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Abstract The effects of HBr/Ar and HBr/Cl2 mixing ratios in the ranges of 0–100% Ar

or Cl2 on plasma parameters, densities of active species influencing the dry etch mecha-

nisms were analyzed at fixed total gas flow rate of 40 sccm, total gas pressure of 6 mTorr,

input power of 700 W and bias power of 300 W. The investigation combined plasma

diagnostics by Langmuir probes and the 0-dimensional plasma modeling. It was found that

the dilution of HBr by Ar results in maximum effect on the ion energy flux with expected

impact on the etch rate in the ion-flux-limited etch regime, while the addition of Cl2
influences mainly the relative fluxes of Br and Cl atoms on the etched surface with

expected impact on the etch rate in the reaction-rate-limited etch regime.
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Introduction

The binary mixtures of HBr with noble and molecular gases play an important role in the

micro- and nano-electronic technology. An important feature of the binary gas mixtures is

that the etch result can be optimized not only by varying the operating conditions, but also

by adjusting the gas mixing ratio which directly influences the balance between chemical

and physical etch pathways. Particularly, the HBr-containing plasmas are used for the dry

patterning of III–V In-containing semiconductors (mainly for InP and InGaAs) in order
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to save a nearly stoichiometric composition of the etched surface [1, 2]. Also, the

HBr-containing plasmas have been successfully applied for the highly-anisotropic etching

of both single crystal and poly-Si because of the negligible spontaneous reaction between

Br and Si [3, 4]. And finally, the HBr-rich plasmas provide much lower (compared with the

Cl-containing plasmas) etch rates of organic photoresists (PR) due to the graphitization and

the cross-linking of the PR film caused by the UV (*110–210 nm) irradiation from the

excited HBr molecules [5, 6]. Unfortunately, the most of existing works discuss only the

effects of main operating parameters (gas pressure, input power, bias power and gas mixing

ratio) on the etch rate and related characteristics while the relationships between plasma

parameters, plasma composition and etch kinetic have received much less attention. This

retards the development and optimization of the etch processes using the HBr-containing

plasmas.

Numerical modeling is an attractive tool to analyze plasma physics and chemistry in

low-pressure gas discharge plasmas. The simplest global (zero-dimensional, or 0D) models

[7–9] operating with the volume-averaged plasma parameters are still in wide use to

analyze the ‘‘dimension-less’’ effects such as general relationships between input plasma

parameters, kinetics and densities of plasma active species. In our works [10, 11], we have

discussed both diagnostics and modeling results for HBr and HBr/Ar plasmas order to

analyze the effects influencing the steady-state densities of plasma active species. The aim

of present work was the comparative model-based investigation of HBr/Ar and HBr/Cl2
plasmas (plasma parameters, steady-state compositions and expected etch kinetics) in the

reactor of given geometry under the same operating conditions. As the main variable

parameter, we used the HBr/Ar and HBr/Cl2 mixing ratios at fixed at fixed total gas flow

rate, total gas pressure, input power and bias power. This was done in order to provide the

consistence with our earlier works [10, 12] as well as to illustrate clearly how the addition

of noble of chemical active gas influences HBr plasma parameters and kinetics of active

species. Also, the topics of special interest in the HBr/Cl2 plasma are the transition between

two chemical etch pathways and the influence of possible reactive by-products on the dry

etch kinetics.

Experimental and Modeling Details

Experimental Setup

The experiments were performed in planar inductively coupled plasma (ICP) reactor used

in our previous works [10–12]. The plasma was excited in the cylindrical quartz chamber

(r = 16 cm, l = 12.8 cm) at fixed gas flow rate (q) of 40 sccm, total gas pressure (p) of

6 mTorr, input power (W) of 700 W and bias power (Wdc) of 300 W (-Udc * 390 V for

pure HBr, *360 V for pure Cl2 and *200 V for pure Ar plasmas) applied to the bottom

electrode. The bottom electrode was made from anodized Al and, during the experiments,

was covered by an oxidized Si wafer in order to provide the same recombination proba-

bilities for Br, H and Cl atoms as ones on the reactor walls. Under the given set of

experimental condition, the chemical etching of the wafer can be neglected. The HBr/Ar or

HBr/Cl2 mixing ratios were varied in the ranges of 0–100% Ar or Cl2 by adjusting the

partial flow rates of the individual gases.

