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ABSTRACT

Developing processes for highly selective etching of silicon nitride (Si;N,) with respect to silicon dioxide (SiO,) is a major priority for
semiconductor fabrication processing. In this paper and in Paper I [Volynets et al., J. Vac. Sci. Technol. A 38, 023007 (2020)], mechanisms
are discussed for highly selective Si3N, etching in a remote plasma based on experimental and theoretical investigations. The Si3N4/SiO,
etch selectivity of up to 380 was experimentally produced using a remote plasma sustained in NF3/N,/O,/H, mixtures. A selectivity strongly
depends on the flow rate of H,, an effect attributed to the formation of HF molecules in vibrationally excited states that accelerate etching
reactions. Based on experimental measurements and zero-dimensional plasma simulations, an analytical etching model was developed for
etch rates as a function of process parameters. Reaction rates and sticking coefficients were provided by quantum chemistry models and also
fitted to the experimental results. Etch rates from the analytical model show good agreement with the experimental results and demonstrate
why certain etchants accelerate or inhibit the etch process. In particular, the modeling shows the important role of HF molecules in the first
vibrationally excited state [HF(v = 1)] in achieving high SisN,/SiO, selectivity.

Published under license by AVS. https://doi.org/10.1116/1.5125569

I. INTRODUCTION

As the aspect ratio of features in microelectronics fabrication
increases, the need for higher selectivity during plasma etching
becomes more acute. Developing processes for highly selective etching
of silicon nitride (SisNy) with respect to silicon dioxide (SiO,) is now

sources (RPS) are being developed, which isolate the wafer from ener-
getic particle bombardment, including UV and VUV photons. Since
there is no direct plasma exposure of the wafer in the process
chamber, only neutral radicals act as etchants. Compared to direct
plasma etching processes, isotropic and highly selective etching can be

a critical step in the fabrication of 3D NAND memory." Even though
some wet etching techniques are able to achieve high selectivity,”
plasma-based dry etching may be necessary for high aspect ratio fea-
tures.” In developing such plasma-based processes, high energy ion
bombardment that occurs when using conventional dry etching tech-
niques can produce defects and degrade the quality of the structure.””
To alleviate this damage, dry etching processes using remote plasma

achieved for the proper choice of process conditions such as gas
mixture composition, pressure, and RPS power."

Achieving high selectivity for etching of Si;N, over SiO, using
RPS is ultimately related to the control of reactive fluxes to the
substrate. Several gas mixtures such as CF4/N,/O, or NF;/N,/O,
excited with RPS have produced a high SizN4/SiO, selectivity."
The previous experiments’ achieved a selectivity of 80 (the ratio of
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the etch rate of Si;N, compared to SiO,) using an RPS sustained in
NF;3/O, mixtures. In that process, we found that the main etchant L i
was fluorine (F) atoms, while NO increases the rate of F migration
on the Si;Ny surface during the etching process.

It has been shown that a solid by-product can be formed on
the SizNy surface during plasma etching. Brewer and Miller
reported that a blue film formed on silicon nitride during etching
by CF,/O, plasma.® Several studies later showed that the solid
by-product that builds up during etching by fluorocarbon’"”
and NF;/O,/NHj (Ref. 14) plasmas, which eventually inhibits the
etching, is (NH,),SiFs (ammonium fluorosilicate). (NH,),SiFq is
a relatively weakly bonded salt, which can be decomposed by
heating into volatile species (NHj, SiF4, and HF). This volatility
enables a cyclic process with an annealing step to be used to
remove this layer and continue etching."'~"’ (a) H, Flow Rate (scom)

Posseme et al. showed that a silicon nitride film modified by 10"
implantation by light ions can be selectively removed with
respect to the nonmodified film."” H, plasma treatment modified
the surface layer of silicon nitride, which enhanced its etch rate
by liquid"” and gaseous HF (Ref. 16) and by an NF3/NH; remote
plasma.'” Sherpa et al. reported that silicon nitride etch rates by
fluorinated (NF; or SF) plasmas can be enhanced by modifying
the surface layer either by ion implantation'® or by atomic hydro-
gen diffusion."”

