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Abstract.
In this work, the role of vibrationally excited HBr (HBr™™) is computationally investigated for a HBr/He
inductively coupled plasma applied for Si etching. It is found that at least 50% of all dissociations of HBr occur

(vib)

through HBr'"™. This additional dissociation pathway through HBr™® makes the plasma significantly more

atomic. It also results in a slightly higher electron temperature (i.c., about 0.2 eV higher compared to simulation

(vib)

results where HBr'"™ is not included), as well as a higher gas temperature (i.e., about 50 K higher than without

including HBr™™), due to the enhanced Franck-Condon heating through HBr™™ dissociation, at the conditions

(vib)

investigated. Most importantly, the calculated etch rate with HBr'™ included in the model is a factor 3 higher

than in the case without HBr™™, due to the higher fluxes of etching species (i.e., H and Br), while the chemical
composition of the wafer surface shows no significant difference. Our calculations clearly show the importance

of including HBr™™ for accurate modeling of HBr-containing plasmas.

1. Introduction

In recent years, bromine-containing plasmas have seen an increase in popularity in microelectronics
development due to the shrinking ultra-small scale components found in modern integrated circuits.
Because of the lower reactivity of bromine towards silicon compared to fluorine, the etching of very
thin layers can be more properly controlled with bromine-based plasmas.'” A bromine-containing gas
that is often used for silicon etching is HBr, which is commonly mixed with Cl, and/or CF,% "

Furthermore, HBr can also be combined with a noble gas like helium, to tune the ratio between



physical ion sputtering and chemical etching, or with O,, for controlling the anisotropy during

etching.'*"”

Since HBr is a polar molecule, the vibrational excitation cross sections are typically very
large, and a significant fraction of HBr is believed to be in vibrational states.'® Moreover, electron
impact dissociative attachment on vibrationally excited HBr - denoted in this paper as HBr™™ -
happens more than 10 times easier than on ground state HBr, which is a well-known effect observed
for all hydrogen halides."” This is clear from Figure 1, which illustrates the cross sections for three

electron impact vibrational excitations of HBr, as well as those for dissociative attachment on both

ground state HBr and HBr™"™.
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Figure 1. Cross sections as a function of electron energy for three electron impact vibrational excitations of HBr, obtained
from reference’ (dashed lines), as well as for dissociative attachment on ground state HBr (circle symbols) and on HBr"

(cross symbols), obtained from reference’. Please note that both X and Y axes have logarithmic scales for clarity.

The electron impact dissociative attachment cross section on HBr"™ is more than an order of
magnitude larger and has a maximum at lower electron energy (~0.1 eV) than the cross section on
ground state HBr (~0.3 eV). However, for dissociative attachment of HBr™™ to happen, ground state
HBr must first be vibrationally excited, which comprises two successive electron impact reactions,
compared to only one reaction when ground state HBr is dissociated directly into H and Br',

In an inductively coupled plasma (ICP) used for the etching of silicon, at typical operating

conditions, the electrons usually have a (near)-Maxwellian rf cycle averaged energy distribution,



ranging roughly from 0 eV to 30 eV, although this is strongly dependent on gas type, power, pressure
and operating frequency.”’ As a result, it can be expected that a significant fraction of HBr is
vibrationally excited in the plasma. Nevertheless, these vibrationally excited species are sometimes
neglected in computer simulations for the sake of simplicity.”** In the present paper, we investigate

the importance of HBr"™

in the plasma, for an ICP operating in HBr/He, by performing simulations
with and without including HBr™. More specifically, we will study its influence on the most

important plasma properties like plasma density, electron temperature and gas temperature, as well as

on the etch rate.

