Model-Based Analysis of the
ZrO, Etching Mechanism in Inductively Coupled
BCls/Ar and BCIs/CHF5/Ar Plasmas

The etching mechanism of ZrO, thin films and etch
selectivity over some materials in both BCly/Ar and
BCL/CHF;/Ar plasmas are investigated wusing a
combination of experimental and modeling methods. To
obtain the data on plasma composition and fluxes of active
species, global (0-dimensional) plasma models are
developed with Langmuir probe diagnostics data. In
BClLy/Ar plasma, changes in gas mixing ratio result in non-
linear changes of both densities and fluxes for Cl, BCL,,
and BCL". In this work, it is shown that the non-
monotonic behavior of the ZrQO, etch rate as a function of
the BCly/Ar mixing ratio could be related to the ion-
assisted etch mechanism and the ion-flux-limited etch
regime. The addition of up to 33% CHF; to the BCls-rich
BCl;/Ar plasma does not influence the ZrQO, etch rate, but
it non-monotonically changes the etch rates of both Si and
SiO,. The last effect can probably be associated with the
corresponding behavior of the F atom density.
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1. Introduction

Plasma etching of high dielectric constant (high-k) materials
is an issue of increasing concern due to integration of these
materials in sub-0.1 um complementary metal oxide
semiconductor (CMOS) technology [1]. Among the known
high-k materials, ZrO, attracts great attention because of its
high dielectric constant (& is 20 to 25), wide bandgap (around
5to 7 eV) as well as a close thermal expansion coefficient with
Si that results in good thermal stability of the ZrO,/Si structures.
Therefore, the development of an anisotropic etch process for
71O, thin films is important.

There have only been a few works devoted to the
investigation of the etching behavior of ZrO, thin films using
chlorine-based plasma chemistries. In particular, Sha and
Chang reported on an etch process for ZrO, thin film in both
Cl, and Cl/BCl; plasmas [2], while Pelhos and others
investigated the etch behavior of Zr,ALO, thin film in
CL/BCl; plasma [3]. Although these works show the
dependence of the ZrO,etch rate on gas pressure, input power,
and bias power, the relationships between process parameters,
plasma chemistry, and surface kinetics were not explored well.
In fact, only Sha and Chang [2] attempted the model-based
analysis of the ZrO, etch mechanism in the BCly/Cl, plasma
and obtained a relatively good agreement between measured
and model-predicted etch rates. However, their model suffers
from an excess of free fitting parameters and has a pure
agreement with the basic theory of ion-assisted chemical
etching [4]. That is why the ZrO, etch mechanism is not clearly
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understood and this retards further integration of this material
in CMOS technology. Another critical issue to be investigated
and optimized is the etch selectivity of ZrO, over the
commonly used substrate and mask materials. It is known that
a highly-selective etch process allows a smaller feature size and
an accurate pattern transfer to be obtained.

In this work, we investigate the etch mechanism of ZrO, thin
films as well as the etch selectivity over Si and SiO, in an
inductively coupled plasma (ICP) system with BCly/Ar and
BCly/CHF3/Ar gas chemistries. The BCl; was chosen as an
active gas because it is widely used for the etching of the
materials covered by the native oxides due to the effective
extraction of oxygen in the form of BCL,O, compounds [5].
The addition of CHF; to the BCly/Ar plasma was aimed at
investigating the influence of the F-containing gas on the etch
selectivities over Si and SiO,. To analyze the ZrO, etch
mechanism, the models of plasma chemistry and surface
kinetics were developed.

II. Experiment

1. Experimental Setup and Procedures

The 130-nm thick ZrO, films were deposited on Si (100)
substrates at 150°C by a plasma-enhanced atomic layer
deposition (PEALD) method. Detailed descriptions of both the
deposition method and operating conditions are given in [6]. Si
(100) and SiO, substrates were used to determine ZrO,/Si and
Z1O,/Si0, selectivity.