Plasma diagnostics was realized with double probes (DLP2000, Plasmart Inc.), which

were installed through the chamber wall-side view port. The probes were placed at 4 cm

above the bottom electrode and centered in the radial direction. Each experimental point
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was supported by at least five independent measurements with the accuracy not worse than

5%. Similarly with Refs. [10, 11], the electron temperature (Te) and total positive ion

density (n?) were derived from the original I–V curves using the software supplied by the

equipment manufacturer. The calculations involved Johnson and Malter’s double probes

theory [13] as well as the Allen-Boyd-Reynolds (ABR) approximation for the ion satu-

ration current density [14]. Such approaches provide the agreement between the plasma

diagnostics data obtained by various authors with various experimental techniques for pure

Cl2 and Ar ICPs [15–17] as well as between the measured and model-predicted plasma

parameters for HBr, Cl2 and Ar [10, 17, 18]. It was found also that, in both gas systems, the

I–V curves are not sensitive to Wdc. Such situation corresponds to the domination of the

collisional power loss over the powers dissipated through the fluxes of ions and electrons to

the reactor walls.

0-Dimensional (Global) Plasma Model

To obtain the data on the densities and fluxes of plasma active species, we used a simplified

0-dimensional model with a Maxwellian electron energy distribution function (EEDF) and

with the experimental data on Te and n? as input parameters [11, 12]. The model used the

six-component kinetic scheme (HBr/H2/Br2/H/Br/Ar) for neutral ground-state species in

the HBr/Ar plasma as well as the nine-component kinetic scheme (HBr/Cl2/H2/Br2/HCl/

BrCl/H/Br/Cl) in the HBr/Cl2 plasma. The modeling algorithm included the simultaneous

solution of following equations: (1) The steady-state (dn/dt = 0) equations of chemical

kinetics for both neutral and charged species in a general form of RF - RV = (kS ? 1/sR)n,

where RF and RV are the volume-averaged formation and decay rates in bulk plasma for a

given type of species, n is their density, kS is the first-order heterogeneous decay rate

coefficient, and sR = pr2lp/q is the residence time. (2) The quasi-neutrality conditions for

densities (ne ? n- = n?, where n� ¼ nBr� for the HBr/Ar plasma while n� ¼ nBr� þ nCl�

for the HBr/Cl2 plasma) and fluxes (Ce ¼ Cþ) of charged species on the reactor walls.

The list of processes taken into account by the model is shown in Table 1. The rate

coefficients for electron impact processes R21–R26 were calculated as

k ¼ ð2e=meÞ1=2

Z1

eth

fMðeÞrðeÞ
ffiffi
e
p

de

where fM(e) is the Maxwellian EEDF, eth is the threshold energy, and r(e) is the process

cross-section. The sets of cross-sections were taken from Refs. [19–22]. Since the direct

experimental data on the cross-sections for R21–R23 are not available yet, these were

approximated by the corresponding values for HCl [22]. The rate coefficients for atom-

molecular reactions R27–R42 are from NIST Chemical Kinetics Database [23]. For the

cases when the data on rate coefficients were reported in several references, the averaged

values were used. For simplicity, we assumed the temperature of the neutral species (T) to

be independent on HBr/Ar and HBr/Cl2 mixing ratios and equal to 600 K. The rate

coefficients for heterogeneous recombinations R46–R48 were found as kS ¼ ½ðK2=DÞ þ
ð2r=ctTÞ� [24], where tT = (8 kBT/pm)1/2 is the thermal velocity, K is the effective dif-

fusion length (K-2=(2.405/r)2 ? (p/l)2 according to Refs. [7] and [25]), D is the effective

diffusion coefficient [8, 21], c is the recombination probability. The neutral mean free paths

needed to estimate D were taken as kg � 1=ð
ffiffiffi
2
p

pd2NÞ, where N = p/kBT is the total gas

density, and d is the effective diameter of the given atom. Particularly, the values
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Table 1 A simplified reaction set for the HBr/Ar and HBr/Cl2 plasma modeling