2. Computational details

We make use of a two-dimensional hybrid Monte Carlo - fluid model, called HPEM and developed by
Kushner.” A detailed explanation of this model can be found in the reference, but a brief description
follows here. For calculating the plasma characteristics, the model uses three modules. After defining
the reactor geometry and initial operating conditions, the first module, called the Electromagnetics
Module (EMM), calculates the electromagnetic fields by solving the Maxwell equations. The next
module, called the Electron Energy Transport Module (EETM), calculates the electron density,
electron temperature, electron energy distribution function and electron impact reaction rates with a
Monte Carlo procedure or with the Boltzmann equation, based on the electromagnetic fields
calculated in the EMM. From these electron impact reaction rates, the third module, called the Fluid
Kinetics Simulation (FKS) computes the heavy particle densities and fluxes by means of continuity
equations, and the electrostatic field by means of Poisson’s equation. This electrostatic field is used as
input again in the EMM and a cycle through these three main modules is iterated until convergence.
An optional module, called the Plasma Chemistry Monte Carlo simulation (PCMCS), is used to
calculate plasma species fluxes and energy distributions to the substrate to produce detailed
information at the substrate level. In addition, an analytical module within this hybrid code is
addressed to predict the etch rate based on the calculated fluxes and kinetic energies of the different

plasma species arriving at the silicon wafer. The reaction sets describing the plasma and surface



chemistries are identical to those described in our previous work for a HBr/He plasma®' and are not

repeated here, except for the reactions concerning HBr™

, which are listed in Table 1, as well as the
corresponding threshold energies and references where the cross sections are adopted from. We
included three vibrational states, with energies of 0.3, 0.6 and 0.9 eV. Hence, three different electron
impact excitations, with different thresholds, are included (first reaction in Table 1), as well as three
different electron impact dissociation reactions from these vibrational levels (fourth reaction). The
second reaction denotes electron impact excitation from the lowest vibrational levels to the two higher
levels. For the other reactions, i.e., the quenching of HBr"™ to HBr (third reaction in Table 1), the

(vib)

dissociative attachment of HBr™™, and the ionization of HBr™™ (i.c., last two reactions in Table 1),

the three states are lumped into one species. Hence, for these reactions only one cross section is used.

(vib)

Table 1. Reactions concerning HBr“™ included in the model. All other reactions are described in our previous work.”

Reaction Threshold (eV) Reference
e + HBr —  HB™Y + e 0.3/0.6/0.9 [18]
e + HBr"® —  HBr"® + e 0.31/0.58 [18]
e + HB™ — HBr + e 0.3 [24]
e + HBr"® — Br + H + e 4.34/6.6/9.3 [18]
e + HB™® — Br + H 0.08 [19]
e + HB™ — HBr' + e + e 12.74 [24]

3. Results and discussion

Calculations are performed with and without HBr™™ for the following operating conditions: ICP coil
power of 800 W operated at 13.56 MHz, 60 mTorr chamber pressure, 100 sccm total gas flow rate
with He fraction varied from 1% to 99%, and a 13.56 MHz radio frequency voltage applied at the
substrate electrode generating a dc -200 V bias. The two-dimensional simplified reactor geometry
resembles that of an industrial Lam Research 2300 Versys Kyo transformer coupled plasma (TCP), as

shown in Figure 2.*° The substrate is defined as a blanket silicon wafer (i.e., 100% Si).
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Figure 2. Two-dimensional reactor geometry defined in the model, based on the industrial Lam Research 2300 Versys Kyo

The calculated volume averaged densities of ground state HBr and HBr

fraction, for both simulations with and without HBr

ICP etch reactor.?

(vib)

) a5 a function of He gas

, are presented in Figure 3a. The densities of

the most important plasma species for silicon etching (i.e., H, Br and the total positive ion density), as

well as the Br™ ion and electron density, are separately shown in Figure 3b for clarity.
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Figure 3. Calculated volume averaged densities of ground state HBr and HBr™™® (left axis) and the fraction of HBr

dissociated in the plasma (right axis) (a); as well as the H, Br, Br’, electron and total positive ion density (b), as a function of

He gas fraction, for both simulations with HBr™™® (solid lines) and without HBr'"™ (dashed lines).



(vib)

The difference in dissociation degree of the HBr feed gas with and without inclusion of HBr*"™ in the

calculation is tremendous. Without vibrational excitation, the dissociation degree of HBr is already

(vib)

quite large, i.e., 40-95%, depending on the He fraction, but in the case with HBr ", always more than

99% is dissociated. In the latter case, about 10% of all HBr is vibrationally excited (see Figure 3a).

