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Abstract. A modelling study is performed of high-density low-pressure inductively coupled
CF,/CHF;/H,/Cl/O,/HBr plasmas under different gas mixing ratios. A reaction set describing the complete
plasma chemistry is presented and discussed. The gas fraction of each component in this mixture is varied to
investigate the sensitivity of the plasma properties, like electron density, plasma potential and species densities,
towards the gas mixing ratios. This research is of great interest for microelectronics applications because these
gases are often combined in 2-(or more-)component mixtures, and mixing gases or changing the fraction of a
gas can sometimes yield unwanted reaction products or unexpected changes in the overall plasma properties due
to the increased chemical complexity of the system. Increasing the CF, fraction produces more F atoms for
chemical etching as expected, but also more prominently lowers the density of CI atoms, resulting in an actual
drop in the etch rate under certain conditions. Furthermore, CF, decreases the free electron density when mixed
with Cl,. However, depending on the other gas components, CF, gas can also sometimes enhance free electron
density. This is the case when HBr is added to the mixture. The addition of H, to the gas mixture will lower the
sputtering process, not only due to the lower overall positive ion density at higher H, fractions, but also because
more H', H," and H;" are present and they have very low sputter yields. In contrast, a larger Cl, fraction results
in more chemical etching but also in less physical sputtering due to a smaller abundance of positive ions.
Increasing the O, fraction in the plasma will always lower the etch rate due to more oxidation of the wafer
surface and due to a lower plasma density. However, it is also observed that the density of F atoms can actually
increase with rising O, gas fraction. This is relevant to note because the exact balance between fluorination and
oxidation is important for fine-tuning the overall etch rate and for control of the sidewall profile.

Finally, HBr is often used as a chemical etcher, but when mixed with F- or Cl-containing gases, HBr
creates the same diluting effects as Ar or He, because a higher fraction results in less chemical etching but more

(physical) sputtering.



1. Introduction

Electronic components in integrated circuits have continuously been manufactured with smaller sizes
during the last decades, following Moore's law.' High-density low-pressure plasma etching and
deposition are very common techniques for creating these components with nanoscale resolution.
Halogen-containing gases have been used regularly during the past decades for the plasma etching of
Si, because F, Cl and Br chemically react with Si to form volatile products, in the form of SiF,, SiCl,
and SiBry, respectively. These plasmas can give rise to very high etch rates, which is cost efficient.
However, due to their chemically reactive nature, in some cases, additional gases are inserted as well,
to fine-tune the etching process. For example, Cl, gas is often accompanied by O,, so that during the
etching of trenches or vias, the sidewalls are protected with a SiO, layer, and the bottom is
etched/sputtered due to ion bombardment. Oxygen is therefore needed to control the shape of the
trenches and to prevent undercutting, which is the undesired effect where Si is removed chemically
underneath the mask material.

Cly/O, plasmas used for Si etching were very popular in the 90's and 00's, but due to the
continuous shrinking of electronic devices, more etch control was desired and CF,-based plasmas
became at least equally popular.”” The CF, feed gas dissociates in the plasma, yielding a large portion
of chemically reactive F atoms to etch the Si, resulting in high etch rates. When including O,, a CF,O,
passivation layer is formed to protect the trenches from lateral etching.'®'' A similar mechanism is
found with a SF¢/O, gas mixture, although here, the passivation layer is only formed when the surface
is at very low temperature, e.g. -100 °C."* The etch process can be further fine-tuned by adding a
fraction of hydrogen in the form of CHF;, CH,F,, CH;F, CH, or simply H,. Hydrogen is less reactive
towards Si compared to the halogens, so changing the ratio between hydrogen and fluorine (and
oxygen) in the gas mixture allows for a high control during plasma processing."

As mentioned earlier, the most popular halogens for Si etching are F, Cl and Br, where F is
more reactive than CI and Br is the least reactive. In early chip development, F and CI were therefore

more popular, because of the higher etch rate that could be obtained compared to Br-based plasmas.



However, recently, Br-containing plasmas have seen a boost in popularity due to the ultra-small scale
components found in integrated circuits. Indeed, when features are below 20 nm in size, it is more
interesting to have a less aggressive etching plasma towards Si. Due to the lower reactivity of Br, the
etching of very thin layers can be more properly controlled.

All the gases mentioned so far can be used in pure form, or in any combination to achieve the
desired etching process. Furthermore, a noble gas like Ar or He is often added to the mixture as a
diluting agent to control the ratio between chemical etching and physical sputtering. The most popular
mixtures to etch Si are Cl,/O,/Ar, CF4/O,, SF¢/O, and (He/)H,/HBr, or a combination.'*?!, Indeed, the
shift towards more complex gas mixtures for smaller device etching is clearly visible. While in the
carly days, a relatively simple mixture of Cl,/O,(/Ar) was sufficient to etch Si with the desired
resolution, nowadays more gases are typically added to the mixture and complex mixtures like
CF4/CHF/H,/Cl,/O,/HBr and other combinations have been applied for this purpose.”

However, mixing gases or changing the fraction of a gas can sometimes yield unwanted
reaction products or unexpected changes in the overall plasma properties due to the increased
complexity of the system. The goal of this work is therefore to achieve a better insight in the gas
phase (i.e., bulk plasma) chemistry for different gas ratios and to elucidate how the components of the
mixture influence the overall plasma properties. A computational approach is most suitable for this
purpose because we can study in detail the underlying chemical reactions responsible for the observed

changes.

I1. Computational details

To study the gas phase chemistry of a low-pressure high-density CF,/CHF;/H,/Cl,/O,/HBr plasma, we
apply the hybrid plasma equipment model (HPEM), developed by Kushner.” This model calculates
the plasma characteristics by combining a Monte Carlo method for the electrons and a fluid
simulation for the heavy plasma species. A more detailed explanation of the model can be found in

this reference.” Reaction sets for pure CF,, CHF;, H,, Cl,, O, and HBr have been established



before. >’ Moreover, reaction sets for relatively simple mixtures like Ar/Cl,/O, and CF,/O, have also
been constructed in previous work.'*"

However, establishing a proper reaction set when mixing all different gases is not obvious.
Due to the extensive list of different species, the number of reactions between all these species grows
nearly exponentially. Indeed, all cross-products between oxygen, fluorine, carbon, hydrogen, chlorine
and bromine have to be considered, like COLFy, CHOy, etc., which yields an extremely large, if not
unlimited, number of possible products. As a solution, the number of reaction cross-products included
in the simulation is typically limited by two factors: (i) the importance or density of the species in the
plasma and (ii) the available data (i.e., cross sections and reaction rate coefficients) for properly
modelling the gas phase chemistry. For example, in our previous work, various products between
chlorine and oxygen have been considered, like CIO, Cl,O, Cl,0,, etc., and it was found that, under
typical wafer processing conditions, the densities of all these products are negligible except for C10."
Indeed, all other products have concentrations in the ppm-range or lower, so they will not have a
significant contribution to the overall plasma characteristics. In this case, it is allowed, and even
advised in terms of calculation time, to exclude these species from the reaction set, as the overall
plasma properties will not change significantly when these species are included or not. Reaction
products with very low densities should therefore only be considered if specific information on those
products is desired. If it is unknown whether a product will have a significant density, it is advised to
include it in the reaction set (if sufficient data is available) and check its density by performing some
quick tests.