After investigating remote plasma etching of Si3;N, and SiO,
with NF3/O, and NF3/N,/O, mixtures, we have conducted addi-
tional experiments using NF;/N,/O,/H, mixtures with the goal L -
of increasing selectivity using RPS. When varying the flow rate
of H, in NF;3/N,/O,/H, through the RPS, the Si;N,/SiO, selec-
tivity has a narrow peak with a maximum of around 380, which
is about five times higher than that obtained in our previous
investigation using NFs/O, remote plasmas.” The experimental
results are shown in Fig. 1. As is discussed in Paper I (Ref. 20), 350 |
this peak of Si3N,/SiO, selectivity may be due to the production
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of the first vibrationally excited state of the HF molecule [HF ‘E 300
(v=1)], which is the most abundant excited state of HF for our '§ 250t
process conditions according to zero-dimensional plasma simu- 8
lations. Note that, although HF has been widely used in wet and S 200}
dry etching of Si3Ny, the possible importance of HF molecules in @ 450l
vibrationally excited states in the etching process has not previ- =
ously been recognized. @ 100}
Here, we discuss mechanisms for the selective etching of Si;N,
with respect to SiO, focusing on the role of HF(v=1) in this 50t
process. The experimental results (etch data and measured species
densities at the wafer level), the description of the reaction mecha- (C)
nism for NF3/N,/O,/H, plasmas, and the results of simulations of H, Flow Rate (sccm)
gas phase plasma chemistry are presented in Paper I (Ref. 20). In
this paper, we propose a mechanism explaining the role of HF(v=1) FIG. 1. Experimental results using NF3/N,/O,/H, remote plasmas as a function
in Si3N, and SiO, etching based on the results of quantum chemistry of H, flow rate: (a) SisN,4 etch rate, (b) SiO, efch rate, and (c) etch selectivity
modeling. An analytical etching model based on this mechanism of SigN4/SiO,.

was developed and validated with the experimental results.

of Si3sN, and SiO, with etchant radicals. As described in our previous
work,” the use of clusters is justified due to the insulator properties
and strongly localized electron density of SizN, and SiO,. The basic

1. QUANTUM CHEMISTRY MODELING OF
ELEMENTARY ETCHING REACTIONS

Quantum chemistry modeling was performed using GAUSSIAN 16 cluster models, Si;NgH,F;; and SigO;,H;sF;;, that correspond to the
(Ref. 21) to estimate the activation energies for the surface reactions initial surface sites of Si;N, and SiO, are shown in Fig. 2. We
J. Vac. Sci. Technol. A 38(2) Mar/Apr 2020; doi: 10.1116/1.5125569 38, 023008-2
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FIG. 2. Cluster models used in the simulations: (a) Si;NgH;F; and (b)

TABLE |. Reaction mechanism for SizN4 or SiO, etching.

ARTICLE avs.scitation.org/journalljva

consider here only the surface sites, which are already strongly fluori-
nated, since we are focused on the reactions producing the final etch
products, such as SiF;. The surface fluorination is a natural result of
high fluxes of F-atoms onto the wafer for our experimental condi-
tions. The N-H and O-H bonds are formed by HF inserting into
Si-N and Si-O bonds, so the vacancies on terminal N- and O-atoms
in the clusters are closed by hydrogen atoms. The B3LYP hybrid
functional using the 6-31 + G(d,p) basis set was used for all of the
quantum chemistry calculations.

The NF;3/N,/O,/H, remote plasma produces HF, HF(v=1),
H,O0, and F as the main etchants of both Si;N, and SiO,. We do
not consider other species in the etching model that are poten-
tially important, such as O, NO, H, OH, and FNO. Based on the
modeling results discussed in Paper I (Ref. 20), the densities of
OH and FNO are too low to make a meaningful contribution to
etching. The densities of both O and NO have a weak depen-
dence on the H, flow rate (FR), while the density of H has an
almost linear increase as a function of H, FR. Given these
dependencies, O, NO, and H would likely not produce a strong
variation in etch rates and selectivity in a narrow range of H,
FR, as shown in Fig. 1.