Thus, HBr is rapidly converted to HBr*™

when it is inserted from the nozzle, upon which it also
rapidly dissociates into H + Br, and especially into H + Br’, because of the much lower threshold for
dissociative attachment than for direct dissociation (see Table 1 in section 2). As a consequence, a
large amount of the important etching species, H and Br, originate from dissociation of HBr'"™. The
HBr/He plasma appears always to be electronegative, except at high He fractions (i.e., >90%), where
the formation of Br is limited due to the low HBr gas fraction. Due to the easier dissociative
attachment of HBr™™ compared to ground state HBr (see cross sections in Figure 1 in section 1), Br

is about 25-40% more abundant when HBr""

is included. However, a large fraction of Br ions are
neutralized through ion-ion neutralizations and electron impact detachment, explaining the much
higher Br density vs. Br” ion density.
When HBr*™ is not considered, the dissociation degree of HBr increases along with the He fraction as
can be seen from Figure 3a. This is due to the fact that the thresholds for ionization and electronic
excitation of He are much higher than those of HBr (i.e., 19.80 eV and 21.20 eV for excitation of He;
24.58 eV for ionization of He; compared to 4.34 eV for dissociation of HBr, and 12.74 eV for
ionization of HBr). Thus, at higher He fractions, low threshold reactions become near absent, which
results in a facilitated buildup of electron energy and average electron temperature. As a result, the
higher average electron temperature allows for more dissociations of HBr molecules.

When HBr'™ is included in the model, the dissociation degree of HBr is very high (i.e., >
99%) for the entire range of He/HBr gas mixing ratios; it only slightly decreases upon increasing He
fraction as can be seen from Figure 3a. The reason is again the increase in the average electron

vib

temperature (as shown in Figure 4 below). With HBr'™” included, the main dissociation process for

HBr is through dissociation of HBr'™®

. This reaction has a much higher cross section and is therefore
the dominant loss process of HBr (see Figure 1 above). The rate of this reaction, however, quickly

drops upon increasing electron temperature. As a result, the most important dissociative process for



HBr becomes gradually less important at higher He fractions. However, as shown in Figure 3a, the
effect is minor, and the HBr dissociation degree in this case is always close to 100%.

The total number of positive ions in the plasma is not so much affected by incorporating
HBr"™ in the model. These ions are mostly created through electron impact ionization processes,
which have relatively high thresholds. The total number of positive ions created thus depends strongly

) js included, as illustrated in

on the electron temperature, which is only slightly higher when HBr
Figure 4. Moreover, the total positive ion density tends to stay more or less constant as a function of
He content. This is the result of two effects. The electron temperature increases with He fraction (see
below), which will create more ions, but at the same time the ionization probability will drop, because
of the higher ionization potential of He compared to HBr, and these two competing effects result in a

fairly constant total positive ion density, except above 80% He, where the effect of the He fraction

(and thus higher ionization potential) becomes dominant.
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Figure 4. Calculated rf cycle averaged electron temperature as a function of He fraction, with HBr™*™ (solid line) and

without HBr"™ (dashed line).

As mentioned above, the electron temperature increases with He fraction (see Figure 4). The
reason is that the gas mixture becomes more and more atomic, reducing the possibility of low-
threshold reactions like vibrational and rotational excitations, which lower the average electron
temperature. The electron temperature is also slightly (about 0.2 e¢V) higher with HBr"™ included.

This might be unexpected at first sight, because the frequent low-threshold vibrational excitations



should lower the electron energy significantly. However, as mentioned earlier, the fast vibrational
excitation of HBr, followed by the even faster dissociative attachment of HBr™"™, results in almost
total dissociation of the HBr gas within the reactor volume. Hence, the plasma is also much more

v®) is included in the calculation, resulting in a slightly higher electron temperature,

atomic when HBr
similar to the effect observed with increasing He fraction. The calculated average gas temperature is

also about 50 K higher when vibrational excitation is included in the model, as appears from Figure

5.
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Figure 5. Calculated average gas temperature as a function of He fraction, with HBr™™ (solid line) and without HBr"™®

(dashed line).

