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SIMULATION OF SILICON ETCHING IN CF,CL; PLASMA
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The reactive ion etching of silicon in CF2Clz plasma is considered. The profiles of etched trenches are calculated as the
functions of mask dimensions, flux of CF3 radicals, and parameters of ion bombardment. The processes of adsorption, activa-
tion, chemical reactions, relaxation, desorption, and sputtering are included in the proposed model. During one-dimensional
etching, F/C ratio of adsorbed layer decreases with the intensification of reaction of CF; radicals with Si atoms and of the sput-
tering of polymer and SiC molecules. The values of frequency probabilities, found by extrapolation from the experimentally
measured one-dimensional silicon etching rate in CF2Cls plasma, are used for the calculation of the real dimensions of etched
trenches. During two-dimensional etching, F/C ratio in the trench bottom depends on the fluxes of neutrals and ions. F/C ratio
at the sidewalls is equal to 2. Special attention is given to the etching anisotropy and lateral etching. The influence of the ratio
of concentration of CF» radicals and concentration of CF; ions in the plasma on an etched trench profile is considered. The

conditions under which anisotropic etching prevails are found.
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1. Introduction

Isolation technology using silicon trenches is em-
ployed in high-speed integrated circuits. Important
steps in a trench isolation process are: (1) reactive ion
etching (RIE) of narrow and deep trenches in silicon;
(2) removal of the etching mask and cleaning of the
trenches; (3) refilling with dielectric materials; and (4)
planarization of the surface. The task of etching the
trenches consists of finding an etch process with not
only a high anisotropy and a high selectivity between
the silicon and the mask material but also with the high
silicon etching rates and good compatibility with the
other steps in the trench isolation process [1]. Main
products of dissociation of CF5Cly molecules are CFq
radicals and Cl atoms [2]. CFs radicals lead to the
deposition of a polymeric layer during RIE of silicon.
The deposition rate is proportional to the volume of ad-
sorbed particles. The deposition rate decreases with the
increase of discharge power density, substrate temper-
ature, and energy of bombarding ions [3].

Sputtering and activation of adsorbed precursors or
condensed species are significant effects in ion-assisted
processes. In experiment [4], the polymer growth on
a grounded silicon surface by a CF9 beam coincident
with an Ar microwave plasma was investigated. It was
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found that the polymer deposition rate is low when only
the CF5 beam is applied and that the deposition rate sig-
nificantly increases with the addition of the Ar plasma.
In experiment [4], the enhancement of polymer for-
mation by ions has been observed at low ion energy
(= 10 eV). At ion energy > 100 eV ion bombardment
leads to sputtering of the polymer. In work [5], the en-
hancement of silicon etching rate in XeF5 ambient was
explained by the presence of activated polymer on the
surface. The activated sites in the polymer film are dan-
gling bonds.

In this work, RIE of silicon in CF2Cly plasma is
considered. The simulation is based on the experimen-
tally measured one-dimensional silicon etching rate in
CF2Cly plasma [6,7]. The values of frequency prob-
abilities, found by extrapolation from one-dimensional
etching rate, are used for the calculation of the real di-
mensions of etched trenches. It is found that activated
polymer is more likely to chemisorb species reaching
the surface from the plasma and changes the silicon
etching rate. Low energy ion bombardment (100 eV)
is suitable for anisotropic RIE of silicon in CF,Cl,
plasma.
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2. Modelling of Si etching in CF,Cl, plasma
2.1. One-dimensional etching

The one-dimensional etching of Si substrate in a
CF,Cl;y plasma is considered. Main products of dis-
sociation of CF5Cly molecules are CF5 radicals and Cl
atoms [2]. In work [8], CFs radical density was mea-
sured in radio-frequency CF2Cls plasma using infrared
absorption spectroscopy. It was found that the partial
pressure of CFy is about 5% of the total pressure. In
order to reduce the number of frequency probabilities
that are freely chosen, only CFs radicals are consid-
ered. CF; radicals present in the plasma adsorb on the
surface:

This process is characterized by frequency probability
of adsorption » = aNcr,, where « is the sticking co-
efficient and Ncr, is the concentration of CF, radicals
in the plasma. Adsorbed CFs radicals are activated by
incident ions:

CFa(a) Zap ; 2

where 1T represents ion species and AP represents ac-
tivated sites in the polymer film. The activated sites are
more reactive and chemisorb the species reaching the
surface from the plasma. Surface-adsorbed CF5 radi-
cals are activated even without ion bombardment [9].
The activation process is characterized by frequency
probability of activation

G:glo/N, (3)

where ¢ is the activation constant, Iy is the ion
flux, and N is the concentration of surface atoms
(N = 1.36-10" m~2). The activated polymer relaxes:
AP—P, where P represents non-activated sites in the
polymer film. This process is characterized by fre-
quency probability of relaxation R, = 1/7, where 7
is the mean relaxation time.

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

Si 4+ 2CFy(g) 2 SiFy(a) + 2C(a),  (4.1)

Si+ C(a) — SiC, 4.2)
C(a) + CFa(g) =P, (4.3)

AP

P+ CFy(g) —P. (4.4)
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Fig. 1. Schematic presentation of RIE through the mask.

C atoms produced during reaction (Eq. (4.1)) exist
in the adsorbed layer. Reaction rates are character-
ized by frequency probabilities of reactions R; =
kiNgp,. Ro = ko, Ry = ksNcr,, Ry = kaNcr,,
where k; is the reaction rate constant of ith reaction.
The influence of reactions Si + 4F(g) — SiF4(a) and
Si+ 2Cl(g) — SiCla(a) on the etching rate is negligi-
ble, because these reactions reach steady-state regime
within milliseconds. Let us assume that the polymer
formed during reactions (Egs. (4.3) and (4.4)) is much
slower activated than the adsorbed CF5 radicals. The
components of adsorbed layer desorb and are sputtered
by incident ions. The frequency probability of removal
of ith adsorbed layer component w; consists of fre-
quency probabilities of desorption and sputtering:

Wi = Wi g+ wis = )

voexp(—Eiqa/(kT)) + Yilof(a)N,

where 1 is the frequency of oscillation of atoms in
the solid, E; 4 is the desorption activation energy of ¢th
component, k is the Boltzmann constant, 7" is the tem-
perature, Y; is the sputtering yield of ith component,
and f(a) = cos” a is the sputtering yield dependence
on the incident ion angle o measured from the surface
normal n [10]. Sputtering of activated polymer, poly-
mer, Si atoms, and SiC molecules is characterized by
frequency probabilities of sputtering w; , (Eq. 5).
Components present in the plasma and produced
during reactions on the surface are included in the ad-
sorbed layer of one-monolayer thickness. Five com-
ponents exist in the adsorbed layer: SiF4, CFa, C,
AP, P, with relative concentrations ¢; = [SiF4]/N,
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Cy = [CFQ]/N, C3 — [C]/N, Cq4 = [AP]/N . and
¢s = [P]/N; two components exist on the surface:
Si, SiC, with relative concentrations ¢ = [Si]/N and
¢7 = [SiC]/N. The relative concentrations of surface
components must fulfil the condition cg + ¢; = 1.
The following system of equations includes rate ex-
pressions of processes mentioned earlier [11] and de-
scribes the kinetics of component concentrations in the
adsorbed layer and on the surface:

d

% = RyBcics — wicr,

de

—2 = 38— Gey + Rycy — wacy,

dt

dc

d—tg = 2R 8cjc6 — Racseg — Ryesey — wscy,

dC4

E = GCQ — RTC4 — Ww4cCyq ,

dc

d—155 = Rzczeq + Ryffcscs — wsces

dCG

— = —Rsc3cq + wrer

a1 2C3C6 7C7

(6)

where § = 1 — O is the fraction of the surface not cov-
ered with adsorbate, and © = Y7, ¢; is the surface

coverage. The system of equations (6) has two pecu-
liarities related to the chemical reactions taking place in
the adsorbed layer: (1) two activated sites in the poly-
mer film are required during reaction of CF; radicals
with Si atoms (Eq. (4.1)); (2) the growing polymer oc-
cupies surface sites not covered with adsorbate. The
etching rate is proportional to the sum of removal rates
of SiF, and SiC molecules:

V = ho(wicr +wrer), @)

where hg = 0.272 nm is the thickness of monolayer.