N Scheme Rate coefficient,
threshold energy

1 2 3

Electron-impact reactions

R1 HBr ? e ? H ? Br ? e 4.3–9.3 eVa

R2 HBr ? e ? Br- ? H –

R3 HBr ? e ? HBr? ? 2e 11.7 eV

R4 Br2 ? e ? Br ? Br ? e 3.0 eVb

R5 Br2 ? e ? Br2
- ? Br ? Br- –

R6 Br2 ? e ? Br2
? ? 2e 10.6 eV

R7 H2 ? e ? H ? H ? e 8.8, 11.1 eV

R8 H2 ? e ? H2
? ? 2e 15.4 eV

R9 Br ? e ? Br? ? 2e 11.8 eV

R10 H ? e ? H? ? 2e 13.6 eV

R11 Cl2 ? e ? Cl2
? ? 2e 11.5 eV

R12 Cl2 ? e ? Cl- ? Cl? ? e 12.0 eV

R13 Cl2 ? e ? Cl ? Cl? ? 2e 12.6 eV

R14 Cl2 ? e ? Cl ? Cl- –

R15 Cl2 ? e ? Cl ? Cl ? e 3.0 eVc

R16 Cl ? e ? Cl? ? 2e 13.5 eV

R17 Cl- ? e ? Cl ? 2e 3.4 eV

R18 HCl ? e ? H ? Cl ? e 5.5 eVd

R19 HCl ? e ? Cl- ? H 0.4 eV

R20 HCl ? e ? HCl? ? 2e 12.7 eV

R21 BrCl ? e ? Br ? Cl ? e 5.5 eVe

R22 BrCl ? e ? Br- ? Cl and Br ? Cl- 0.4 eVe

R23 BrCl ? e ? BrCl? ? 2e 12.7 eVe

R24 Ar ? e ? Ar? ? 2e 15.8 eV

R25 Ar ? e ? Ar*(3P0, 3P1, 3P2) ? e 11.55 eV

R26 Ar ? e ? Ar* ? e 11.8–13.6 eVf

Atom-molecular reactions

R27 H ? HBr ? H2 ? Br 6.5 9 10-12 cm3 s-1

R28 H ? HCl ? H2 ? Cl 5.0 9 10-14 cm3 s-1

R29 H ? Br2 ? HBr ? Br 6.0 9 10-11 cm3 s-1

R30 H ? Cl2 ? HCl ? Cl 1.0 9 10-11 cm3 s-1

R31 H ? BrCl ? HCl ? Br 5.0 9 10-12 cm3 s-1g

R32 H ? BrCl ? HBr ? Cl 2.0 9 10-12 cm3 s-1g

R33 Cl ? HBr ? HCl ? Br 6.0 9 10-12 cm3 s-1

R34 Cl ? HCl ? Cl2 ? H 3.5 9 10-20 cm3 s-1

R35 Cl ? Br2 ? BrCl ? Cl 1.5 9 10-10 cm3 s-1

R36 Cl ? H2 ? HCl ? H 8.0 9 10-14 cm3 s-1

R37 Cl ? BrCl ? Cl2 ? Br 1.5 9 10-11 cm3 s-1

R38 Br ? HBr ? Br2 ? H 1.2 9 10-33 cm3 s-1

R39 Br ? HCl ? HBr ? Cl 1.0 9 10-15 cm3 s-1

R40 Br ? H2 ? HBr ? H 1.0 9 10-20 cm3 s-1
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dBr = 3.02 9 10-8 cm, dCl = 1.78 9 10-8 cm and dH = 9.20 9 10-9 cm were used.

