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a Institute of Physics, Belgrade, P.O. Box 68, 11080 Zemun, Belgrade, Serbia
b Faculty of Transport and Traffic Engineering, University of Belgrade, Vojvode Stepe 305, 11000 Belgrade, Serbia
c Department of Electronics and Electrical Engineering, Keio University, Hiyoshi 3-14-1, Yokohama, Japan

a r t i c l e i n f o a b s t r a c t
Article history:
Available online 26 August 2011

Keywords:
HBr
Swarms
Cross sections
Transport coefficients
Fluid models
Plasma etching
0301-0104/$ - see front matter � 2011 Elsevier B.V. A
doi:10.1016/j.chemphys.2011.08.019

⇑ Corresponding author at: Faculty of Transport and
sity of Belgrade, Vojvode Stepe 305, 11000 Belgrade, S

E-mail addresses: o.sasic@sf.bg.ac.rs, vomsasic@op
We have compiled a set of electron collision cross sections for HBr. It will be useful for a fluid modeling of
HBr plasmas together with transport coefficients in both DC and RF, E and E � B fields. The calculation
made use of a Monte Carlo technique. The transport coefficients are rather unstructured because the total
cross section resembles that of a constant collisonal frequency model. Additional measurements of
swarm parameters are required in order to obtain more acurate set of cross sections.
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1. Introduction

Control of plasma chemistry and physical properties of ions
reaching the surface as well as surface chemistry by radical species
are critical to achieving appropriate functionality of plasma process-
ing in the micro (nano) electronics industry [1,2]. In order to achieve
proper adjustment of those properties, accurate and stable control of
plasma reactors should be achieved. Contemporary plasma devices
for nanoelectronic technologies are designed, modeled and under-
stood and even operated by using equally complex plasma modeling
codes. These plasma models [3–6] need to include atomic and
molecular collision data base, electron ion and fast neutral transport
data base, self consistent field calculation, general plasma physics
stage, chemical kinetics of plasma, representation of boundaries be-
tween plasma and surfaces and also a section describing surface
interactions and modifications. The surface set would have to in-
volve modeling of the growth of structures, charging and also dam-
age to the substrate and manufactured circuits. The foundation for
the entire scheme is the set of cross sections and transport data.

Hydrogen bromide has been used in plasma processing of inte-
grated circuits (ICs) for many different purposes [7–9] including:
etching of poly Si [10–12], of III–V semiconductors [13], of high k
gate dielectrics [14] and etching of low k oxides for interconnects
[15].

HBr is used for plasma etching in various mixtures: combined
with Ar [16], Br2, F2 [17], Cl2 [10], with SF6–O2 [18,19], SiCl4–SiF4

[20], BCl3, CH4 [21], H2, and even as a pure gas [13]. HBr was shown
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to possess all the required properties such as fast etching rate,
selectivity and anisotropy except for side-wall passivation for etch-
ing applications [10,18,20,22–24]. Pushing into the realms of nano-
technologies control of etching induced surface roughness may
prove to be critical [25,26].

In spite of the wide spread use and importance, to our knowl-
edge, there have been no models of HBr-processes due to lack of
basic electron collision and transport data. In some cases, when
plasma models were developed, data for Cl2 were used instead of
HBr (with adjustment for the different mass ions) [27,28]. Thus it
seemed to us that compiling a set of cross sections from the liter-
ature and adjusting them to form a complete (in terms of number,
momentum and energy balances) set of data, together with the
integrated transport data, would be a worthwhile endeavor. The
data may prove to be useful for modeling plasmas involving HBr
and reveal the basic characteristics of the transport coefficients.
The present set of cross sections may encourage further experi-
mental measurements needed to improve cross section and trans-
port coefficient sets. Recent focus of the very few remaining swarm
experiments has been towards gases used in applications [29] but
one may need to develop a specialized apparatus for reactive gases
in order to measure the data for gases like HBr. The calculations of
the transport coefficients were made for DC electric fields and also
for crossed E and B, DC and RF fields. Preliminary reports of our
work have been presented elsewhere [30,31].

2. The cross section data

Low energy elastic scattering by HBr molecules has not been the
subject of many experiments, but there have been several theoret-
ical studies [32–35]. The momentum transfer (and total elastic)
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cross sections in the energy range between 0.4 and 10 eV, that we
have included in our set, were taken from Rescigno [36]. We
extrapolated those results to high energies using Born’s approxi-
mation (see Fig. 1). In order to provide the results for lower ener-
gies than 0.4 eV, we fitted the energy dependence of the cross
sections for HCl to the HBr data.