The density of a reaction cross-product is dependent on the stability of the species, and the
reaction path to form that species. For example, stable products like H,O, CO,, HCI are likely to be
present in a plasma containing H, O and Cl, because these products are energetically favored and are
ecasily formed in one or two reactions. In a CF,/H, plasma, it is likely to create CH, species or even
CiH, (where x > 1). However, since these mixtures are typically applied in low-pressure high-density
plasmas, the plasma is usually in a dissociative regime, so it is more likely to dissociate products than
to form larger molecules. Indeed, dusty plasmas, where species can accumulate in the gas phase,

typically occur at higher pressures.*



Table 1 gives an overview of the 65 species included in our model for the
CF4/CHF3/H,/Cl,/Oy/HBr plasma. The reaction cross-products considered are HF, COF,, COF, FO,

CO,, CO, H,0, OH, HCI and CIO, as shown in Table 1.

Table 1. Overview of the 65 species included in the CF,/CHF3/H,/Cl,/O,/HBr reaction set.

CF,, CF,, CF,, CF, C, F,, F, F*, CHF,, CHF,, CHF, CH, CH,, H,,
Neutral species: H, O,, O, O*, Cl,, Cl, CI*, HBr, HBr*, Br, Br*, HF, COF,, COF,
FO, CO,, CO, H,0, OH, HC], CIO

CF;", CFy, CF,", CF', C', F,", F', F", CHF,', CHF', CH', CH,",
Charged species: H,",H", H;",0,", 0", 0", CL,", CI', CI', HBr", Br', Br, CO,", CO",
H,0", HCI", C10", electrons

The electron impact reactions included in the model are listed in Table 2. Most electron impact
reactions are described by an energy-dependent cross section, which can be found in the
corresponding reference of Table 2. Some reactions are described with a rate coefficient, as presented
by the formulas in Table 2. Also the threshold electron energy is shown for each electron impact
reaction, which gives some insight in which reactions occur more easily at typical plasma etch
conditions. Note that three different vibrational levels of HBr are included, but they are all denoted as
HBr*. Nevertheless, they are characterized by three different threshold energies, as indicated in the
Table (i.e., 0.3/0.6/0.9 eV). Likewise, the reactions of these vibrational levels are also characterized

by three different threshold energies in the Table.

Table 2. Electron impact reactions included in the model. The rate of each reaction is defined by an electron energy
dependent cross section o(E), which can be found in the corresponding reference, or by a rate coefficient included in the
table, where T, is the absolute value of the electron temperature in eV. The threshold energy of each reaction is also shown.

Elastic collisions are included in the model but not listed in the Table.

Cross section 6(E)

Electron impact reaction or rate coefficient Threshold energy Reference
e+CF;, > CF;+F o(E) 3.00 eV [31]
e+CF,— CF;y +F o(E) 4.00 eV [31]
e+CF;—>CF;+F+e o(E) 12.00 eV [31]
e+CF;—>CF,+F+F+e o(E) 14.00 eV [31]
e+CF,—>CF+F+F,+e o(E) 18.00 eV [31]
e+CF, > CF; ' +F +e o(E) 11.00 eV [31]
e+CF,— CF;"+F +2e o(E) 16.25 eV [31]
e+CF,— CF;"+F'+3e o(E) 35.00 eV [31]



e+CF,— CF,’ +F+F +2e
e+CFy —>CF +F+F,+2e¢
e+CF,— CF;+F" +2e
e+CF; > CF,+F
€+CF3—>CF2+F+€
€+CF3—>CF3++22

e+ CF;— CF," +F+2e
e+CF;— CF ' +F+F+2e
e+ CF;— CF, +F" +2e
e+CF,—>CF+F
e+CF,—>CF+F+e
€+CF2—>CF2++22

e+ CF,— CF +F +2e¢
e+CF, > CF+F +2e¢
e+CF—->C+F+e
e+CF — CF"+2e
et+tC—Ch+2e
e+CF;" - CF,+F
e+CF," > CF+F
etF,>F+F
etF,>F+F+e
e+F, > F, +2e
e+F,">F+F
e+F—>F*+e¢
e+F—>F*+e¢

e+F—>F +2e
etF*>F+e
e+F* > F 4+ 2e
€+CHF3—>CHF2+F-
E+CHF3—>CHF2+F+2
e+ CHF; — CHF, + F" +2e
e+ CHF; — CHF," + F + 2¢
e+ CHF; —» CHF," +F +e
e+ CHF; > CHF+F+F+e
e+ CHF; - CHF +F+F +2e
e+CHF; > CH +F+F,+2e
€+CHF3—>CF3+H+2
e+CHF; - CF,+F+H+e
e+CHF; - CF+H+F+F+e
e+ CHF; — CF;"+ H+ 2¢
e+ CHF; — CF," + HF +2e
e+ CHF; —» CF'+HF +F + 2e
e+ CHF, —» CHF + F

e+ CHF, > CHF + F +e
e+ CHF, — CHF," + 2e

e+ CHF, —» CHF +F +2e
e+CHF, > CH +F+F +2e¢
e+ CHF, —» CHF + F" + 2¢
e+CHF, - CF,+H+e
e+CHF, ->CF +F+H+te
e+CHF, > C +H+F+F+e
e+ CHF, —» CF," + H+2e
e+ CHF, —» CF" + HF +2e¢
e+CHF - CH+F
e+CHF - CH+F+e

e+ CHF — CHF"' +2¢

e+ CHF — CH +F + 2e
e+ CHF — CH+F" +2e
e+CHF - CF +H+e
e+CHF - C +F+H+e
e+ CHF — CF'+H+2e
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20.00 eV
25.00 eV
30.00 eV
4.40 eV
7.70 eV
8.90 eV
17.00 eV
20.00 eV
20.00 eV
4.40eV
8.70 eV
11.00 eV
14.00 eV
30.00 eV
5.60 eV
10.38 eV
11.26 eV
0.00 eV
0.00 eV
0.00 eV
3.16 eV
15.69 eV
0.00 eV
12.70 eV
12.99 eV
1742 eV
0.00 eV
4.72 eV
0.05 eV
13.00 eV
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e+tCH—-C+H+e
e+CH— CH'+2e
e+CH—C ' +H+2e
e+CH - C+H
e+CH, - CH +H+2e
e+CH,>CH+H+e
e+CH, — CH," +2¢
e+CH, » C"+H,+2e
e+CH," > CH+H
€+CH2+—>C+H2
e+CH,y 5 C+H+H
etH,>H+H+e
€+H2—>H2++22
etH," > H +H+e
e+H," >H+H
e+H—>H +2e
etHy" > H +H,+e
e+H," > H+H,
et0,—-0+0
et0,—>0+0+e
et0,—>0*+0+e
e+0,— 0, +2e
e+0,—>0+0"+2¢
e+0,  ->0+0
e+0," > 0*+0

et O —>0+2e
etO—->0*+e
e+0—0"+2e
etO*>0+te
e+0* > 0" +2e
e+Cl, > Cl+CI
e+Cl, > Cl+Cl+e
2+C12—>C12++22
e+ClL,"—>Cl+Cl
et+Cl->Cl*+e
e+Cl— ClI"+2e

e+ Cl* - Cl"+2e
e+ ClI'—> Cl+2e

e+ HBr — HBr* + e
e+HBr—Br+H+e
e+HBr— Br+H+e
e+ HBr — Br + H
e+ HBr — HBr' + 2e
e+ HBr* - HBr+e
e+HBr* - Br+H+e
e+ HBr* — Br +H
e+ HBr* — HBr' + 2e
e+HBr" - Br+H
e+Br— Br*+e

e+ Br— Br' +2¢

e+ Br* — Br' + 2e
e+ Br — Br+2e

e+ COF, > COF +F +e
e+ CO,—>CO+0O
e+CO, — CO," +2e
e+C0O," > CO+0
etCO—->C+0O+e
e+CO — CO"+2e
e+CO—-C +0+2e
e+CO—-C+0"+2e¢
2+H20—>0-+H2

o(E)

o(E)

o(E)
323 x 108 7,92 cm® 57!