Etching experiments were performed in a planar ICP reactor
(see Fig. 1). The reactor consisted of a cylindrical quartz
chamber with a radius () of 16 cm and a 5-turn copper coil
located on a 10-mm-thick horizontal quartz window. The coil
was connected to a 13.56 MHz power supply. The distance
between the quartz window and the bottom electrode (/) used
as a substrate holder was 12.8 cm. The bottom electrode was
also connected to a 13.56 MHz power supply to control dc bias
voltage on the substrate. During the etch process, the
temperature of the substrate holder was held at 17°C by the
circulation of deionized water. The etching conditions were the
following: a gas pressure (p) of 5 mTorr, an input ICP power
(W) of 500 W, and bias power (W,.) of 100 W. The initial
compositions of the BCL/Ar gas mixtures were set by
adjusting the partial flow rate of the components within the
total flow rate (g) of 60 sccm. For the three-component
BCIy/CHF3/Ar system, the CHF; was added to the 25/5 sccm
BCly/Ar gas mixture, so that a total gas flow rate was varied in
the range from 30 sccm to 45 scem.

The etched ZrO, samples had an area of 2x2 cm” To
determine the etch rate and etch selectivity, the etched depths of
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Fig. 1. Schematic drawing of the ICP etching reactor.

Zr0O, and Si were measured using a surface profiler (Alpha-
step 500, KLA-Tencor Corp.).

Plasma diagnostics were performed by double Langmuir
probe (DLP2000, Plasmart Inc.) measurements. The probes
were installed through the view-port on the side wall of the
reactor chamber and centered in a radial direction. For the
treatment of voltage-current curves aimed to obtain electron
temperature and ion density, we used the software supplied by
the equipment manufacturer.

2. 0-Dimensional Plasma Models

To obtain data on the densities and fluxes of plasma active
species, we used a simplified global (0-dimensional) model
with a Maxwellian electron energy distribution function
(EEDF) and with a quasi-stationary approximation for the
volume kinetics [7], [8]. The applicability of the Maxwellian
approximation for EEDFs in BCl;, Ar, and CHF; inductive
discharges at low pressures was demonstrated in [9] and [10]
by an outstanding agreement between plasma diagnostics data
and modeling results. The modeling algorithm was based on
the simultaneous solution of the following equations.

e The balance equations for neutral and charged species in a
steady-state dn/dt=0 approximation R—Rp=vsn, where Rp
and Rp are the average rates of formation and decay in
plasma volume, 7 is the volume-average density of particles,
and vg is the frequency (first-order rate coefficients) of the
heterogeneous decay. The list of processes taken into account
by the model was composed using [9], [11], and [12] and is
shown in Tables 1 to 3.

« The quasi-neutrality conditions for the volume densities of

charged particles (n-+n=n., where n, ~n, .+n .) and

BCl,*
for their fluxes to the reactor wall (I'=T",).
As the input parameters for modeling, we used the

experimental data on electron temperature (7;,) and total
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Table 1. Reaction set for the BCl; plasma modeling.

Process &, (€V) Rate coefficient

Dissociation and dissociative attachment

R1 BCl; + e —BClL+Cl+e 4.61 1.27x107T; """ exp(~70886/7, )

R2 BCl; + e — BCl +2Cl + ¢ 5.65 2.14x107T " exp(~79765/T, )

R3 BCl; + e — BCL + CI' + 2¢ 2345 3.81x107°T** exp(~266700/7, )

R4 BCl; + e — BCL + CI 0.14 2.18x107*T, " exp(~10749/T, )

RS BCL+¢— BCl+Cl+e 4.61 1.27x107 T exp(~70886/7, )

R6 BCl+e—>B+Cl+e 4.61 1.27x107 T, exp(~70886/7, )

R7 Ch+e—>Cl+Cl+e 3.0 2.11x107°T,"** exp(—-54886/T, )

R8 Ch+e—Cl+CI - 2.33x10™"'7* exp(-9163.8/T,)

R9 Cl, + BCl, < BCl; + Cl 1.00x10™"" exp(—600/T')

R10 Cl, +BCl < BCl + Cl 9.60x10™"" exp(—610/T)

R11 CL+B < BCl+Cl 7.90x107' exp(~780/T)
Ionization and dissociative ionization

RI12 BCl; + e — BClL,' + Cl + 2¢ 12.6 7.54x10° 7> exp(~150110/T, )

RI3 BCl; + ¢ — BCI" +2C1 + 2¢ 20.02 2.39% 10T, *** exp(-237490/T,)

R14 BCl, + e — BCL" + 2¢ 10.1 1.03x1077,°*" exp(-122160/T, )

R15 BCl+e —> BCI' +2¢ 10.3 5.4x107°T, " exp(-124230/T,)

R16 Cly+e— Cl' +2e 11.5 1.02x107°T"*" exp(-150810/T, )

R17 Cl+e—Cl' +2e 13.5 5.09x107°7**" exp(~155900/T, )
Recombination of ions

RI8 CI'+N; > N+Cl = 1.0x107

R19 BCL', BCI, CL, CI'— wall - v, /d,
Recombination of neutrals

R20 N+ wall - N(s), -

where N=BCl,/BCl/Cl/B 0.1/0.2/0.5/1 (sticking coeff.)

