interac-
tion probability. It is assumed that the decrease in the
effective probability with increasing gas pressure is due
to the inhibitory effect of oxygen atoms through the
processes of competitive adsorption and/or surface
oxidation.
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