The total recombination probability for Br atoms was taken as cBr & 0.1 that generally

corresponds to kS,Br & 100 s-1 measured in Ref. [26] for quartz as well as a quite close to

one given in Ref. [27] (*0.075 at 350 K) for mono-Si surface in pure Br2 gas. The value

of cCl & 0.05 was chosen according to our work [28] where it provided an acceptable

agreement between measured and model-predicted Cl2/X (X = Ar, He, N2) plasma

parameters in the same ICP reactor as was used for the current study. This is quite close to

cCl values derived in Refs. [29] and [30] from both Cl2 plasma modeling and diagnostics,

but by about 3 times higher than ones measured by Kota et al. [31] (*0.015 at 350 K). The

last disagreement is probably due to the fact that the data of Ref. [31] relate not to the

plasma region. The value of cH & 0.01 was taken from Ref. [32] for pure H2 gas. Also,

since each recombination mechanism R46–R48 consists of three parallel pathways, the

partial values of corresponding probabilities were obtained as, for example, cBr?BrX =

cBrhX, where hX is the fraction of surface sites covered by Br, Cl or H atoms. The values of

hBr, hH, and hCl were roughly estimated through the fluxes (C ¼ 0:25n
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8kBT=pm

p
) of

corresponding species (for example, hBr & CBr/(CBr ? CH ? CCl)) assuming their equal

adsorption probabilities. When writing the kinetic equations for positive ions, we used

kS = t/dc where dc = 0.5rl/(rhl ? lhr) [8, 9]. The ion Bohm velocities t as well as the

correction factors hl and hr for the radial and axial sheath sizes, respectively, are given by

the low pressure k[ (Ti/Te)(r, l) diffusion theory [25]. For negative ions, we applied

kS = 0 due to the presence of negative charges on the reactor walls made from a dielectric

material [15, 21]. Based on the analysis of the HCl plasma chemistry [33], we ignored the

influence of the dissociative attachment to the vibrationally-excited HBr on the kinetics of

negative ions. More modeling details can be found in Refs. [10–12]. The adequacy of the

Table 1 continued

N Scheme Rate coefficient,
threshold energy

1 2 3

R41 Br ? Cl2 ? BrCl ? Cl 5.5 9 10-17 cm3 s-1

R42 Br ? BrCl ? Br2 ? Cl 3.3 9 10-15 cm3 s-1

Recombination of ions

R43 Br- ? n??neutral products 1.0 9 10-7 cm3 s-1

R44 Cl- ? n? ? neutral products 5.0 9 10-8 cm3 s-1

R45 n? ? wall t/dc

Recombination of neutrals

R46 Br(g) ? X(s) (where X = H, Cl, Br) ? BrX(s) ? BrX(g) cBrhX

R47 Cl(g) ? X(s) (where X = H, Cl, Br) ? ClX(s) ? ClX(g) cClhX

R48 H(g) ? X(s) (where X = H, Cl, Br) ? HX(s) ? HX(g) cHhX

a Through the repulsive a1G (eth = 4.3 eV), A3P (eth = 6.0 eV) and t3R(eth = 9.3 eV) states
b As for Cl2
c Through the repulsive B3P state
d Through the repulsive A1P state
e As for HCl
f Includes 1P1 (11.8 eV) and the rest levels the threshold energies of 13.6 eV and higher
g As for H ? ClF
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given modeling algorithm with the given kinetic schemes is confirmed by an acceptable

agreement between measured and calculated plasma parameters in pure HBr [10], pure Cl2
[17], pure Ar [18] and Cl2/Ar [34] ICPs.

Results and Discussion

Plasma Parameters and Composition

Plasma diagnostics by Langmuir probes showed that an increase in additive gas fractions

results in slightly increasing electron temperatures in both HBr/Ar and HBr/Cl2 plasmas

(Te = 3.15–3.67 eV for 0–100% Ar and 3.15–3.36 eV for 0–100% Cl2). Corresponding

data are represented in Fig. 1a. The behavior of Te can be easily understood from the

analysis of threshold energies and cross-sections for plasma components. From Table 1

3.0

3.2

3.4

3.6

3.8

 HBr/Ar
 HBr/Cl2

T
e [

eV
]

Additive gas fraction in HBr
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Fig. 1 Measured electron temperature (a) and ion current density (b) as functions of HBr/Ar and HBr/Cl2
mixing ratios. The solid lines are to guide the eye only
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and Refs. [19–22], it can be seen that the electron impact reactions for Ar have higher

thresholds with closer values of excitation and ionization potentials, but lower cross-

sections corresponding to the medium part of the EEDF. That is why the dilution of HBr by