R21 N+ N(s) &> N-N from [10]

R22 B + BCly(s) — BCI(s) + BCl 0.05

R23 BCl + BCly(s) — BCI(s) + BCl 0.02

positive ion density (7,) extracted from the Langmuir probe
measurements.

For all neutral non-saturated dissociation products (F, CF,,
0), we accounted for the Eley-Rideal heterogeneous

recombination kinetics with v, =[(A2/D) +(2r/ 0.25;/UT)T

-1/2

[10], where A=[(2.405/r)2 +(7z/l)2J is the diffusion

length, y is the sticking or recombination probability, and
v, =(8k,T/am)"* . The effective diffusion coefficients, D,
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! where D, =(A/3)(8k,T/zm)"?
is the free diffusion coefficient, and D, is the inter-diffusion
coeficient given by the Chapman-Enskog equation together
with Blanc’s law [7]. For negative ions, we assumed v;=0
due to the presence of a double electric layer and of the
negative charges on the reactor walls made from
dielectric materials [7], [8]. For positive ions, we used
v, ~v/d, whered, =0.5¢l/(rh+1h). The ion Bohm
velocities v were calculated from u=\/ eT,(1+8,)/m.(1+B.y;)
[8], where y, =T,/T,, and f, is the relative density of

were calculated as D":D‘;‘+D.’l
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Table 2. Simplified reaction set for the CHF; plasma modeling.

Process &, (V) Rate coefficient

Dissociation and dissociative attachment

R24 CHF; +e— F + CHF, + ¢ 13.0 1.403x10°° 7" exp(~11.373/T,)

R25 CHF;+e—>H+CF;+e 11.0 9.309x107°T,"** exp(—11.423/T,)

R26 CHF,+e— CHF +F +e 4.75 1.403x10°°7,"* exp(~11.373/T,)

R27 CHF,+e>H+CF,+e 2.71 9.309x107°T."** exp(—11.423/T,)

R28 CHF +e >H+CF+e 330 9.309x107° 7> exp(~11.423/T; )

R29 CFs+e—CF+F+e 3.8 4.163x 107" exp(~1.301x10°/T, )

R30 CF,+e—>CF+F+e 5.4 1191077 exp(~1.446x10°/T, )

R31 CF+e—>C+F+e 5.6 1.19x107°T"" exp(—1.446 x10°/T; )

R32 HF +e>H+F+e 5.85 3.625x10°7, " exp(-13.139/T,)

R33 CHF; +e - CHFR, + F L11x107 7% exp(-42190/T, )

R34 CF;+e—CF, +F 0.4 2.369x107°T,***” exp(-58760/T, )

R35 HF+e—>H+F 1.87x107° 7% exp(—9159.9/T, )

R36 CHF; + F — HF + CF; 1.49x10™

R37 CHF, + F — HF + CF, 4.98x10™

R38 CHF, + H — HF + CHF 4.43x10™°

R39 CF; + H — HF + CF, 9.11x10™

R40 CF,+H — HF + CF 3.90x10™"

R41 CF+H— HF+C 1.90x10™
Recombination of ions

R42 F+N, ->N+F s 1.0x107
Recombination of neutrals

R43 N+ wall - N(s), -

where N = CHF,/ CHF / CF; / CF, / CF/ F/ H 02/02 fsg?iljiggsc/ogi'; 03703
R44 N+ N(s) > N-N from [12], see also text

For R24-R28, R30, R31, R33-R35, 7, is in eV. For all other electron impact reactions, 7, is in K.

Table 3. Additional reaction set for BCly/Ar and BCly/CHF;/Ar plasma modeling.