o(E)

o(E)

o(E)

o(E)
1.88x 10 T, %% cm® s™!
4.82x10° T,% cm?® 57!
2.35x 10 T,%% cm?® 57!
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1.20x 107 T, %7 cm?® 57!
8.88x 107 T, %7 cm® 57!

1.95 x 1071 TS ¢ 347T0) o3 1
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8.50 eV
113 eV
14.8 eV
0.00 eV
7.00 eV
10.40 eV
15.53 eV
17.10 eV
0.00 eV
0.00 eV
0.00 eV
8.80 eV
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e+H,0 - H,0" +2e o(E) 13.50 eV [47]
e+HCl—Cl' +H o(E) 0.75 eV [48]
e+HCl > Cl+H+e o(E) 2.50 eV [48]
e+ HCI — HCI" + 2e o(E) 12.74 eV (48]
e+HCI" > Cl+H o(E) 0.00 eV [48]
e+ClO—>Cl+0+e 1.27 x 107 T, 136 (6841 o3 ¢! 6.84 eV [49]
e+ ClO — ClO" +2e 9.48 x 107 T8 ¢ 1224T9) o3 ¢! 12.24 ¢V [49]

The reactions between all heavy plasma species are listed in Table 3. The rate coefficients of most of
these reactions can be considered constant in the gas temperature range obtained for the high-density
low-pressure plasmas under study (i.e. 300-800 K), hence the rate coefficient is a constant in most
cases. If a temperature dependent rate coefficient is available from literature, it is stated as a formula
in the table. Due to the large number of different species, the number of heavy particle reactions can
be extensive. However, the complete reaction set can be subdivided into three main reaction types: (i)
ion-ion neutralizations, (ii) charge transfer reactions and (iii) chemical reactions.

A positive-negative ion-ion recombination, or mutual neutralization, is typically very
exothermic and the remaining energy released is absorbed by the reaction products so that they obtain
a higher temperature (i.e., "hot neutrals") or a higher internal energy (e.g., higher vibrational state), or
it can be absorbed by a third body, or released radiatively as a photon. The rate coefficients k of the
ion-ion neutralization reactions are dependent on temperature and the type of species that collide, and
can be predicted by the following formula constructed by Shuman et al.:>°

k=33x10"7u "SEBE~0-24
where p is the reduced mass of the colliding species, and EBE is the electron binding energy of the
anion (in eV). This formula is most suitable for polyatomic ions. The reaction rate coefficient
predicted by this formula is typically about one order of magnitude too high for collisions of two
monoatomic ions. In these cases, we have thus used the formula to obtain the rate coefficient, but we
lowered the coefficient with one order of magnitude, as suggested based on the reference.”’

The second type of reaction, i.e., a charge transfer reaction between a charged and a neutral
species, is more likely if the resulting cation has a lower electron binding energy than the cation
before reaction. For example, it is more likely that charge transfer occurs from F* + Cl to C1" + F than

in the opposite direction, because F is more electronegative than Cl. We took this into account when



constructing our reaction set. Unfortunately, little data is available on charge transfer reaction rate
constants and we therefore had to estimate a large number of coefficients in the list. However, it is
common knowledge that charge transfer reaction rate coefficients for these chemistries typically have
values between 10° and 10" cm® s™'. We therefore have defined a coefficient of 5 x 10™'° cm® s™ for
the reactions of which no data is available in literature. In principle, charge transfer rate coefficients
are dependent on the type of reactants and their ionization energies, thus the rate coefficient will be
slightly different for each different combination of reactants, but they are all well estimated around
107-10” cm’ s

The third subset in the heavy particle reaction set (Table 3) comprises all chemical reactions,
or in other words, all reactions where bonds are formed or broken. Similar to the charge transfer
reactions, only reactions are considered where the total energy of the products is lower than the total
energy of the reactants. For example, the reaction F + CHF; — CF; + HF is more likely to happen in
this direction than in the other way, because the bond energy of HF is higher than that of CH in CHF;.
All rate coefficients included in this subset were found in literature, and we made sure that at least one
source and loss reaction is considered for each species.

Finally, because we focus on the gas phase chemistry in this paper, we have included a
simplified wall reaction set, assuming that neutrals are always reflected from the walls, the ions and
excited species are reflected as their neutral ground state counterparts, and the electrons are lost at the

walls.

Table 3. Heavy particle reactions included in the model, with corresponding reaction rate coefficients and references where
these data were adopted from. Some rate coefficients are defined as gas temperature dependent, where Ty, is in Kelvin.
Elastic collisions are not included for heavy particle reactions, because these species are treated in the fluid module of the

plasma model, hence these reactions are obsolete.

W
(=}

Heavy particle reaction Rate coefficient (cm® s™) Reference
1. lon-ion neutralizations
CF; + CF5" — CF; + CF, 3.41x108 [50]
CF; + CF," — CF, + CF, 3.72x 108 [50]
CF; + CF' - CF + CF, 433x10% [50]
CF; +C" — C + CF; 6.27 x 10® [50]
CF; +F," > F, + CF; 4.05x 10 [50]
CF; +F' > F+ CF, 5.19x 10 [50]
[50]

CF5 + CHF,” — CHF, + CF; 3.70x 107



CF;y + CHF' — CHF + CF;
CF; + CH' — CH + CF,4
CF; + CH," — CH, + CF,
CF; +H;" — H, + H+ CF;
CF3-+H2+—>H2+CF3
CFy +H" — H + CF,
CFy +0," — 0, + CF;
CFy +0" - O +CF,
CF3-+C12+—>C12+CF3
CF; + Cl" — Cl+ CF;
CF; + HBr" — HBr + CF;
CF3-+BI'+—>BI'+CF3
CF3-+C02+—>C02+CF3
CF; + CO" — CO + CF;
CF3-+H20+—>H20+CF3
CF; + HCI" — HCI + CF;
CF; + CIO" — CIO + CF;
+CF;" — CF;+F
+CF," > CF,+F
+CF"—> CF+F
+C"—>C+F

+F," >F,+F
+F">F+F

+ CHF," — CHF, +F
+ CHF" — CHF +F
+CH > CH+F
+CH," - CH,+F
+H;* > H,+H+F
+H," > H,+F
+H - H+F
+0," > 0,+F
+0"=>O0+F
+C12+—>C12+F
+ClI"' > Cl+F
+HBr" — HBr+F
+Br' > Br+F
+C02+—>C02+F
+CO"—- CO+F
+H,0" > H,0+F
+HCI' - HCl+F
+CIO" - CIO +F