The most important heating mechanisms in this type of plasma are: (i) elastic collisions with energetic
ions, (ii) charge exchange reactions, and especially (iii) Franck-Condon heating, as a result of electron
impact dissociation, where the remaining energy is dissipated among the dissociation products.”® With
the inclusion of HBr"™, dissociation becomes more prominent, as mentioned earlier, resulting in the
formation of more high-temperature dissociation products (i.e., H and Br atoms) and thus in a higher
overall gas temperature. For the same reason, the gas temperature decreases with He fraction, since
the feed gas mixture becomes more atomic, reducing the amount of dissociation and thus Franck-
Condon heating. The significantly higher density of H and Br in the plasma makes that the rate of

(vib)

chemical etching is about 3 times higher when HBr'"™ is included in the model, as is clear from



Figure 6. The difference becomes smaller when more He is added to the mixture, because of the

decreasing role of chemical etching and the increasing role of physical sputtering by He" ions.
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Figure 6. Calculated etch rates in the center of the wafer as a function of He fraction, with HBr"™ (solid line) and without

HBr™"™® (dashed line), compared with the experimentally measured etch rate from previous work.?!

The experimentally measured etch rate drops from 120 nm min™ in pure HBr to a rate near zero in
pure He. The etch rate is definitely dependent on ion bombardment', but since the ion flux is more or
less constant as a function of He fraction, it is clear that the chemical etching, especially by Br atoms,
also plays a significant role (see Figure 3b; note that the flux towards the wafer is strongly correlated
to the density in the plasma, so it shows a similar trend). Our model captures this trend properly,
although the effect of chemical etching seems slightly overestimated in our model, explaining the
more pronounced drop in our simulation results compared to the experimental data. The chemical
composition on the surface during etching is practically identical with and without the inclusion of

HBr""™, as seen in Figure 7.
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Figure 7. Calculated chemical composition of the wafer as a function of He fraction, with HBr™™® (solid line) and without

HBr"™ (dashed line). The silicon content is identical in both cases and presented as the gray line.

The most chemically reactive species on silicon in the HBr/He plasma are the H atoms and Br atoms.
The overall chemical composition of the wafer surface will thus depend on the ratio between the H
and Br fluxes. Without HBr™™, the flux of H atoms is about two orders of magnitude lower than the
Br flux (see Figure 3b), but as H has a higher sticking probability than Br (e.g., 0.60 for H on SiHBr,
compared to 0.20 for Br on SiHBr)*', this results in a chemical composition of SiH; ¢,Br;¢s. With
HBr""™ included in the model, the H flux is only about one order of magnitude lower than the Br flux,
so we could expect a higher fraction of H and a lower fraction of Br on the surface. However, the
chemical composition here is calculated as SiH;¢sBr; o4, Which is only marginally different. This
indicates that the sticking probabilities are the decisive factor in determining the chemical

composition of the surface, and not the fluxes, under these conditions.

4. Conclusions

We investigated the importance of including vibrationally excited HBr (i.e., HBr"™) in modeling a
HBr/He ICP used for Si etching. At least 50% of the total fraction of HBr feed gas that is dissociated

in the plasma, originates from vibrational excitation of HBr, followed by electron impact dissociative



attachment and dissociation, rather than from direct electron impact dissociative attachment and
dissociation of ground state HBr.

(vib)

Because dissociative attachment of HBr ™ is the most important process for creating H and

(vib) -

Br products, including HBr'"™ in the model causes the plasma to become more atomic, resulting in a

slightly higher electron temperature. Moreover, the gas temperature also becomes slightly higher, due

to the important role of Franck-Condon heating, where HBr, and especially HBr"™

, become
dissociated into "hot" products by electron impact.
The most chemically reactive species in the HBr/He plasma are H and Br atoms, and since

(vib)

these species are largely created by dissociation of HBr (vib) §

, including HBr*™ in the model results in a
3 times higher etch rate, compared to the model results where vibrational excitations of HBr are
neglected. The calculated etch rate as a function of He fraction is in reasonable agreement with
experimental data.

Finally, the calculated chemical composition of the wafer surface during etching is not

affected by the presence of HBr"™

in the model, which indicates that it is determined by the sticking
coefficients of H and Br, rather than by the ratio between the fluxes of these species.

In general, we may conclude that vibrationally excited HBr definitely should be included in
modeling HBr-containing mixtures in an ICP, as it largely affects the calculation results, especially
the dissociation degree of HBr, and thus the densities and fluxes of HBr, H and Br atoms, and

consequently also the Si etch rate. The same is most likely true for the other hydrogen halides like

HCL'®
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