Process &, (V) Rate coeftficient

R45 Ar+e—>Ar +2e 15.8 7.07x107" 77> exp(—64886/T,)
R46 HCl+e—>H+Cl+e 45 1.45%107°T** exp(~53886/T, )
R47 HCl+e—>H+CI 0.4 2.33x107"' T exp(-10111/T,)
R48 HCl +F — HF + Cl 8.7x10™"

R49 CHF; + Cl - HCl + CF; 3.3x107™

R50 CHF, + Cl — HCI + CF; 3.3x10™

R51 CHF + Cl — HCl + CF 3.3x10™

RS2 H + Cl(s) »> HCI see text

R53 Cl+ H(s) > HCI see text
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negative ions at the plasma sheath edge. The last parameters
are connected with bulk electronegativity S =n_/n, as
B. = Blexp((1+ B )y, ~1/20+ B.7,))] - For simplicity,
we assumed the temperature of all kinds of ions to be
equal and dependent only on the gas pressure; thus,
T, ~T+(0.5-T)/p , where Tis the gas temperature in V and
p is the pressure in mTorr [7]. The coefficients % and 4, are
given by the low pressure A < (7, /T,)(R,L) diffusion theory

[71. [13] as / ~0.86(1+28.7,7 1+ B,)(3+(/22)) "

and h ~080(1+38y, " /1+B8)(4+(/2)) """, where
A=Y y4" isthe averaged ion mean free path, while
y; and 4; are a mole fraction (inside #.) and a partial free path
for each kind of positive ion. The partial values of 4; were
estimated as A, =) (o,

i-n

N)", where o,_, denotes the
ion-neutral interaction cross-sections and N; denotes the partial
densities of neutral species. The parameters o, , were
determined using the polarizability data for neutral species [14]
and assuming the charge transfer process is the main
mechanism for ion scattering in bulk plasma.

3. Phenomenological Model of Etch Kinetics

To analyze the ZrO, etch mechanism, we used a simplified
model of etch kinetics based on the theory of active surface
sites [15], [16]. The assumptions were formulated as follows:
1) Cl or F atoms are the main chemically active species; 2) the
formation of low volatile Zr chlorides or fluorides is the main
channel for the loss of active surface sites; 3) the contribution
of physical sputtering of ZrO, by Ar' ions can be neglected;
and 4) all kinds of positive ions are effective for the ion-
stimulated desorption of reaction products. In such a situation,
the total etch rate can be expressed as R = 0s,I" ), (1-6) , where
¢ is the stoichiometry coefficient (for example, 6 = 0.25 for
ZrCly); so, which is around 0.3 to 0.5, [15], [16] is the sticking
coefficient for etchant species; I'y, =0.25n, (8k,T /7m,)"*
is the flux of neutral species with the volume density of ny; and
0 is the fraction of surface sites covered by the reaction
products. The stationary balance for the free surface sites (1-6)
isgivenby &5, [,(1-0)=6>Y, '

d,i~ +,i

3 os,I'y )
é‘SOI—‘N + Z Yd,ir+,i ’

. Thus, we can write

R=0s,I") (1

where T, ~/hn, (el /m)"” are the partial fluxes for
positive ions with densities of 7., and Y, , = A(\/E —\/g )
[16] are the partial desorption yields. Parameter A4 is the
constant depending on the type of incident ion, & is the
desorption threshold, and ¢ is the incident ion energy, which
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is the sum of ion acceleration energy in the plasma sheath
(about 5.27, for pure Ar plasma and about 6.37, for pure BCl;
plasma, assuming BCL," is the dominant ion) and the negative
dc bias voltage applied to the substrate. The parameters A,
which is around 0.04 to 0.06, and &, around 21 eV, for BCL,"
ions can be derived from [2]. For other ions (Cl', Ar', and so
on), we assumed the same desorption thresholds but
recalculated the 4 values proportionally to the momentum
transferred to the surface in a single collision.