As discussed above, a solid surface by-product can be produced
during the etching of Si;Ny4. During our experiments, this by-product
was removed by an annealing step. The annealing step was not
explicitly included in the model. We assumed that the by-product is
fully converted into volatile etch products during the annealing step.
Details of the etch model are discussed in Sec. I1l. In short, the etch
model describes the beginning of the etching step when the solid
by-product just starts to form and the surface is clean or partly
clean. At this time, incident radicals can react directly with the sub-
strate. Before the by-product builds up, we assume annealing will
have been performed. Note that the by-product only applies to
silicon nitride etching. No solid by-product is produced on the SiO,
surface for our process conditions.

6;: initial SisNy or SiO; site; 61,: underlying SisNy or SiO; site; 6,: HF adsorbed Si3N, or SiO, site; 65: HF + HF(v=1)

adsorbed Si;Ny or SiO, site; 6,: HF + H,O adsorbed SizN, or SiO, site; EP: etch product

Sites
Sa A (S—l)h Ea/R (K)b

Reactions SizNy SiO, SizNy SiO, SizNy SiO,
R1 HF + 6, - 6, 1 — — — —
R2 HF(v=1)+6,—> 65 1 — — — —
R3 6, > HE + 6, — 8.2x10° 3.0 x 10" 2044 1996
R4 65— 2HF + 6, — 2.1x10° 8.0x 10 3612 0
R5 Hzo + 02 - 94 1 — — — —
R6 0,—EP+6,, — 1.18 x 10™° 1.46 x 10" 7862 7399
R7 6;—>EP+6,, — 4.02 x 10" 6.55 % 108 1756 8061
RS H,0 +6; — 0, + HF 1 — — — —
R9 F+6;— 60,+HF +F 0.086 0.086 — — — —
R10 F+6,>EP+0,, 1.0x107° 0.5x107°
*S is the sticking coefficient for the adsorption of gas phase species on a surface site.
PRate coefficient k = A exp(—(E./RT)).
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The elementary surface reactions in the mechanism are shown
in Table . The definitions of surface sites are

(1) 6;: Initial SizN, or SiO, site;

(2) 6;.: Underlying SisN, or SiO, site;

(3) 6,: HF adsorbed Si3;Ny or SiO, site;

(4) 65: HF + HF(v = 1) adsorbed SizN, or SiO, site; and
(5) 64 HF + H,0 adsorbed SizN, or SiO, site.

In developing the etching mechanism, we assumed that the
densities of surface sites are in the steady state. Reactive radicals
produced by the plasma are adsorbed on the initial Si;N, or SiO,
surface sites, 6;, or previously passivated sites producing
radical-adsorbed-sites (RAS) such as 0,, 05, or 6, (reactions R1, R2,
R5, and R8 in Table I). Desorption occurs from the RAS producing
the initial configuration of the surface (reactions R3 and R4 in
Table I). Etching reactions produce gas phase products such as
SiF,, NHs, HF, or H,O, denoted by the etch product or EP in
Table I, and expose an underlying Si;N, or SiO, site, 6, (reactions
R6, R7, and R10 in Table I). The underlying site 6,, then functions
the same as the initially pristine site, 6;. In the etching mechanism,
we also consider fluxes of HF molecules in the first vibrationally
excited state [HF(v = 1)]. These molecules participate in R2, where
a second HF molecule adsorbs on an Si;N, or SiO, RAS site, and
in R7, where etching occurs due to the combined effect of the two
adsorbed HF molecules, one being in the vibrationally excited state.

Rate coefficients for reaction i, k;, were calculated in the
Arrhenius form for the pre-exponential factor (A) and the activa-
tion energy (E,),

ki = Ai eXp<_RE;i>, (1)

where R is the gas constant and T is the temperature (K). The
values of activation energy (E,) were calculated as the energy differ-
ences between the reactant and the transition state, which were
found from the intrinsic reaction coordinate computation using the
optimized reactant and product structures. All transition states (TS)
were confirmed by the presence of one imaginary frequency from
the saddle point in the reactant and product reaction paths. A
statistical mechanical approach® was used for calculating the
pre-exponential factor A for reactions R6 and R7,

TS
A:kB_T>< (Qvth )’ (2)

h QvibRe

where kg, h, and T are Boltzmann’s constant, Planck’s constant,
and temperature, respectively. Q5™ and Q3% are the overall
vibrational partition functions of the TS and the reagent complex,
which were calculated by caussian 16.'