Ar lowers the electron energy loss in the medium part of the EEDF (ecol �P
i

P
j yiki;jeth

i;j ¼ 1:65� 10�8 � 1:40� 10�8 eVcm3=s, where y is the mole fraction for the

i-type plasma component while k and eth are the rate coefficient and the threshold energy

for the j-type inelastic process) and shifts Te toward higher values. Similar results have

been repeatedly reported for the Cl2/Ar plasmas [34, 35]. In the HBr/Cl2 plasma, the same

effect is due to the high dissociation degree of Cl2 molecules that provides nCl=nCl2 [ 3

and ecol = 1.65 9 10-8–1.57 9 10-8 eVcm3 s-1 because the EEDF is noticeably influ-

enced by the Cl-e collisions. Since for most of R1–R26 the condition eth C Te takes place,

the corresponding rate coefficients are sensitive to the change in the additive gas fractions

in both HBr/Ar and HBr/Cl2 gas mixtures and follow the behavior of Te (for example,

k3 = 8.42 9 10-10–1.65 9 10-9 cm3 s-1 for 0–100% Ar and 8.42 9 10-10–1.39 9

10-9 cm3 s-1 for 0–100% Cl2). However, for the threshold-less R2, R5 and R14 an

increase in Te results in decreasing rate coefficients (for example, k2 = 2.69 9 10-10–

2.17 9 10-10 cm3 s-1 for 0–100% Ar and 2.69 9 10-10–2.46 9 10-10 cm3 s-1 for

0–100% Cl2) because of decreasing fraction of low-energy electrons in EEDF.

It was found that an increase in the additive gas fraction results in increasing ion current

density (1.63–15.90 mA cm-2 for 0–100% Ar and 1.63–2.80 mA cm-2 for 0–100% Cl2,

see Fig. 1b) which is associated with the similar trends for both total flux of positive ions

C? & hl

P
n?,jtj (1.02 9 1016–9.96 9 1016 cm-2 s-1 for 0–100% Ar and 1.02 9 1016–

1.75 9 1016 cm-2 s-1 for 0–100% Cl2) and total density of positive ions (Fig. 2a). The

model-predicted ne also increases and occupies the ranges of 3.81 9 1010–5.47 9

1011 cm-3 for 0–100% Ar and 3.81 9 1010–7.22 9 1010 cm-3 for 0–100% Cl2. Physi-

cally, this is supported by increasing effective ionization frequency (miZ ¼
P

kiZ;jnj ¼
4:88� 104 � 6:26� 104 s�1 for 0–100% Ar and 4.88 9 104–1.26 9 105 s-1 for 0–100%

Cl2, where kiZ,j and nj are the ionization rate coefficient and the density of a j-type plasma

component) as well as by the decreasing ion decay frequencies in R43 and R44. The lower

n? and ne values in the Cl2-rich plasmas compared with Ar-rich plasmas are because of

higher electronegativity of the first one. The dominant positive ions in pure HBr plasma are

HBr? (nHBrþ=nþ ¼ 0:47), Br2
? (nBrþ

2
=nþ ¼ 0:22) and Br? (nBrþ=nþ ¼ 0:30). Such situation

generally corresponds to the composition of neutral species with accounting for the high

ionization rate coefficient for Br2 (k6/k3 = 1.9 and k6/k9 = 1.8). The very low densities of

H2
? (nHþ

2
=nþ ¼ 1:91� 10�3) and H? (nHþ=nþ¼ 2:73� 10�3) result from low ionization

rates for both H2 and H (high thresholds, low cross-sections) as well as from fast decay of

these ions (low ion mass, high ion Bohm velocity). The specific feature of the HBr/Ar

plasma is that the total density of HBr?, Br? and Br2
? is higher than that for Ar? even if the

fraction of Ar exceeds 70% (for example, ðnHBrþ þ nBrþ þ nBrþ
2
Þ=nArþ ¼ 1:29 for 75% Ar).