III. Results and Discussion

1. BCly/Ar Plasma

For the given composition of the bulk plasma, the etch
kinetics depends strongly on such factors as reaction
probability and sputtering/desorption yields for both native
atoms and reaction products. The experimental data on the
saturated vapor pressures for ZrCl, are absent, but we can refer
to the corresponding melting points (7;,) assuming a qualitative
correlation of these parameters with the volatility [14]. From
[2] and [14], we can find that T;,, = 772°C and 437°C for ZrCl,
and ZrCl,, respectively. Therefore, we can neglect the
spontaneous desorption of reaction products and assume that
the ion-assisted chemical reaction is the main etch mechanism
in the BCl;-rich plasma. Also, since the Zr-O bond is stronger
than the Zr-Cl bond (8.06 eV versus 5.11 eV [2]), the direct
chlorination of the ZrO, surface at near-to-room temperature
seems to be impossible. That is why the role of ion
bombardment includes, at least, the destruction of the Zr-O
bonds to support the formation of ZrCl, and the sputtering of
the ZrCl, layer to provide the access of Cl atoms to the etched
surface. Although it was reported in [2] that the CI atoms were
the main etchant for ZrO, in Cl-containing both BCl; and Cl,
plasmas, some additional effect can result from the unsaturated
BCl, radicals. The strength of the B-O bond is 8.4 eV [2], so
the spontaneous reactions 2BCl, + ZrO, — Zr + 2BOCI, are
easily expected. In fact, such a process liberates the metal from
the oxide and accelerates the formation of Zr chlorides. At the
same time, the etch kinetics and threshold (determined from
the dependence of the etch rate on Je ) for ZrO, in Cl, and
BCl; plasmas are very close [2]. This means that the BCl,
works as a catalyst but not as the main chemically active
species.

From Fig. 2, it can be seen that an increase in the Ar mixing
ratio results in the non-linear behavior of the ZrO,etch rate. In
particular, for 16% to 83% Ar, the etch rate changes weakly in
the range from 36.9 to 31.4 nm/min, whereas in pure Ar
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Fig. 3. (1) Experimental data on electron temperature and (2) plasma
potential as functions of BCly/Ar mixing ratio (p=5 mTorr,
g=60 sccm). Solid lines are to guide the eye only.

plasma, it drops down to 0.65 nm/min. This probably results
from the low ZrO, sputtering yield and the decreasing dc bias
on the etched sample (224 to 158 V for 10% to 90% Ar). In
fact, this makes it possible to neglect the contribution of
sputtering by Ar” even in the Ar-rich plasma. The ZrO,/Si etch
selectivity keeps a near-to-constant value of 1.15 to 0.92 for
17% to 83% Ar. This means that there is a quite close etch
kinetics (and thus, etch mechanisms) for both ZrO,and Si that
is in good agreement with our assumptions on the ZrO, etch
mechanism.

Figures 3 and 4 illustrate the influence of the BCly/Ar mixing
ratio on both plasma parameters and densities of active species.
An increase in the Ar mixing ratio from 17% to 83% results in
an increasing electron temperature in the range from 1.99 eV to
2.94 eV (see Fig. 3) that is in good agreement with published
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data [17].

A similar effect has been repeatedly mentioned in the
literature for Cl/Ar plasma [18]-[20]. It is caused by the
domination of the high-threshold process in the reaction set for
Ar atoms. The rate coefficients of R1 to R7 and R12 to R17
follow the behavior of 7, while the main source of Cl atoms is
represented by the dissociation BCl; through R1 and R2. The
contributions of R12 and R13 are much lower due to high
threshold of the dissociative ionization process. Accordingly,
the effective dissociation rate coefficient (k;+2k;) occupies the
range of (1.9 to 5.9)x10” cm’/s for 17% to 83% A, and the C1
atom formation frequency (k+2k,)n, changes in the range from
161 to 954 5. As a result, both the BCl; dissociation rate and
the Cl atom density (see Fig. 4(a)) fall more slowly than those
to be expected from the change of the initial mixture
composition. The density of BCl, radicals is lower than the
density of Cl atoms because of the lower formation rate:
(ki +2k,)/(k +k; +k, ) is around 2.2 to 2.7 and ng, /ny,
is around 2.0 to 2.6 for 17% to 83% Ar. Also, the density of
BCl radicals is much lower than the Cl and BCl, densities. The
main source of BCl is represented by R2, while the decay rate
is higher than those for Cl and BCl, due to a higher sticking
coefficient and a higher surface polymerization ability [9]. As a
result, we obtain a 7, / Ry, value of around 3.9 to 2.0 for
17% to 83% Ar. All of these are in good agreement with the
published data on diagnostics and modeling of the BCl;-
containing plasmas [9], [17], [21], [22].