"+ CF;" > CF;+0
-+CF2+—>CF2+O

"+ CF"—> CF+0
"+C"—>C+0
"+E,"—>F,+0
"+F " >F+0

"+ CHF," — CHF, + O
"+ CHF" — CHF + O
"+ CH" - CH+ O

"+ CH," - CH,+ O
"+H;" > H,+H+0
"+H," > H,+0
+H - H+O0
+0,">0,+0
+0"—->0+0
+C12+—>C12+O
+CI'->Cl+0
+HBr" — HBr+ 0O
+Br' > Br+0
+C02+—>C02+O
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428 x 108
6.06x 107
5.87x 10
1.18x 107
1.44x 107
2.02x 107
428 x 108
5.56x 107
3.39x 10
4.14x 108
3.29x 108
3.30x 10
3.87x 10
449x 108
530x 107
4.10x 10
3.69x 107
3.41x 10
3.72x 10
433x10%
6.27 x 10°
4.05x 10
5.19x 107
3.70x 10
428 x 108
6.06x 107
5.87x 107
1.18x 107
1.44x 107
2.02x 108
428 x 108
5.56x 107
3.39x 10
4.14x 107
3.29x 10
3.30x 107
3.87x 10
449x 108
530x 10
4.10x 10
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3.41x 10
3.72x 10
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6.27 x 10°
4.05x 10
5.19x 107
3.70x 107
428 x 108
6.06x 107
5.87x 107
1.18x 107
1.44x 107
2.02x 108
428 x 108
5.56x 107
3.39x 10
4.14x 107
3.29x 10
3.30x 107
3.87x 10
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"+CO" - CO+0

+ H20+ i HQO +0
"+ HCI" - HCl+ O
"+ ClO" — CIO+ 0O

l- + CFT,Jr — CF3 + Cl
I+ CFZJr - CF2 +Cl
CI'+CF" - CF+Cl
Cl+C "> C+Cl

Cl'+ F2+ - F2 +Cl
Cl+F > F+Cl

CI' + CHF,"” — CHF, + Cl
Cl' + CHF" — CHF + Cl
Cl'+CH"—> CH +Cl
ClI'+CH," — CH, + Cl
Cl'+H;" > H,+H+ClI
Cl'+ H2Jr - H2 +Cl
Cl+H - H+Cl
Cl+0," > 0,+Cl
Cl+0"-0+Cl
Cl'+ClL"—CL+Cl
Cl'+CI' > Cl+Cl

Cl' + HBr" — HBr + Cl
Cl'+Br"— Br+Cl
CI'+CO," - CO, + Cl
ClI'+CO"— CO+Cl
Cl + H,0" - H,0+ Cl
CI'+ HCI" — HCl + Cl
CI'+ CIO" — CIO + Cl
Br + CFT,Jr — CF3 + Br
Br + CFZJr - CF2 + Br
Br + CF" — CF + Br
Br+C"— C+Br

Br + F2+ - F2 + Br
Br+F" > F+Br

Br + CHF,” — CHF, + Br
Br + CHF' — CHF + Br
Br + CH" — CH + Br
Br + CH," — CH, + Br
Br+H;" > H,+H+Br
Br + H2Jr - H2 + Br
Br+H — H+Br
Br+0," — O, +Br
Br+0"— O+Br

Br + C12+ s Clz + Br
Br + ClI" — Cl + Br

Br + HBr" — HBr + Br
Br +Br' — Br+ Br

Br + CO," — CO, + Br
Br + CO" — CO + Br
Br + Hz()Jr - H20 + Br
Br + HCI" — HCl + Br
Br +CIO" — CIO + Br

Nnno0o0Qo

2. Charge transfer reactions
F"+CF,— CF;" +F,
F"+CF; — CF, +F,
F"+CF, —» CF'+F,
F"+CF - CF +F
F'+C—C'+F

F'+F, > F, +F

F'+ CHF, —» CHF," + F

449108
530x 107
4.10x 108
3.69x 107
3.41x10°%
3.72x 10
433x 108
6.27 x 10°
4.05x 10
5.19x 10°
3.70x 10
428x10%
6.06x 107
5.87x 107
1.18x 107
1.44x 107
2.02x 108
428 x 108
5.56x 107
3.39x 10
4.14x 107
3.29x 10
3.30x 107
3.87x 10
449x 108
530x 107
4.10x 108
3.69x 107
3.41x10°%
3.72x 10
433x 108
6.27 x 10°
4.05x 10
5.19x 10°
3.70x 107
428x10%
6.06x 107
5.87x 107
1.18x 107
1.44x 107
2.02x 108
428 x 108
5.56x 107
3.39x 10
4.14x 107
3.29x 10
3.30x 107
3.87x 10
449x 108
530x 10
4.10x 108
3.69x 107

1.00 x 107
1.09x 107
2.28x 107
5.00 x 10710
5.00 x 10710
7.94x 1071°
5x 107"
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F'+ CHF — CHF +F
F'+CH— CH +F
F'+CH, » CH," +F
F'+H, > H,"+F
Fr+H—-H+F
F++02—>02++F
F'+0, - 0'+FO
F'+O—>0'+F
F++C12—>C12++F
F'+Cl—>CI'+F
F'+HBr — HBr' + F
F'+Br—Br +F
F++C02—>C02++F
F"'+CO—CO" +F
F"+H,0 - H,0"+F
F'+HCl — HCI" + F
F'+ClO — CIO"+F
H;"+CF; —» CF;" +H, +H
H;"+CF, —» CF," +H, +H
H;"+CF - CF +H,+H
H;"+C—>CH'+H,
Hy+F,—-F"+H,+H
H;"+ CHF, — CHF," + H, + H
H;"+ CHF — CHF + H, + H
H;"+CH— CH," + H,
H;"+CH, » CH," +H,+ H
Hy"+H,—»H,"+H,+H
Hy"+H—>H +H,+H
H3++02—>02++H2+H
H;"+0—-0"+H,+H
H;"+Cl, > ClL,"+H,+H
H;y"+Cl—>Cl'+H,+H
H;"+HBr — HBr" + H, + H
H;"+Br—Br'+H,+H
H;"+C0O, —» CO," +H,+H
H;"+CO—-CO"+H,+H
H;"+H,0 - H,0"+H, + H
H;"+HCl — HCI' +H, + H
H;"+ClO — ClO"+H, + H
F,"+CFy — CF;"+F+F,
F,"+CF; > CF; +F+F
F,"+CF, > CF," +F,
F,"+CF, » CF;"+F
F2++CF—>CF2++F
F,"+C— CF" +F