This is also due to the low ionization rates for Ar atoms. Oppositely, the ionization rate

coefficients for both Cl2 and Cl are close to those for HBr, Br2 and Br. That is why, in the

HBr/Cl2 plasma, the Cl2
? and Cl? ions begin to dominate over the HBr-related ions when

the Cl2 mixing ratio exceeds 50–55%. In pure Cl2 plasma, the condition nClþ
2
=nClþ ¼ 1:12

takes place because the higher density of Cl? is suppressed by higher ion Bohm velocity

and lower ionization rate coefficient for Cl atoms.

The density of negative ions generally follows the change of total attachment rate

determined by R2 ? R5 for HBr/Ar plasma and by R2 ? R5 ? R14 for HBr/Cl2 plasma. As
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the Ar mixing ratio increases, the density of Br- decreases monotonically in the range of

4.87 9 1010–2.20 9 1010 cm-3 for 0–75% Ar (that corresponds to nBr�=ne ¼ 1:28� 0:14)

and falls down to zero at 100% Ar. As the Cl2 mixing ratio changes from 0 to 100%, the

total density of negative ions n� ¼ nBr� þ nCl� decreases slightly in the range of

4.87 9 1010–4.55 9 1010 cm-3. The reason is that the higher dissociative attachment rate

coefficient for Cl2 (*3.6 9 10-10 and *2.6 9 10-10 cm3 s-1 for R14 and R2, respec-

tively) is overcompensated by higher Cl2 dissociation degree, so that the effective

attachment frequency vatt � k2nHBr þ k14nCl2 decreases from 1.0 9 104–7.5 9 103 s-1 for

0–100% Cl2. Accordingly, a decrease in the relative density of negative ions n-/ne in the

range of 1.28–0.63 takes place. The values of n-/ne obtained in this work are in good

agreement with earlier published data for low-pressure electronegative plasmas [8, 34–36].

Figure 3 represents the influence of gas mixing ratio on the steady-state densities of

neutral species in the HBr/Ar and HBr/Cl2 plasmas. In pure HBr plasma, the dominant

formation mechanism for Br atoms are R1 and R4 while the contributions of dissociative

attachments R2 and R5 are much lower due to lower cross-sections that provides k1/

k2 = 4.6 and k4/k5 = 56. The higher formation rate of Br atoms by electron impacts

compared with that for H (k4/k7 = 12.1 and R1 ? R4 [ R1 ? R7 by 2.13 times) as well as

the faster decay of H atoms due to the atom-molecular reactions R27 and R29

((R27 ? R29)/R48 = 2.3) create the disproportion between Br and H densities with nBr/

nH = 8.89. Also, since R27 and R29 additionally produce H2 and HBr, we obtain a
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HBr/Ar and HBr/Cl2 mixing
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relatively high densities of H2 compared with those for Br2 (nBr2
=nH2

¼ 0:51) as well as the

relatively low dissociation degree of HBr (nHBr/(nH ? nBr) = 1.7). Similar effects were

mentioned in Ref. [25] for the HCl plasma. It is important to note that an evident domi-

nation of R27 ? R29 over R48 results in a very weak sensitivity of the H atom balance to cH.

At the same time, the contribution of R38 and R40 to the total decay rate of Br atoms is

negligibly small compared with R1 ? R4, so that the balance of Br atoms seems to be

sensitive to cBr. However, this sensitivity is much weaker than it can be expected from the

simple relation nBr * k1nenHBr/kS,Br, and the twofold increase in cBr results only in a 1.2

times decrease in nBr. This is because an increase in Br atom loss rate is partially com-

pensated increasing Br atom formation rate in R27 and R29 because of increasing Br2 and

HBr densities. Therefore, some uncertainty in cH and cBr is not a critical issue influencing

the overall accuracy of the model.
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mixing ratios
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As the HBr/Ar mixing ratio changes toward the Ar-rich plasmas, the density of Br

atoms decrease monotonically, but the condition nBr [ nHBr takes place for more than 50%

Ar. This results from an increase in the dissociative collision frequency for electrons

vdis & (k1 ? k4)ne = 497–866 for 0–75% Ar and thus, in the HBr dissociation degree. The

influence of metastable atoms Ar(3P0,1,2) on the HBr dissociation kinetics by the reaction