As shown in Fig. 4(b), an increase in the Ar mixing ratio
causes the same effects for both 7, (1.29x10" to 1.82x10" cm™
for 17% to 83% Ar) and n, (8.27x10" to 1.72x10" em™ for
17% to 83% Ar). This can be attributed to the increasing total
ionization rate (1.810" to 8.910"° cm™s™ for 17% to 83% Ar)
and the change of the total balance of charged particles
determined by the quasi-neutrality condition. The density of CI'
follows the behavior of the R4 rate and decreases
monotonically in the range from 4.6x10' to 9.6x10° cm™ that
provides a value 0f 0.6 to 0.05 for / n, . The last value is in
good agreement with the published data for low-pressure
electronegative plasmas, including the BCl; ICP [18]-[20].
Among the positive ions, the dominant one is the BCL," with
My /nAr, around 302 to 14 and 7, o /n ., around 52 to 14
for 17% to 83% Ar, while the density of BCl," exceeds that of
BCI' by an order of magnitude. All of these result from the
differences in partial ionization rates (in particular, BCl," is
formed directly from the BCl; molecules) and the faster decay
of other ions due to lower mass and higher ion Bohm velocity.
It is also important to note that the density of BCl," changes
non-monotonically with an increasing Ar mixing ratio. This is
caused by the corresponding behavior of the formation rate for

ETRI Journal, Volume 30, Number 3, June 2008
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BCL" (R12+R14) due to the concurrence between the
decreasing volume densities of neutral species and increasing
n.and ionization rate coefficients.

The comparison of the experimental data on the ZrO, etch
rate (see Fig. 2) and the model-predicted plasma composition
(see Fig. 4) shows an evident correlation between relative
behavior of the etch rate and the BCl," density. Generally,
this seems reasonable since the ZrO, etch mechanism
represented by ion-assisted chemical reaction and the rate of
the whole process are limited by the ion-stimulated desorption
of reaction products. To analyze this situation in detail, we
applied the simplified model of etch kinetics described in
Section II.3. It was found that the main role in ion-stimulated
desorption of reaction products belongs to BCl," with
(Ydl“)[m+ /(Ydl“)m+ around 300 to 1.4 for 17% to 83% Ar. An
increase in the Ar mixing ratio lowers the fraction of
chlorinated surface (@is 0.77 to 0.61 for A=0.1 and @is 0.97 to
091 for A=0.01 at 17% to 83% Ar), but the fraction of free
surface (1-6) does not exceed 40% for A=0.1 and 8% for
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A=0.01 even at 80% Ar. This is due to a high chlorination rate
(ZYdJFH/é'sOFC, equals to 0.16 to 0.27 with 4 = 0.05 at
17% to 83% Ar) supported by a non-linearly slow decrease in
I', with an increasing Ar mixing ratio. Taking into account
that for &s,['o, >> Y ¥, I, (I)givesR— > Y, T it
is understandable why the ZrO, etch rate follows the behavior
of the BCl," density and flux. In fact, we have the ion-flux-
limited etch regime, where the total etch rate is limited by the
ion-stimulated desorption of low volatile reaction products.
Also, using Js,, which is 0.02 to 0.03, 4 = 0.042 (that is in
good agreement [2]), and multiplying the result of (1) by a
factor of 6x IOSM/pNa (M =123.2 g/mol is the ZrO, molar
mass, p = 5.68 g/cm3 is the ZrO, atom density, and N, =
6.02x10%), we obtain 40 nm/min, 42 nm/min, and 32 nm/min
at 17%, 50%, and 83% Ar, respectively. Since the model-
predicted curve seen as a dashed line in Fig. 2 agrees with an
experimental one in both relative and absolute scales, we can
assume that the sets of assumptions for plasma chemistry and
etch kinetics used to build the models provide an adequate
description of the ZrO, etch mechanism.

As explained in [23] and [24], the etch mechanisms of both
Si and SiO, in chlorine-containing plasma also follow the ion-
assisted chemical reaction. That is why the ZrO,/Si and
ZrO,/Si0O; etch selectivities in the BCLy;/Ar plasma cannot be
principally improved by variations of input process parameters.
One way to adjust the etch selectivity is to complement the
BCly/Ar gas mixture with another active gas providing the
formation of more volatile products for one of the etched
substances. For this purpose, we investigated the effect of
adding CHF; to the 25/5 sccm BCly/Ar gas mixture.