F,"+ CHF, —» CHF," + F,
F,"+ CHF — CHF' + F,
F,"+CH—> CH'+F,
F,"+CH, —» CH, +F,
F,"+H, > H," +F,

F, ”+H—>H' +F,
F,"+0,—- 0, +F,
F2++O—>O++F2
F2++C12—> C12++F2
F,"+Cl— ClI'+F,

F,"+ HBr — HBr' + F,
F,"+Br— Br' +F,
F,"+C0, — CO," + F,
F,"+CO — CO"+F,
F2++H20—>H20++F2
F,"+HCl — HCI" + F,

5x 1071
5x 107"
5x 1071
5x 1071
5x 107"
7.14x 1071
5.04 x 107!
1.00x 1071
5x107"
5x 1071
5x 1071
5x 107"
5x107"°
5x 101
5x 107"
5x107"°
5x 1071
5x 1071
5x 107"
5x 107"
2.00x 107
5x 107"
5x107"°
5x 101
1.20x 107
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5x 1071
5x 101
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5x 1071
5x 101
5x 107"
5x 1071
5x 1071
5x 107"
5x 107"
5x 1071
5x 107"
1.00 x 1071°
1.60 x 107
1.00 x 107
1.79 x 10°
2.18x 107?
1.04x 107
5x107"°
5x 107"
5x 1071
5x 1071
5x107"°
5x 101
5x 1071
5x107"°
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5x 1071
5x 1071
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F,"+ClO — CIO" +F,
H2Jr + CF3 i CF3Jr + H2
H," + CF, — CF," + H,
H,"+CF - CF"+H,
H,"+C—>CH'+H

H," + CHF, — CHF," + H,
H," + CHF — CHF' + H,
H,"+CH— CH,"+H
H,"+CH—> CH"+H,
H,"+ CH, —» CH," + H,
H,"+H, > H;"+H
H+H—->H+H,
H,"+0,— 0," +H,
H,"+0—0"+H,

H2Jr + Clz - C12+ + H2
H2Jr +Cl— Cl+ + H2

H," + HBr — HBr" + H,
H,"+Br— Br' + H,

H2Jr + C02 i C02+ + H2
H2Jr +CO — COJr + H2
H," + H,0 —» H,0" + H,
H,"+ HCl — HCI" + H,
H," + ClO — CIO" + H,
CO" + CF, — CF;" + COF
CO" + CF; — CF," + COF
CO"+ CF, — CF"+ COF
CO"+CF —» CF "+ CO
CO"+C—-C"+CO
CO"+ CHF, — CHF," + CO
CO" + CHF — CHF' + CO
CO"+CH— CH +CO
CO"+CH, —» CH," + CO
CO"+H—->H"+CO
CO"+0,—0,"+CO
CO"+0—-0"+CO
CO"+Cl, — CL"+CO
CO"+Cl—ClI'+Co
CO" + HBr — HBr" + CO
CO" +Br — Br + CO
CO"+C0O, —» CO," + CO
CO"+H,0 — H,0" + CO
CO" + HCI — HCI" + CO
CO" + ClO — CIO* + CO
O+ CF, — CF;"+ FO
O"+CF; »CF;"+0

OJr + CF2 - CFZJr +0
O"+CF—->CF'+0
O'+C—-»C'+0

O" + CHF, —» CHF," + O
O+ CHF — CHF" + 0O
O"+CH—CH +0
O"+CH,—»CH,"+0
O"+H—->H+0

OJr + 02 - 02+ +0
O"+ClL,—»CL"+0
O"+Cl—-CI"+0

O+ HBr — HBr' + O
O"+Br—>Br' +0
0"'+C0,—CO, +0
OJr + H20 — Hz()Jr +0
O"+HCl - HCI'+0

5x 101
5x 107"
5x 1071
5x 101
2.40x107°
5x107"°
5x 1071
7.10 x 10710
7.10x 1071°
1.00x 107
2.00 x 107 Ty ™*
6.40 x 1071°
5x107"°
5x 1071
5x 107"
5x 107"
5x 101
5x 1071
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7.00x 1071
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5x 1071
5x 101
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5x 107"
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5x107"°
5x 1071
5x 1071
5x107"°
1.40 x 107
5x 1071
5x107"°
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5x 1071
5x 107"
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0" +Cl0O - CIO"+0
H"+CF; - CF;"+H
H"+CF, —» CF,"+H
H"+CF - CF'+H
H'+C—-C'+H

H'+ CHF, — CHF,"+H
H'+ CHF — CHF' +H
H"+CH—CH' +H
H"+CH, » CH,"+H
H"+CH, —» CH' +H,

H +0,— 0, +H

HJr + C12 i C12+ +H
H'+Cl—ClI'"+H
H"+HBr — HBr' + H

H +Br— Br'+H

HJr + C02 - C02+ +H
H"+CO - CO"+H
H"+HCl —» HCI" +H
H"+ClO — ClIO"+H
Hz()Jr + CF3 i CF3Jr + H20
H,0" + CF, — CF," + H,0
H,0" + CF — CF" + H,0
Hz()Jr +C— CJr + H20
H,0" + CHF, — CHF," + H,0
H,0" + CHF — CHF' + H,0
H,0"+ CH — CH" + H,0
H,0"+ CH, —» CH," + H,0
H,0"+ 0, — 0," + H,0
Hz()Jr + Clz - C12+ + H20
H,0" + Cl — CI" + H,0
H,0" + HBr — HBr" + H,0
H,0" + Br — Br" + H,0
Hz()Jr + C02 i C02+ + H20
H,0" + HCl — HCI" + H,0
H,0" + ClIO — CIO" + H,0
C02+ + CF3 i CF3Jr + C02
C02+ + CF2 i CFQJr + C02
CO,"+ CF — CF" + CO,
CO,"+C - C"+CO,
C02+ + CHF2 i CHFQJr + C02
CO," + CHF — CHF" + CO,
CO,"+ CH — CH" + CO,
C02+ + CH2 i CHQJr + C02
C02+ + 02 i 02+ + C02
CO," +Cl, — Cl," + CO,
CO," +Cl— CI'+ CO,
CO," + HBr — HBr" + CO,
CO," + Br — Br' + CO,
CO," + HCl — HCI' + CO,
CO," + ClO — CIO" + CO,
Br' + CF; — CF;" + Br

Br' + CF, — CF," + Br
Br'+ CF — CF' + Br
Br'+C—C"+Br

Br' + CHF, — CHF," + Br
Br' + CHF — CHF" + Br
Br'+ CH — CH' + Br
Br'+ CH, — CH," + Br
Br'+0,— 0, +Br

BI'Jr + Clz - C12+ + Br

Br +Cl — CI' + Br

490x 107
5x107"
5x 101
5x 1071
5x107"
5x 107"
5x 1071

1.90 x 107

1.40 x 107

1.40 x 107
5x 101
5x 107"
5x 107"
5x 1071
5x 107"
5x107"°
5x 101
5x 1071
5x 107"
5x 107"
5x 1071
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5x 107"
5x 1071
5x 101
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5x 1071
5x 1071
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5x 1071
5x 1071
5x107"°
5x107"°
5x 1071
5x107"°
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5x 1071
5x 1071
5x 107"
5x107"°
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5x 107"
5x 107"
5x 1071
5x 1071
5x 107"
5x 1071
5x 1071
5x107"°
5x107"°
5x 1071
5x 1071
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5x 1071
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5x 107"
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Br"+ HBr — HBr' + Br
Br" + HCl — HCI" + Br
Br' + ClO — CIO" + Br
ClI"+CF; — CF;" + Cl
ClI"'+CF, —» CF," + Cl
ClI"+CF —» CF' +Cl
CI'+C—-C"+Cl