HBr ? Ar(3P0,1,2) ? H ? Br ? Ar can be neglected. The reason is low excitation rate

coefficient of Ar(3P0,1,2) (k25 = 2.49 9 10-10–5.08 9 10-10 cm3 s-1 for 0–100% Ar) that

produces low formation rate for metastable Ar atoms. As a result, even if the fraction of Ar

reaches 80%, the condition R1/R25 * 3.5 takes place while the real contribution of step-

wise dissociation is much lower due to the fast heterogeneous decay of Ar(3P0,1,2). The

same conclusions can be obtained for the stepwise dissociations of both Br2 and H2

molecules. The non-monotonic behavior of nH (due to the fast decrease of their decay rate

in R27 and R29) lowers the gap between Br and H atom densities and causes a decrease in

both nBr/nH (8.87–3.23 for 0–75% Ar) and nBr2
=nH2

(0.51–0.26 for 0–75% Ar) ratios.

An increase in the Cl2 mixing ratio in the HBr/Cl2 plasma causes an increasing Br atom

formation rate through both R33 and R35 (5.8 9 1014 cm-3 s-1 for R33 and

2.5 9 1015 cm-3 s-1 for R35 compared with 1.7 9 1015 cm-3 s-1 for R1 at 20% Cl2).

This results in the fast decay of Cl, HBr and Br2 as well as in the accumulation of HCl and

BrCl in a gas phase. Accordingly, at 20–80% Cl2, reactions R31 and R37 also represent an

essential source of Br atoms while the Br atom density keeps a constant value up to 40%

Cl2 and decreases only by 1.3 times compared with pure HBr plasma when the Cl2 fraction

reaches 60%. High electron impact dissociation rate for Cl2 (k15 = 1.12 9 10-8–

1.23 9 10-8 cm3 s-1 compared with k1 = 1.72 9 10-9–1.98 9 10-9 cm3 s-1 for

0–100% Cl2 due to higher dissociation cross-section and lower threshold energy) not only

maintains high rates of R33, R35 and R37 in the HBr-rich plasmas, but also provides the

domination of Cl atoms in the Cl2-rich plasmas with nCl=nCl2 ¼ 1:5� 3:5 for 60–100%

Cl2. The last result is in good agreement with earlier published works on both diagnostics

and modeling of Cl2-based ICPs [26, 28]. In addition, since in the HBr-rich plasmas the

decay of Cl atoms is noticeably contributed by R33 and R35 (for example, k33nHBr þ
k35nBr2

¼ 360 s�1 versus k47 = 450 s-1 for 40% Cl2), the sensitivity of modeling results to

cCl is rather low up to 60–70% Cl2 in HBr/Cl2 gas mixture. That is why, the reasonable

uncertainty in cCl does not distort the basic kinetic effects determining the neutral plasma

composition.

Dry Etch Kinetics

In order to analyze the possible influence of gas mixing ratio on the rate of ion-assisted

chemical reaction, let’s refer to the relationships given by the theory of free surface sites

(Langmuir–Hinshelwood theory) [4, 37–40]. For the ion-flux-limited etch regime (h & 1,

where h is the fraction of the surface covered by the reaction products), the rate of physical

etch pathway Rph follows the parameter YSC?, where YS is the sputtering yield or the yield

of ion-stimulated desorption. Assuming that YS is proportional to the momentum trans-

ferred from the incident ion to the etched surface [4, 40], the relative behavior of Rph can

be simply characterized by mie1=2Cþ, where mi is the effective ion mass, and e is the

incident ion energy determined by the sum of floating potential and the negative dc bias

voltage -Udc applied to the substrate. As can be seen from Fig. 4, the HBr/Ar plasma is

characterized by deeper decrease in the negative dc bias voltage (-Udc = 395–195 V for

0–100% Ar vs. 395–357 V for 0–100% Cl2) and thus, in ion bombardment energy
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(e = 415–217 eV for 0–100% Ar vs. 415–377 eV for 0–100% Cl2) with increasing frac-

tion of additive gas. Together with lower effective ion mass for Ar-rich plasmas than that

for Cl2-rich plasmas, this lowers the differences between ion fluxes (as was mentioned by

Fig. 1b for Ji) and provides the very close values of mie
1/2C? up to 50–60% Ar or Cl2.