The results of the quantum chemistry calculations are summa-
rized in Table L. The activation energies are results of the calcula-
tions. The sticking coefficients and the pre-exponential factors of
the desorption reactions (R3 and R4) were fitting parameters.
When the elementary reaction is spontaneous and has zero activa-
tion energy, the sticking coefficient is S = 1. Otherwise, the sticking
coefficients are fitted to reproduce the experimental results.

ARTICLE avs.scitation.org/journalljva

SiO, and Si3N, are etched through reactions R6, R7, and R10
by HF + H,O, HF + HE(v = 1), and F, respectively. HF itself without
any catalytic assist does not etch both Si3N, and SiO, at room tem-
perature. This inactivity results from HF having to overcome an
energy barrier to dissociate and break Si-N or Si-O bonds. It was
previously shown that a second adsorbed HF molecule or H,O can
significantly decrease this barrier and play the role of a catalyst. For
example, Habuka et al”’ experimentally studied the reactivity of
HF with SiO, and showed that HF etches the surface at tempera-
tures above 1000 K in the presence of water vapor. Hoshino et al.”*
investigated the mechanism for SiO, etching by HF using quantum
chemistry modeling. They showed that the attack of the first Si-OH
hydroxyl group by HF is the rate-limiting step. HF, HF(v = 1), or
H,O can form a complex on the HF preadsorbed surface and cata-
lyze etching. The role of water in the catalysis of SiO, etching by
HF was investigated using quantum chemistry methods by Kang
et al”> They found that the activation energy of the rate-limiting
step for etching by the HF - H,O complex is 22.1 kcal/mol (0.96 eV,
11 140 K) and by HF alone is 35.1 kcal/mol (1.52 eV, 17 639 K).

HFE(v=1) can decrease the activation energy of the etching
reaction by contributing about 0.5eV (5800 K) of enthalpy to the
system. However, this lowering of the activation energy occurs for
Si3N, but not for SiO,. The vibrational quanta of the O-H and H-
F bonds are close to each other, so HF(v=1) can quasiresonantly
transfer its vibrational quantum to the OH group on the oxide
surface. This quasiresonant transfer is functionally a two-step
process. The first step, R1, is the formation of Si-OH groups upon
the adsorption of HF onto SiO,. The second step, R2, is the adsorp-
tion of HF(v=1) followed by the resonant transfer of vibrational
energy to Si—-OH. After this transfer, the quenched HF acts simi-
larly to an initially adsorbed ground state HF having similar activa-
tion energy. At the same time, HF(v=1) quenching on a nitride
surface should be much slower since there is no quasiresonant
transfer of the vibrational quantum. If the reaction leading to Si-N
bond breaking by the HF: HF(v=1) dimer is faster than the
quenching process, HF(v=1) can play an important role in SisNy
etching by lowering the activation energy barrier.

The adsorption of radicals on the surface is spontaneous
without an activation barrier for both Si;N, and SiO, (R1, R2, R5,
and R9 in Table I). However, etching by reactions R6 and R7 is
quite different for Si;N4 and SiO,. When the surface is passivated
by HF + H,O, the activation energy for removing Si;N, (7862 K) is
slightly higher than for SiO, (7399 K) in reaction R6. On the other
hand, with double adsorption of ground state HF, SiO, has a
higher activation energy (8061 K) than Si3N, (7556 K), based on
our quantum chemistry calculations. As mentioned above, if the
incident flux of HF contains vibrationally excited molecules, HF
(v=1) contributes about 0.5¢V (5800K) of enthalpy. HF(v=1)
will be quenched on the SiO, surface, but, at the same time, it can
lower the activation barrier in reaction R7 to 1756 K for SizN,.