2.2. Two-dimensional etching

The two-dimensional etching of Si substrate in a
CFyCl, plasma is considered. Plasmochemical etch-
ing (PCE) is almost isotropic and produces etching in
the vertical and horizontal directions [12]. Fluxes of
species to the surface depend on the position of an arbi-
trary point M (x,y,t) (Fig. 1). The part of primary flux
of ith type species to the surface at point M (z,y,t) is
equal to S;(x,y)/Sio = Ni(z,y)/N;o. Let us assume
that ions and neutrals do not collide in the trench be-
ing etched, the angular distribution of particles in the

Etching rate,pm/ min

Etching time, min

Fig. 2. Experimental [6] (points) and theoretical (curves) time de-
pendence of silicon etching rates in CF>Cl> plasma at 100 and
400 eV energies of bombarding ions.

plasma is isotropic, and the concentration of species
at the surface is equal to N;(z,y) = N;00(z,y)/7,
where IV; g is the concentration of the 7th plasma com-
ponent and ©(z,y) is the limiting angle in radians. It
follows that the rates of reactions (Eqgs. (4.1)—(4.4)) de-
pend on the position of the arbitrary point M (x,y,t)
on the surface. Ion bombardment during RIE enhances
chemical processes in the trench bottom and removes
the reaction products. It increases the etching rate
in vertical direction and the etching anisotropy. Fre-
quency probabilities of sputtering of adsorbed layer
components w; , in the trench bottom depend on the
surface orientation (Eq. (5)).

According to Eq. (7), the etching rate V' is propor-
tional to the sum of removal rates of SiF4 and SiC
molecules. Knowing the surface concentrations of
components from the solutions of Eq. (6), the etch-
ing rate as a function of coordinate and time is ob-
tained. The point M (x,y, t) after time interval At will
take position M'(x + Axz,y + Ay,t + At), where
Az = Vn,At and Ay = Vn,At, n, and n, are
the components of the surface normal n (Fig. 1). In
this way, the trench profile as a function of time is ob-
tained. Processes of particle reflection on the trench
surface, redeposition of etchant products and sputtered
mask material are not included in the model as they less
influence the trench profile.

3. Results and discussion

3.1. One-dimensional etching

The experimentally measured silicon etching rates
in CF5Cly plasma [6, 7] are used for the calculation of
chemical compositions of adsorbed layer and surface.
The etching process was performed in the reactor PK
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Table 1. List of values of frequency probabilities found
by extrapolation from experimental data.

Frequency  Trench bottom, Trench bottom,  Sidewalls,
probability, E =100eV E =400eV E=0eV
Sfl
» 1.0 1.0 1.0
G 8.5-107° 8.5-107° 8.5-107°
R, 0 0 0
R 6.3-10% 1.15-10* 100
R 0 5.0-107% 0
Rs 0.016 0.016 0.016
Ry 0.25 0.25 0.25
w1 1000 1000 500
wa 0.40 0.40 0.20
w3 180 180 90
Wy 2.5-1074 2.5-1074 0
ws 2.5-107° 4.0-1073 0
we 0 0 0
wr 0 4.0-1073 0

2420 RIE. The frequency of discharge was 13.56 MHz,
the flow rate was 24 sccm, the pressure was 26.6 Pa,
and the discharge power density was 0.9 W/cm?. The
experimental procedure was described in more detail in
[6]. The experimental and the theoretically calculated
(using Egs. (6) and (7)) silicon etching rates are shown
in Fig. 2. The values of frequency probabilities found
by extrapolation from experimental data are presented
in Table 1. It is important to note that the value of fre-
quency probability of removal of C atoms is very high
as compared to other carbon-containing species. It is
a result of two different phenomena: (1) C atoms are
weakly bounded to the surface; (2) C atoms form clus-
ters that occupy less surface area. Second phenomenon
is confirmed experimentally [13].