However, the ion energy flux in pure Ar plasma is more than 3 times higher than that for

pure Cl2 plasma. Accordingly, the same differences in Rph are expected in these systems.

For the reaction-rate-limited etch regime (h & 0), the steady-state rate of etch process

Rch (in fact, the flux of reaction products leaving the surface) can be characterized by the

parameter
P

cR;iCi, where cR is the reaction probability for the i-type neutral species, and

C � 0:25n
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8kBT=pm

p
is their flux. Thought the condition nBr [ nH takes place for the

HBr/Ar plasma, the fluxes of these species are quite close (2.5 9 1017–

1.17 9 1017 cm-2 s-1 for Br and 1.70 9 1017–2.16 9 1017 cm-2 s-1 for H at 0–75% Ar)

because the lower density of H atoms is overcompensated by higher thermal velocity due

to the lower mass. Therefore, the equation Rch & cR,BrCBr ? cR,HCH can be basically

assumed. From Fig. 5a, it can be seen that, for the given CBr and CH, the relative behavior

of the etch rate depends strongly on the cR,Br/cR,H ratio. Particularly, for cR,Br/cR,H \ 0.1

and cR,BrCBr � cR,HCH, the etch rate follows CH and exhibits the non-monotonic behavior

with an increase in Ar mixing ratio. Oppositely, for cR,Br/cR,H [ 10 and

cR,BrCBr � cR,HCH, the variation of Rch correlates mainly with CBr showing a monotonic

decrease toward Ar-rich plasmas. In our opinion, the last case looks more expectable

taking into account the much higher reactivity of Br atoms for the most of inorganic

materials (metals, semiconductors and their oxides) used in the microelectronic technol-

ogy. For the HBr/Cl2 plasma, the case of the primary interest is the concurrence between

the chemical etch pathways with Br and Cl atoms, where Rch & cR,BrCBr ? cR,ClCCl. As it

can be seen from Fig. 5b, the condition cR,Br/cR,Cl \ 0.1 (that means, in fact, the much

lower sticking coefficient for Br atoms and/or much lower volatility for the Br-containing

reaction products) provides the monotonic increase in the etch rate Rch & cR,ClCCl with

increasing Cl2 fraction in the HBr/Cl2 plasma by more than the order of magnitude. The

value cR,Br/cR,Cl * 5–7 equalizes the differences between CBr and CCl that results in near-

to-constant Rch in both pure HBr and Cl2 plasmas while the absolute domination of

cR,BrCBr is obtained only with cR,Br/cR,Cl [ 50. Finally, we would like to note that the

dependencies shown in Fig. 5b can be disturbed by some chemical effects from the HCl

molecules. These can be either the activation of the etched surface resulting in the
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non-monotonic cR as follows from the changes of HCl density and flux or the direct

participation of HCl molecules in the etch process.

Conclusion

In this work, we investigated the effects of HBr/Ar and HBr/Cl2 mixing ratios on basic

plasma parameters influencing the dry etch mechanisms. The investigation included

plasma diagnostics by Langmuir probes aimed at obtaining electron temperature, ion

current density and the total positive ion density as well as the 0-dimensional plasma

modeling in order to analyze the kinetics, densities and fluxes of plasma active species.

Both diagnostics and modeling were performed at fixed total gas flow rate, total gas

pressure, input power and bias power. It was found that the dilution of HBr by Ar provides
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Fig. 5 Model-predicted relative changes of chemical etch rate (Rch/Rch,0, where Rch,0 corresponds to pure
HBr plasma) as functions of HBr/Ar and HBr/Cl2 mixing ratios with different ratios of reaction probabilities
for Br, H and Cl atoms
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the maximum change in the ion energy flux and thus, in the rate of ion-assisted chemical

reaction in the ion-flux-limited etch regime. The addition of Cl2 influences mainly the

reaction-rate-limited etch regime through the Br atoms formation kinetic as well as through

the concurrence of two etch pathways providing by Br and Cl atoms.
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