2. BCLly/CHF5/Ar Plasma

Figure 5 shows that, as the CHF; mixing ratio in the BCly/Ar
plasma increases up to 33%, the ZrO, etch rate shows a weak
tendency to decrease in the range from 38.8 to 38.1 nm/min.
Since the difference between maximum and minimum values
lies within the margin of experimental error, a conclusion about
the constant ZrO, etch rate seems reasonable. From [14], it can
be seen that the volatility of Zr fluorides is much lower than
that of corresponding chlorides (7;, = 932°C for ZrF,), while
the strength of the Zr-F bond (6.4 eV) is lower than that of the
Zr-O bond. The negative dc bias on the substrate also keeps a
near-to-constant value, so that the obtained behavior of the
71O, etch rate is in agreement with the ion-assisted etch
mechanism previously proposed. In other words, the addition
of CHF; to the BCly/Ar plasma provides no evident reasons to
accelerate the chemical etch pathway or to change the ion-flux-
limited etch regime. At the same time, the etch rates of both Si
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and SiO, exhibit a higher sensitivity to the addition of CHF; in
the BCly/Ar plasma and increase from 45.8 to 60.5 nm/min and
from 14.5 to 18.8 nm/min, respectively, for 0% to 20% CHF;.
However, the further addition of CHF; results in the Si and
SiO; etch rates decreasing to 52.5 nm/min and 16.5 nm/min at
33% CHF;. Generally, this also looks reasonable since the
spontaneous reaction of F atoms with these materials occurs
even at near-to-room temperatures [5], [13].

Before analyzing the parameters and composition for the
BCl;/CHF;/Ar plasma, we would like to mention some
peculiarities of this system. First, the cross sections for electron
impact processes involving CHF; and corresponding
dissociation fragments are not known with appropriate
accuracy [12]. In fact, there are only two works devoted to the
modeling of the CHF; plasma [11], [12]. They used different
sets of process and different sets of cross sections, and they
obtained different results on plasma composition. The second
problem is that the heterogeneous chemistry is not well
understood yet. This particularly relates to unknowns for both
sticking coefficients for CHF,(x<3) and the dominant
recombination pathway with adsorbed species. Finally, there is
no detailed experimental data on CHF; plasma composition;
therefore, no plasma models have adequacy criteria. (the
quality of a model cannot be evaluated by comparison with
experiment). When developing the model for the CHF; plasma,
we used the following assumptions. First, compared with the
reaction sets from [11] and [12], we reduced the kinetic scheme
of electron impact reaction and left only the processes really
influencing the particle balance for the given range of
experimental conditions (Table 2) Second, the sticking
coefficients for CHF,and CHF were taken from [11] and [25]
like those for CF, and CF. Third, for the given adsorbed particle,
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Fig.

all recombination pathways with other unsaturated components
were equalized by assuming equal partial probabilities. Finally,
the balance equations for positive ions were not solved. In fact,
we solved only the balance equations for negative ions and
derived 7, from known 7. using the quasi-neutrality condition.
Taking into account the simplifications previously mentioned,
the modeling results for the BCly/CHF5/Ar plasma should be
viewed on a relative scale rather than on an absolute one.
Figure 6 illustrates the influence of the CHF; mixing ratio on
the plasma parameters and densities of charged species. As the
CHF; mixing ratio in the BCly/Ar plasma increases from 0% to
33%, the electron temperature also increases in the range
between 1.99 to 2.75 eV. This phenomenon seems reasonable
because the CHF; and many sub-products have higher
excitation and ionization potentials than those of BCl; and Ar.
The total density of positive ions (see Fig. 6(b)) exhibits a
weak maximum at 10% CHF3; however, it then decreases by a
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factor of 1.2 compared with pure BCly/Ar plasma. Although
the rate coefficient for CHF; is lower than that for BCl;
(1.14x10™ to 1.27x10™ cm¥s for 0% to 33% CHF;), the
formation of negative ions is noticeably influenced by such
highly-electronegative species as CF;, HF, and HCI. That is
why an increase in the CHF; mixing ratio increases the total
density of negative ions and increases the gap between n, and
n, (n/n,is 0.56 to 1.18, where n_=n R and n./n, is 1.56
to 2.18). With this background, the non-monotonic behaviors
of both 7. and n, are not surprising and can be associated with
their increasing decay rates through the dissociative
attachments R34, R35, and R47 (see Tables 2 and 3) and ion-
ion recombinations R18 and R42. The modeling results also
show that a specific feature of the CHF; plasma is the high
density of CF; and HF (see Fig. 7(a)), and this fact is in good
agreement with [11] and [12]. As shown in Table 2, these
species appear in fast atom-molecular reactions R36 to R41
resulting in the effective consumption of both F and H atoms.
As a result, the densities of mentioned atomic species are
noticeably lower than those of CF; and HF. Also, the mixing of
CHF; with a chlorine-containing environment opens several
pathways for the formation of HCI (R49 to R51 in Table 3) and,
simultaneously, increases the decay of F atoms by increasing
the rate of R48. That is why the density of F atoms changes
non-monotonically (see Fig. 7(b)) and exhibits a quite clear
maximum at 21% to 23% CHF; in the BCly/Ar plasma. In our
opinion, this fact can be accepted as a qualitative proof for the
non-monotonic behaviors of the Si and SiO;, etch rates.