The time dependence of concentrations of adsorbed
layer and surface components during RIE of silicon in
CF»Cl; plasma at 100 eV energy of bombarding ions

100

Si

Concentration, %

0 10 20 30 40 50 60
Etching time, min

(a)

is shown in Fig. 3(a). The concentration of C atoms
at first increases due to the reaction of CFy radicals
with Si atoms (Eq. (4.1)). As the concentration of C
atoms approaches the maximum value, the reaction of
CF; radicals with C atoms (Eq. (4.3)) starts. Later, the
concentration of C atoms begins to decrease in pro-
portion to the amount of formed polymer. The time
dependence of concentrations of adsorbed layer and
surface components during RIE of silicon in CFCl,
plasma at 400 eV energy of bombarding ions is shown
in Fig. 3(b). In this case the concentration of C atoms
approaches the maximum value at later stages of the
etching process. CF; radicals prevail in the adsorbed
layers at initial stages of the etching process. The for-
mation of polymer is more pronounced at later stages
of the etching process. Activated sites in the polymer
film intensify the reactions taking place in the adsorbed
layer and enhance the etching rate of silicon in CF2Cl,
plasma. The time dependence of F/C ratios of adsorbed
layers at two different energies of bombarding ions is
shown in Fig. 4. It is found that F/C ratios of adsorbed
layers decrease with the intensification of reaction of
CF; radicals with Si atoms (Eq. (4. 1)) and of the sput-
tering of polymer and SiC molecules.

3.2. Two-dimensional etching

The values of frequency probabilities, found by ex-
trapolation from one-dimensional silicon etching rate
kinetics in CF3Cls plasma, are used for the calculation
of the real dimensions of etched trenches. The reactive
species from the plasma reach the surface in the form of
neutrals and ions. The coefficient 1, which is equal to
the ratio of concentration of CF5 radicals to concentra-
tion of CF;r ions in the plasma (n = Ncr, /NCF;), is
used for the evaluation of influence of bombarding ions
on the shape of etched trenches. The profiles of etched
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Fig. 3. The time dependence of concentrations of adsorbed layer and surface components at different energies of bombarding ions:
() 100 eV, (b) 400 eV.
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Fig. 4. The time dependence of F/C ratios of adsorbed layers during

one- and two-dimensional RIE of silicon in CF2Cl; plasma at dif-

ferent energies of bombarding ions (100 eV, solid curves; 400 eV,

dashed curves). During two-dimensional etching, F/C ratios are

calculated in the trench bottom (z = 0). The mask width is 0.4 ym
and the mask height is 0.1 pm.

trenches at different values of coefficient n are shown
in Fig. 5. The depths of etched trenches at 100 and
400 eV energies of bombarding ions differ little when
the etching process is ion-driven. The depths of etched
trenches decrease with the increase of coefficient 7.

The time dependence of F/C ratios of adsorbed lay-
ers in the trench bottom at different energies of bom-
barding ions is shown in Fig. 4. It is observed that
decrease of F/C ratio is more pronounced at 100 eV
energy of bombarding ions. F/C ratio at the sidewalls
is equal to 2. The difference in the composition of ad-
sorbed layers formed on the sidewalls and on the trench
bottom enables anisotropic etching. The sidewall pas-
sivating film reduces etching rate in the horizontal di-
rection, while ion bombardment maintains etching in
the vertical direction.

The aspect ratio Ymax/(2¢max) describes the shape
of the etched trenches. The dependences of the aspect

X, um
-0.3 -0.2 -0.1 0[0 0.1 0.2 0.3
T T T T T —% T T T T T 1
X 2 n=10
4
6 - n=1
sl n=01
Y, Hm
10 -
(a)

Aspect ratio

Mask width, um

Fig. 6. The dependences of the aspect ratio on mask width at dif-

ferent energies of bombarding ions (100 eV, solid curves; 400 eV,

dashed curves). The mask height is 0.1 ym and the etching time is
60 min.

ratio on mask width at different energies of bombarding
ions are shown in Fig. 6. The aspect ratio at low values
of mask width is quite high. As mask width increases,
the aspect ratio decreases due to increased PCE. The
etching anisotropy is equal to the ratio of etching rates
in the vertical and horizontal directions (ymax /0, where
¢ is the lateral undercutting). The dependences of the
etching anisotropy on mask width at different energies
of bombarding ions are shown in Fig. 7. It is observed
that the trenches with a high value of etching anisotropy
are etched at low values of mask width. When etching
process is neutral-driven (n = 10), etching anisotropy
slightly increases with the increase of mask width due
to sidewall passivation. Low energy ion bombardment
(100 eV) is suitable for anisotropic RIE of silicon in
CF,Cl; plasma.