The end result is that etching of Si;N, by HF + HF(v=1) has
a low activation energy of 1756 K, while etching of SiO, by the
same species has a higher activation energy of 8061 K. This differ-
ence in the activation energy produces a higher etch rate for Si;N,
compared to SiO, by reaction R7, which then results in a high
Si3N4/Si0, selectivity. Note that etching of Si;N, by HF +HF
(v=1) is also related to reaction R4, desorption of HF from the
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surface. HF molecules rapidly desorb from the SiO, surface without
an activation energy. At the same time, HF molecules strongly stick
to the Si3N, surface with a binding energy of 3612 K against
desorption, which increases the probability of etching reaction R7.

F-atoms are also etchants of both Si;N, and SiO,, whose stick-
ing probabilities (S for R10) were estimated from our previous
investigations using NF3/O, mixtures.” Although both sticking
coefficients are small, an order of 107>, with the F-atom flux being
the highest of all the reactants, even these small reaction coeffi-
cients contribute to the etch reactivity of Si;N, and SiO,.

l1l. ANALYTICAL MODELING OF ETCH PROPERTIES

The results of the quantum chemistry modeling were incorpo-
rated into an analytical model to calculate etch rates. Based on the
elementary etching reactions in Table I, the SiO, or Si3N, etch
model can be represented by

do
d_tlps = —JurS101 + k3p,0, + kap03 + kep,04 + k7p 65 = 0,
(3)
do,
Ips = JurS101 — Jur(=1)5202 — k3p0; — Ju,0850; + JpSe63 = 0,
(4)
dos
P Jue(=1)8202 — kap 63 — k7p 03 — J11,05863 — JpSe63 = 0,
(5)
do.
5 Pe = Ji008502 = kep,0s + Ji,08565 = 0, 6)
0, +6,+05;+60,=1, (7)

where Jup Jurw=1), Jizo, and Jg are the fluxes of HF, HF(v=1),
H,O, and F-atoms onto the wafer, respectively. These fluxes were
derived from the gas phase plasma simulations discussed in Paper I
(Ref. 20). The sticking coefficients are fitted to reproduce the
experimental results.

The etch rate, ER, is proportional to the rates of reactions R6,
R7, and R10 (see Table I),

M
ER = (ksOusp, + k703p, + JpS10601) X ——, (8)
PN

TABLE II. Constants used in the analytical model.

Constants Value

M (SizNy) 0.14 kg/mol
M (SiO,) 0.06 kg/mol
p (SizNy) 3200 kg/m?
p (Si0,) 2200 kg/m’

ps (SizNy and SiO,) 1 x 10~° mol/m?

ARTICLE avs.scitation.org/journalljva

where M is the molar mass, p is the density of the etched material,
ps is the surface site density, and N4 is Avogadro’s number.
Constants used in the analytical model are in Table II.

As discussed above during etching, silicon nitride can be con-
verted into a solid (NH,),SiFs salt by gaseous HF after H, plasma
treatment.'” Hydrogen ion implantation activates the top SisNy
layer, and the (NH,),SiFs salt is formed on the surface by reactions
with gas phase HF. If the (NH,),SiFs layer exceeds a critical thick-
ness, etching will terminate.'” We assumed that the internal energy
of vibrationally excited HF can be used for the activation of the
surface reactions, which leads to transforming the top layer of
Si3N, into the (NH,),SiFs salt. When this salt is produced, it is
then fully converted into volatile etch products during the anneal-
ing step. Our etch model, therefore, describes the initial stage of the
etching step (just after annealing and cooling) when the surface is
at least partly clean, and species from the gas phase can freely react
with the surface.

The simulated HF(v = 1) density in the process chamber has a
narrow peak as a function of H, FR, as shown in Paper I (Ref. 20).
HF(v=1) is mainly produced by the reaction F+H,— HF
(v=1)+H. The predicted density of F is sensitive to the surface
recombination coefficients used in the model. These recombination
coefficients depend on the state of the chamber wall, which is diffi-
cult to account for in the model.” Given uncertainties in the recom-
bination coefficient, the experimental etch rate and selectivity data
were slightly shifted as a function of the H, flow rate to align with
the simulations.