CI" + CHF, — CHF," + Cl
CI" + CHF — CHF" + Cl
CI"+CH — CH" +Cl
ClI'+CH, — CH," + Cl
CI'+0,— 0, +Cl
CI'+Cl, — CL"+Cl

CI" + HBr — HBr" + Cl
CI" + HCl — HCI" + Cl

CI" + ClO — ClO" + Cl
HCI" + CF; — CF;" + HClI
HCI" + CF, — CF," + HCl
HCI" + CF — CF' + HCI
HCI"+C — C"+HCl
HCI" + CHF, — CHF," + HCl
HCI" + CHF — CHF' + HCl
HCI" + CH — CH' + HC1
HCI" + CH, — CH," + HCl
HCI" + 0, — O," + HCl
HCI" + Cl, — Cl," + HCI
HCI" + HBr — HBr" + HCl
HCI" + CIO — CIO* + HCI
HBr" + CF; — CF;" + HBr
HBr" + CF, — CF," + HBr
HBr" + CF — CF" + HBr
HBr" +C — C"+ HBr
HBr" + CHF, — CHF," + HBr
HBr" + CHF — CHF" + HBr
HBr"+ CH — CH" + HBr
HBr" + CH, — CH," + HBr
HBr" + 0, —» O, + HBr
HBr" + Cl, — Cl," + HBr
HBr" + ClO — CIO" + HBr
ClO" + CF; — CF;" + CIO
ClO" + CF, — CF," + CIO
ClO" + CF — CF' + ClO
ClO"+C — C"+ClO
ClO" + CHF, — CHF," + CIO
ClO" + CHF — CHF" + ClO
ClO"+CH — CH" + ClO
ClO" + CH, — CH," + CIO
ClIO"+ 0, — 0," + CIO
ClO" +Cl, — Cl," + ClO
02+ + CF3 i CF3Jr + 02
0,"+CF, —» CF," + 0,
0,"+CF - CF +0,

02+ +C— CJr + 02

02+ + CHF2 i CHFQJr + 02
0," + CHF — CHF' + 0O,
0,"+CH— CH +0,

02+ + CH2 i CHQJr + 02
0,"+Cl, —» CL,"+ 0,

Cl," + CF; — CF;" + Cl,
C12+ + CF2 - CFZJr + Clz
ClL," + CF —» CF" +Cl,

5x 1071
5x107"°
5x 1071
5x 1071
5x 107"
5x 107"
5x 1071
5x 1071
5x107"
5x 1071
5x 1071
5x 107"
540 x 100 Ty, *
5x 1071
5x 107"
4.90x 10"
5x 1071
5x 101
5x107"
5x107"°
5x 1071
5x 107"
5x107"°
5x 101
5x 101
5x 107"
5x 101
5x 1071
5x107"
5x107"
5x 1071
5x 101
5x107"°
5x 1071
5x 1071
5x 107"
5x107"°
5x 1071
5x107"
5x107"
5x 1071
5x 101
5x 107"
5x 107"
5x 101
5x 107"
5x 107"
5x 1071
5x 1071
5x107"°
5x 1071
5x 1071
5x 107"
5x107"°
5x 1071
5x 101
5x107"°
2.00x 107!
5x 1071
5x 107"
5x107"°
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CL/+C—-C"+Cl,

C12+ + CHF2 - CHFZJr + Clz
Cl," + CHF — CHF" + Cl,
Cl,"+CH — CH' +Cl,

C12+ + CH2 - CHZJr + Clz
CH' + CF; — CF;" + CH
CH' + CF, — CF," + CH
CH'+CF - CF'+CH
CH'+C—C"+CH
CH'+H,—CH, " +H
CH'+H—-C'+H,

CH' + CHF, — CHF," + CH
CH'" + CHF — CHF' + CH
CH'+ CH, —» CH," + CH

CJr + CF3 — CFT,Jr + C

CJr + CF2 - CFZJr +C
C"+CF—CF'+C

C"+ CHF, — CHF," + C
C"+ CHF — CHF +C

CJr + CH2 - CHZJr +C

CHF" + CF; — CF;" + CHF
CHF' + CF, — CF," + CHF
CHF' + CF — CF" + CHF
CHF" + CHF, — CHF," + CHF
CHF" + CH, — CH," + CHF
CFZJr + CF4 i CF3Jr + CF3
CF," + CF; — CF;" + CF,
CF,"+CF - CF;" +C
CF,"+C — CF"+CF

CF," + CHF, — CHF," + CF,
CF," + CH, — CH," + CF,
CH," + CF; — CF;' + CH,
CH,"+ CF — CF'+ CH,
CH," + CHF, — CHF," + CH,
CF"+ CF, — CF;" + CF,
CF'+ CF; — CF;" + CF

CF' + CHF, — CHF," + CF
CHF," + CF; — CF;" + CHF,

3. Chemical reactions
F + CHF; — CF; + HF
F + CHF, — CF, + HF
F + CHF — CF + HF
F+H, —» H+HF

H + CHF; — CF; + H,
H + CHF, — CHF + HF
H+CHF2—>CF2+H2
H + CHF — CH + HF
H+CH—- C+H,
H+CF3—>CF2+HF
H+ CF, — CF + HF
H+CF —-CH+F
H+CF - C+HF
H+F,— F+HF

CF; + CHF, — CHF; + CF,
CH+HF — CF +H,
CH2+H—>CH+H2
CH+H, - CH,+H
C+H,—>CH+H
O*+CF4—>O+CF4
O* + COF, — O + COF,

5x 1071
5x107"°
5x 1071
5x 1071
5x107"°
5x 107"
5x 1071
5x 1071
5x 107"
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O* + COF, — F, + CO, 2.10x 107! [52]
O* + CF; — COF, + F 3.10x 107" [52]
O* + CF, —» COF +F 1.40x 107! [52]
O*+CF, > CO+F+F 4.00x 102 [52]
O*+CF — CO+F 2.00x 10" [52]
O* + COF — CO, +F 9.30x 10" [52]
0*+F0O — 0, +F 5.00x 10" [52]
O+FO — 0,+F 2.70 x 107! [52]
C+0,-»CO+0 1.60 x 107" [52]
COF + CF, — CF; + CO 3.00x 1071 [52]
COF + CF, — COF, + CF 3.00x 1071 [52]
COF + CF; — CF,+ CO 1.00 x 107" [52]
COF + CF; — COF, + CF, 1.00 x 107" [52]
COF + COF — COF, + CO 1.00 x 107! [52]
O+CF—CO+F 6.60 x 107! [52]
O+CF, — COF +F 3.10x 107" [52]
O+CF,—>CO+F+F 4.00x 102 [52]
O+ CF; — COF, +F 3.30x 107" [52]
O+ COF — CO, +F 9.30x 10" [52]
0, +CF — COF + 0O 3.30x 107" [52]
O+OH—H+0, 2.40x 107! [47]
O* + H,0 — OH + OH 220x 10710 [47]
OH+H, » H,O+H 7.70x 1072 [47]
OH+H— O+H, 1.48x 107" [61]
O+H, > OH+H 3.44x 107 [61]
HCl+H — Cl+H, 1.48 x 10710 estimated based on OH
Cl+H, —» HCl+H 3.44x 107 estimated based on OH
Cl, + O* = Cl0 + Cl 2.11x 107" [49]
ClO+0 — 0,+Cl 4.11x10™M [49]
ClO+Cl— ClL+0 127 x 10712 [49]
H+ HBr — H, + Br 6.50 x 102 [62]