In integrated circuit manufacture it is required to de-
termine the etching time needed to etch a fixed trench
depth. The dependences of the etching time on mask
width at different values of coefficient 1 are shown in
X, pm

03
1

y, um
10 -

(b)

Fig. 5. The profiles of etched trenches at different energies of bombarding ions: (a) 100 eV, (b) 400 eV. The mask width is 0.4 pm, the mask
height is 0.1 um, and the etching time is 60 min.
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Etching anisotropy

Mask width, pm

Fig. 7. The dependences of etching anisotropy on mask width

at different energies of bombarding ions (100 eV, solid curves;

400 eV, dashed curves). The mask height is 0.1 pm and the etching
time is 60 min.
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Fig. 8. The dependences of etching time needed to etch a fixed

trench depth on mask width at different energies of bombarding

ions (100 eV, solid curves; 400 eV, dashed curves). The trench
depth is 2 pum and the mask height is 0.1 pum.

Fig. 8. At low values of coefficient (n < 1) the etch-
ing process is ion-driven, and the etching time needed
to etch the fixed trench depth is almost constant. When
etching process is neutral-driven, narrow trenches are
etched very long.

The presented model allows one to calculate the
real dimensions of etched trench profiles from the ex-
perimentally measured one-dimensional silicon etch-
ing rate kinetics in CF2Cly plasma at 100 and 400 eV
energies of bombarding ions. It is a useful tool for the
prediction and control of the shape of etched trenches.

4. Conclusions
1. Low energy ion bombardment (100 eV) is suitable
for anisotropic RIE of silicon in CF2Cly plasma.

2. The formation of polymer is more pronounced at
later stages of the etching process. Activated sites

in the polymer film intensify the reactions taking
place in adsorbed layer and enhance the etching
rate of silicon in CF9Cls plasma.

3. F/C ratio of adsorbed layer decreases with the in-
tensification of reaction of CFo radicals with Si
atoms and of the sputtering of polymer and SiC
molecules.
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SILICIO ESDINIMO CF,Cl; PLAZMOJE MODELIAVIMAS

R. Knizikevicius

Kauno technologijos universitetas, Kaunas, Lietuva

Santrauka

ISnagrinétas reaktyvus joninis silicio ésdinimas CF2Cly plaz-
moje. [8ésdinty kanaly profiliai apskai¢iuoti kaip kaukés matmeny,
CF; radikaly srauto ir joninio apSaudymo parametry funkcija. Pa-
siilytame modelyje atsizZvelgta i igerties, aktyvavimo, cheminiy
reakciju, relaksacijos, atvirkstinés gerties ir dulkéjimo vyksmus.
Vienmacio ésdinimo metu jgerto sluoksnio F/C santykis mazéja,
intensyveéjant CF» radikaly reakcijai su Si atomais, polimero ir SiC
molekuliy dulkéjimui. DaZniniy tikimybiy vertés, rastos ekstra-

poliuojant eksperimentiskai iSmatuotas silicio vienmacio ésdinimo
spartas CF2Clz plazmoje, panaudotos iSésdinty kanaly realiems
matmenims skaiciuoti. Dvimacio ésdinimo metu F/C santykis ka-
nalo dugne priklauso nuo neutraliy ir joniniy srauty. F/C santykis
Soninéje sieneléje lygus 2. Atkreiptas démesys i ésdinimo anizot-
ropijg ir Soninj ésdinima. Tirta CF; radikaly ir CFQ7L jony koncent-
racijy santykio plazmoje itaka iSésdinto kanalo profiliui. Rasta, ko-
kiomis salygomis vyrauja anizotropinis ésdinimas.