The results from the analytical model and experimental data
for Si3N, and SiO, etch rates and etch selectivity are shown in
Fig. 3. The model reproduces the experimental data quite well over
the range of the available experimental data. The Si;N, etch rate
has a maximum near 21 sccm of H, flow, which corresponds to the
local minimum in the SiO, etch rate. The result of these two trends
is a sharp peak of SizN,/SiO, etch selectivity around 21 sccm of
H, flow.

Contributions of each etching reaction by F, HF + H,O, and
HF + HF(v=1) to the total Si3N4 and SiO, etch rates as a function
of the H, flow rate are shown in Fig. 4. The decreasing trend of
Si3Ny etching by F (R10 in Table I) follows the flux of F-atoms
onto the wafer as a function of the H, flow rate. With the increase
in the H, flow rate, the reaction of F with H, depletes the F-atom
density and flux. Contributions to Si3N, etching by HF + HF(v=1)
(R7 in Table I) follow the flux of HF(v=1). The flux of HF(v=1)
is highest around 21 sccm of the H, flow rate, where the gas phase
densities of F and H, are approximately equal. It is at this flow rate
that the contribution of HF(v=1) to the etching is maximum. In
Paper I (Ref. 20), it is shown that the H,O production is low if the
gas phase densities [H,] <[F], and rapidly increases in case
[H,] > [F]. Therefore, etching of Si;N, by the HF + H,O mecha-
nism (R6 in Table I) increases as soon as H,O starts to be produced
with H, flow rates over 21 sccm.

The simulated etch rate of SiO, decreases with H, flow rates
below 21sccm and increases for larger flow rates, as shown in
Fig. 3(b). The main SiO, etchants are F-atoms for H, flow rates
below 21 sccm and HF + H,O for higher flow rates (i.e., etching by
HF catalyzed by water’®), as shown in Fig. 4(b). The most signifi-
cant difference between the etching of SizN, and SiO, is that the
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FIG. 3. Etch rate of SisN, and SiO, and etch selectivity as a function of the H,
flow rate: (a) SizN, etch rate, (b) SiO, efch rate, and (c) etch selectivity of
SiaN,/SiO,.

contribution to SiO, etching by HF + HF(v=1) is near zero over
the entire range of conditions investigated.

The sharp peak of Si;N, etch rate and the near zero etch rate
of SiO, by HF + HF(v=1) are the main reasons for the high etch
selectivity of about 380 that occurs at an H, flow rate of 21 sccm.
Note that even though Si;N, has a higher etch rate by HF + H,O
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and F than SiO,, this is not sufficient to achieve high selectivity in
the absence of HF(v =1). At the same time, our quantum chemistry
modeling suggests that among the available reactants in NF3/N,/
O,/H, remote plasmas, only HF(v=1) is able to decrease the
etching activation energy barrier for SizN, to a low value. The
outcome of the combined experimental and modeling studies high-
lights the important role of HF in vibrationally excited states in
highly selective Si3N,/SiO, etching.

IV. CONCLUDING REMARKS

Quantum chemistry and analytical modeling for the etching
of Si3N, and SiO, have been discussed for NF;/N,/O,/H, remote
plasmas as a function of the H, flow rate. The etch rates produced
by the analytical model reproduce the experimental results, which
show a high Si;N,/SiO, selectivity of up to 380. The flux of HF
molecules in the first vibrationally excited state [HF(v = 1)] plays an
important role in achieving high selectivity by reducing the activa-
tion energy for reactions of HF with Si;N,. The reduction in activa-
tion energy enables the reaction with SizN, to have a lower
activation energy barrier than with SiO,. The reaction probability
for etching by F-atoms is small for both Si;N, and SiO,; however,
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large fluxes of F-atoms produce a finite contribution to etching.
Process conditions that produce large fluxes of HF(v=1) while
minimizing fluxes of F, as can be achieved in NF;/N,/O,/H,
remote plasma sources, maximize the SizN4/SiO, etch selectivity.
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