II1. Results and Discussion

We consider the following typical operating conditions for wafer processing: 13.56 MHz frequency,
1000 W source power, 40 mTorr gas pressure and 100 sccm total gas flow rate, with a gas mixture of
20% CF,, 10% CHF;, 10% H,, 20% Cl,, 20% O, and 20% HBr. This gas mixing ratio was chosen so
that each component is more or less equally present and so that the total fraction of etchant gas(es) is
70%, versus 20% O, and 10% H,, which is a realistic ratio between etching and passivating gases for
successful anisotropic etching of Si, although usually even less oxygen is applied to avoid etch stop.”*
The general plasma characteristics of this mixture are discussed in section 1 below. To further
investigate the effect of these gas components on the overall plasma chemistry, we will vary the
fraction of each chemical component and discuss the results in the subsequent sections. When the

fraction of one gas component is varied, the ratio between the other gases is kept constant.



1. General plasma characteristics

The plasma behavior is calculated for a Transformer Coupled Plasma (TCP) reactor with a planar coil
on top of the plasma chamber, resembling the LAM Research 2300 Versys Kiyo reactor for etching of
300 mm wafers. The power source (coil) is separated from the plasma by a quartz plate with the gas
nozzle in the center of the plate. No bias is applied to the substrate electrode underneath the wafer, as
we focus only on the bulk plasma chemistry.

Figures 1(a-f) illustrate the general plasma properties in a two-dimensional half-cross section
of the reactor. Figure 1a shows the electric field generated by the TCP coil and how it penetrates the
plasma chamber. This field is the strongest near the coils and the electrons in the plasma will hence be
accelerated most in this area, resulting in a maximum time-average electron temperature of 2.8 eV
near the coil as shown in Figure 1b. The highest plasma density is also found in the area where the
electron temperature is at maximum, since most electron impact ionizations and dissociations occur
here. The electron density (Figure 1c) and the total ion density (Figure 1d) therefore also have a
torus shaped maximum following the shape of the coil, and they decrease near the walls due to
electron loss and ion neutralization.

The plasma potential profile (Figure 1e) correlates to the shape of the plasma density, with a
maximum value of 12 V. Similarly, the gas temperature profile (Figure 1f) also resembles the shape
of the plasma density, although the maximum is slightly further away from the quartz window. Most
efficient gas heating processes are electron impact dissociation reactions where hot products (i.e., with
high kinetic energy) are created. The gas temperature therefore has a maximum value near 550 K
where the plasma density has its maximum, and it decreases towards the walls where the gas

temperature becomes equal to the fixed wall temperature of 20 °C.



Figure 1. Two-dimensional profiles of the calculated time-averaged source power electric field (a), time-averaged electron
temperature (b), electron density (c), total ion density (d), plasma potential (e¢) and average gas temperature (f). The
operating conditions are: 13.56 MHz operating frequency, 40 mTorr chamber pressure, 1000 W source power and 100 sccm

total gas flow rate, with a gas mixture of 20% CF,4, 10% CHF;, 10% H,, 20% Cl,, 20% O, and 20% HBr.

2. Variation of CF, gas fraction

CF, is usually the main gas used for Si etching, as it is the source of F atoms, which are the most
reactive species for chemical etching. We have varied the gas fraction of CF4 between 20% and 80%.
The volume averaged densities of species that show interesting trends as a function of CF; gas
fraction are illustrated in Figure 2a, together with the total charged species densities and plasma
potential in Figure 2b. Only the most relevant species and non-obvious trends are shown and

discussed.



Figure 2. (a) Calculated volume averaged densities of various species as a function of CF, gas fraction. Only relevant and
unexpected trends are shown. (b) Volume averaged total positive and negative ion and electron densities (left axis) and

plasma potential (right axis) as a function of CF, gas fraction. The other operating conditions are the same as in Figure 1.

As CF, is the main source of F atoms in the plasma reactor, the F atom density increases significantly
with CF, gas fraction, which will usually entail a higher etch rate. However, this will not always be
the case, because the F atom density is only in the order of 10''-10" ¢m™, and thus much lower than
the density of several other plasma species responsible for etching, like the Cl atoms (see Figure 2a).
For instance, the CI atom density is more than 3 orders of magnitude higher at 20% CF,, but it clearly
drops upon increasing CF, fraction, and at 80% CF, it is only about 10 times higher than the F atom
density. The fact that it is still higher than the F atom density, even when the F atom source (CF, gas)
is much more abundant than the source of CI atoms (i.e. Cl, gas) can be explained because Cl, is
much easier dissociated than CF,. Indeed, electron impact dissociation of Cl, happens easily due to
the relatively low bond strength of 2.5 eV and the low threshold for dissociation of 3.12 eV, compared
to a threshold of 12.0 eV for CF, (and 7.0 eV for CF3).’' This suggests that mainly low energy
electrons will be responsible for Cl, dissociation. The conclusion here is that an increase of CF, gas
will practically always result in a higher etch rate due to the formation of more highly reactive F
atoms. However, when CF, would be mixed with Cl,, it is not unlikely to find a steady or even
decreasing etch rate, because the drop in CI atom density is much more significant compared to the

increase in F density. It is generally known that etching with F atoms occurs roughly 9 times faster



than with Cl atoms, but since the density of Cl is a few orders of magnitude higher than the density of
F, Cl atoms might contribute more to the etch rate than the F atoms in these situations.”” On a side
note, if Cl, would be mixed with SF; instead of CF,, we do expect an increase in the etch rate, as is
found experimentally, because SF; is a better source for F atoms compared to CF, (due to lower
threshold for dissociation).”

Overall it is found that the CF, product densities increase as a function of CF, gas fraction,
along with the F-containing cross-products (like COF,, COF, FO and HF), while the densities of the
other components, like CHF, Cl, Br, O etc. (see Figure 2a) decrease, as expected. However, there are
a few interesting exceptions, as explained here below.

Apparently, more H atoms are present at a higher CF4 gas fraction, even if the fractions of
feed gases CHF; and H, decrease, which is important to keep in mind for the etching process, as H
atoms can significantly alter the Si structure. Obviously, the total amount of hydrogen decreases with
rising CF, gas fraction, as is logical, but a large fraction of H, is lost in a reaction with F to form HF
and H (see Table 3, part 3). The rate of this reaction depends on the F atom density, which increases
with rising CF, gas fraction, and this results in a higher H atom density along with that of the F atoms.

The other product of this reaction, which has a significant influence on the etch rate, is HF.
HF is a cross-product with a relatively high density (see Figure 2a), because it has the strongest
chemical bond in the system (5.86 eV) and it is therefore not easily lost through chemical reactions.
The formation of HF is therefore an efficient sink for the reactive F atoms, which will entail a lower
etch rate, especially when the H, fraction is relatively high. It must be noted that HF is also often used
to etch Si, but this is usually performed in wet etch chemistries, because HF reacts much slower than
F atoms during dry plasma etching.®

Other products that become slightly more abundant with increasing CF, gas fraction are CO,
and CO. CO, is also a very stable product and a proper sink for reactive O atoms. CO, and CO are
formed from the ongoing oxidation of the CF, products to COF or COF,, and eventually to CO, and
CO. The densities of CO, and CO are therefore correlated to those of the CF, products, which

increase with rising CF, gas fraction.