The analysis of the ZrO, etch kinetics in the BCly/CHF5/Ar
plasma is generally a problem because of the multi-component
composition of bulk plasma, which includes such possible
etchants as Cl, F, CF,, HF, and HCl. However, taking into
account that the Cl atoms dominate over other mentioned
species (see Fig. 7(b)), we neglected any chemical effects
except ones from the Cl. Accordingly, we assumed I'y=I"¢; in
(1). As for the behavior of the Cl atom density, this parameter
decreases monotonically in the range of (3.44 to 2.15)x10"
em” for 0% to 33% CHEF; (see Fig. 7(b)). As the modeling
results demonstrate, the slow decrease of n, is caused by the
action of two factors: the increasing dissociation rate coefficient
due to increasing electron temperature and the effective re-
generation of Cl atoms through the reactions involving HCI.
For the case of &s,I', >> Y'Y, ', (thatis, (1-0) << 1),
the etch rate has low sensitivity to changes in the flux of
chemically active species. For this reason, it seems reasonable
that the change of Cl atom density has no similar influence on
the ZrO, etch rate. The analysis of ionization kinetics using
the reaction set from [12] makes it possible to conclude that, for
the given set of experimental conditions, the dominant positive
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ions are BCl," and CF;" with quite close masses. Evaluation of
the net flux of positive ions T, ~ i, (eT,/m,)"” reveals
that as the CHF; mixing ratio increases the second and third
multiplicands work in opposite directions; therefore, the
change in I'; is expected to be insufficient. This allow us to
assume a near-to-constant efficiency of ion-stimulated
desorption of reaction products and explains the constancy of
the ZrO, etch rate demonstrated by the experiments. Therefore,
the model of the ion-assisted etch mechanism described in
section 1.3 gives a qualitative explanation of the ZrO, etch
behavior with the addition of CHF; to the BCly/Ar plasma.
More accurate analysis will be possible involving the
experimental data on the CHF; plasma composition to adjust
the uncertain reaction pathways.

Finally, we would like to note one more time that our models
of plasma chemistry and etch kinetics, especially for the
BClLy/CHF5/Ar plasma, cannot provide an accurate quantitative
analysis of the ZrO, etching mechanism for all cases due to some
simplifications and uncertainties in primary assumptions.
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However, the model-based analysis enhances the understanding
of the relationships between input process parameters and the
etch rate, illustrates the relative contributions of both chemical
and physical etch pathways, and determines the factors of
primary influence on the process characteristics.

IV. Conclusion

In this work, we investigated the etch mechanism of ZrO,
thin films and etch selectivity over Si and SiO, in BCly/Ar and
BCly/CHF3/Ar inductively coupled plasmas. For this purpose,
we used a combination of experimental and modeling methods.
To obtain the data on plasma composition and fluxes of active
species, global (0O-dimensional) plasma models were developed
with the Langmuir probe diagnostics data as input parameters.
It was shown that an increase of the Ar mixing ratio in the
BCly/Ar plasma resulted in non-linear changes of both
densities and fluxes for Cl and BCl,". From the model-based
analysis of surface kinetics, it was shown that the non-
monotonic behavior of the ZrO, etch rate as a function of the
BCly/Ar mixing ratio could be explained within the assumption
of the ion-assisted etch mechanism and the ion-flux-limited
etch regime. The addition of CHF;to the BCls-rich BCly/Ar
plasma up to 33% does not influence the ZrO, etch rate, but it
non-monotonically changes the etch rates of both Si and SiO,.
This last effect can probably be associated with the
corresponding behavior of the F atom density. For this reason,
we obtained a degradation of both ZrO,/Si and ZrO,/SiO, etch
selectivities in the F-containing plasmas compared with those
for BCly/Ar. A method to improve selectivity will be the subject
of further research.
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