It is interesting to mention, that at 20% CF,, the most abundant negative ion is Br" even when
F and CI' are more electronegative. These negative ions are formed through electron impact
dissociative attachment and these reactions typically have very low or no threshold and hence they
easily happen in the plasma. The Br™ density is about one order of magnitude higher at 20% CF, and
20% HBr, due to the fact that the cross section for dissociative attachment from HBr* is considerably
larger than the corresponding cross sections for the other reactions. As a result, the dominant process
for negative ion formation is that of Br. As the fraction of CF, becomes higher, F* becomes the
dominant anion, but the decrease of Br™ is more significant, resulting in an overall drop in the negative
ion density as shown in Figure 2b. This drop in negative ion density is also found when increasing all
other gas components (see next sections) except for HBr, which suggests that Br is indeed the
dominant anion defining the trend in the total anion density.

The dominant Br™ formation and its drop at higher CF, gas fraction eventually also affects the
electron density and the positive ion density. When less HBr (and HBr*) is present in the reactor, less
negative ions are created and thus more free electrons exist that can entail ionizations and create, in
turn, positive ions. As a result, the electron and positive ion density increase along with the CF,
fraction. This is an interesting conclusion, because in more simple gas mixtures (like CF,/Cl,), an
increase of the CF, fraction actually entails a decrease of the electron and positive ion density, as was
found experimentally®” and also checked in our simulations (for the simple case of a CF,/Cl, mixture).
It is due to the presence of HBr in the gas mixture, which causes a significant depletion of free
electrons into the formation of Br’, that this trend of increased electron density with increasing CF,
gas fraction (and thus lower HBr fraction), is observed in the current simulations."

Furthermore, the plasma potential decreases as a function of rising CF, fraction as presented
in Figure 2b. The trends for electron density and plasma potential are in fact often inversely
proportional, as the plasma potential is related to the electron temperature, which is typically inversely
related to the electron density.”® Indeed, a lower electron density means that a certain amount of
power is deposited to fewer electrons, so these electrons will be accelerated more strongly, increasing

the overall electron temperature.



It can be concluded that more CF, gas in the mixture will entail a higher etch rate for several
reasons. More highly reactive F atoms are introduced, as well as more positive ions important for
sputtering. However, it must be noted that these effects will not always result in an overall higher etch
rate, depending on the type of mixture. For example, when CF, is mixed with Cl,, increasing the CF,
fraction (and thus decreasing the Cl, fraction) results in a more significant drop in the density of ClI
atoms than a rise in the density of F atoms, as was also observed in literature. ' Thus, if CF,4 and Cl,
are mixed without O,, it can therefore occur that the etch rate actually drops when increasing the CF,
gas fraction, in spite of the fact that the F atoms are more reactive than Cl atoms. Finally, due to the
aggressive etch-inhibiting nature of oxygen, when O, is present in the CF, mixture, increasing the CF,
gas fraction will always result in a higher etch rate, simply because the partial gas pressure of O,
becomes lower in the process and other gas components like Cl, and HBr become less relevant in

influencing the overall etch rate.

3. Variation of H, gas fraction

H, is often mixed with CF, to tune the sidewall composition during Si etching. A CFH, polymer
layer is created on the sidewalls and its stability or thickness can be tuned by controlling the ratio
between F and H, in addition to adding O,. A higher H, fraction will therefore entail a lower overall
etch rate, as H is less reactive towards Si than F, Cl and Br, and it will thus not form so much of the
volatile etch product (SiHy) than its halogen-counterparts. In addition, increasing the H, fraction will
also result in a higher fraction of H', H," and H;" ions, which generally have a much lower sputter
yield than the other positive ions, due to their small mass. Varying the H, fraction therefore also
allows control of the physical sputter rate during plasma processing. The volume averaged densities of
the most relevant species as a function of H, fraction are shown in Figure 3a, together with the total

charged species densities and plasma potential in Figure 3b.



Figure 3. (a) Calculated volume averaged densities of various species as a function of H, gas fraction. Only relevant and
unexpected trends are shown. (b) Volume averaged total positive and negative ion and electron densities (left axis) and

plasma potential (right axis) as a function of H, gas fraction. The other operating conditions are the same as in Figure 1.

As expected, the H atom density increases as a function of increasing H, feed gas fraction, along with
some other cross-products like CH and CH,, while the densities of the other important species for
etching (i.e., CL, F, O and Br) all decrease. H,O, OH and HCI become less abundant when utilizing
more H, feed gas, which might be unexpected at first, while HF seems to have an almost constant
density within the range of 20-80% H,. These products all (slightly) decrease in abundance as a
function of H, gas fraction, simply because their other source terms, like O-, Cl- and F-containing
species become less abundant. HF and HCI can both be used to wet-etch Si, but for dry plasma
etching, these species are less reactive than the F and Cl atoms.'® The formation of HF and HCI is
therefore an effective sink for these reactive atoms.

The most important losses for electrons, except for the walls, are dissociative attachment reactions,
forming F°, CI', O and Br" ions. These electron impact reactions have low or no threshold energies
and are therefore also the most important processes for overall dissociation of the feed gases. For this
reason, in most cases, more negative ions are present than free electrons. However, when H, becomes
more abundant, dissociative attachment becomes less important, and the density of negative ions
drops significantly (see Figure 3b). At the same time, H, has the highest ionization potential (i.e.,

15.43 eV) of all gas components, thus it becomes more and more difficult to create ions in general. As



a result, also the total positive ion density drops. In other words, at high H, fractions, less electrons
and positive ions are created, but also less electrons are lost upon creation of negative ions, which
results eventually in a slight increase in electron density within the range of 20-80% H,. The fact that
the density of Br™ drops significantly, as explained in the previous section, also contributes to the
increase in free electron density at higher H, fractions. As explained in the previous section, the
plasma potential and electron density are inversely correlated, so it is expected that the plasma
potential drops at higher H, fractions.

It can be concluded that the addition of H, to the gas mixture will lower the etch rate for many
reasons. The most obvious one is that the densities of the etching gases (i.e., CF,;, HBr and Cl,) and
the passivating gases (i.e., O,), as well as the positive ion densities, all decrease, which results in more
moderate etching, but also less pronounced passivation layer formation due to oxygen, as well as less
sputtering. Especially sputtering will be reduced, not only due to the lower overall positive ion density
at higher H, fractions, but also because more H', H," and H;" are formed, which have very low sputter
yields due to their small masses. H; is therefore an interesting gas if more moderate overall etching is
needed, like in the case where ultra-thin layers or ultra-small features must be etched, as found in the

current technology node.®

4. Variation of Cl, gas fraction

Cl, is very useful for the selective etching of Si, while keeping Si3;N, or SiO, layers intact. SisN, and
Si0, materials are typically used as masks during selective plasma etching of Si with halogen-based
plasmas.'® This is in contrast to F atoms, which are more aggressive chemical etchers and will also
etch SiO,, but at a significantly lower rate than Si. If a