In the region of low electron energies, the dominant features in
the in elastic energy losses are vibrational excitation and dissocia-
tive attachment. Knowledge of these processes in the literature is
much better than with those for other relevant cross section data
[37–39]. We made use of the work of Horáček and coworkers
[36]. These results are a combination of both theoretically and
experimentally derived cross sections and the excellent agreement
between them gives us confidence in both qualitative and quanti-
tative features of the results.

As neither measurements nor calculations have been reported
concerning the rotational excitation, we calculated the cross sec-
tions using the wellknown ‘‘Takayanagiformula’’ [40] which is
applicable to molecules with large dipole moments. The results
were normalized according to the populations of the correspond-
ing states at the room temperature. Energy losses caused by these
processes are very small but, as there are no other inelastic pro-
cesses at such low energies (�meV), it is important to include them
in to the complete set of cross sections.

The effective total electronic excitation cross section rises rap-
idly from the threshold to a very broad peak around 30 eV, which
is about eight times larger than the other peaks. We have adopted
the results of calculations carried out by Rescigno [36] for dissocia-
tive excitation where all the states that correlate with the ground
state atoms are included. Some necessary extrapolations towards
higher energies were made using Born’s approximation. Also the
set was further enhanced with a fictitious or ‘‘effective total’’ exci-
tation and ground state dissociation cross section adopted from a
set of cross sections for HCl (Hayashi, personal communication,
1992). For ionization, we recommend the semi-empirical cross sec-
tions kindly calculated for us by the late Y.K. Kim (those results
were later published [41]). The compiled set of cross sections is
shown in Fig. 1.

The momentum transfer cross section is very large at low
energies, which may be expected for a molecule with a significant
dipole moment. The cross section decays with an energy depen-
dence resembling that associated with a constant collision
frequency. The Ramsauer–Townsend minimum in the elastic cross
section occurs in the same energy region where vibrational
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Fig. 1. Complete set of cross sections for HBr: 1, momentum transfer; 2, rotational
excitation; 3, vibrational excitation; 4, dissociative attachment; 5, electronic
excitation; 6, effective electronic excitation and dissociation; 7, ionization.
excitation dominates. Additionally, there is a prominent threshold
structure in the vibrational excitation cross section. The narrow
threshold peak of the v = 0 ? 1 channel is of the order of
15 � 10�16 cm2 and it is very close to the threshold peak for disso-
ciative attachment, which is about three times smaller. It is greater
by one or two orders of magnitude than those of typical gases used
in plasma processing. The peaks of higher channels are much smal-
ler and are also much wider.

The proposed cross section set will be sufficient to calculate the
transport coefficients. The present analysis shows a critical need
for measurements of some transport coefficients, in particular ion-
ization coefficients in order to obtain an improved set. Neverthe-
less, this set of cross sections should be quite reasonable for
modeling of mixtures containing small amounts of HBr and good
enough for plasma modeling in general.

3. Calculation technique

In this paper we use our Monte Carlo simulation code to calcu-
late transport properties of electrons required as input in modeling
of HBr plasma discharges. The code has been well tested and is de-
scribed in great detail elsewhere [42–44]. Calculations are per-
formed for constant and time varying electric fields and for
crossed electric and magnetic fields having a 90� phase shift be-
tween the fields. The number of initial electrons in the simulations
is set to 5 � 105 in order to provide good statistics for the output
data and reasonable duration of our simulations. Our simulations
usually lasted between 24 h and several days on the fastest per-
sonal computers. The initial electron velocity distribution function
was Maxwellian with the mean starting energy of 1 eV but a suffi-
cient number of collisions were allowed to achieve equilibrium be-
tween the energy input from the electric field and losses in
collisions. The gas number density (N) in the simulations was
3.54 � 1022 m�3, which corresponds to a pressure of 1 Torr
(133.3 Pa) at a temperature of 273 K. Nevertheless, the results
are of universal applicability as there are no non-hydrodynamic ef-
fects induced by the pressure dependent processes. In other words,
the results presented in this study may be useful for all systems in
equilibrium with the field until the density becomes sufficiently
high (highly compressed gases and liquids) to introduce multiple
simultaneous collisions [45]. After relaxation to the steady-state,
the dynamic properties of an electron swarm are averaged over
time and over all electrons in the simulation. As mean energies
are predominantly in the region of a few eV, all electron scattering
is assumed to be isotropic and, hence, the momentum transfer
cross sections are used to represent the collisions. Under swarm
conditions, the electron density is small enough that electron–elec-
tron interactions can be disregarded. The non-conservative nature
of the ionization and attachment processes is carefully considered
and, consequently, two sets of transport coefficients, the bulk and
the flux, are derived. In the case of a DC electric field, in addition to
the Monte Carlo calculations, transport coefficients are evaluated
using the publicly available code ELENDIF [46] that solves the
Boltzmann equation on the basis of two term approximation
(TTA). In the case of HBr this approximation can be regarded as
questionable due to the rapidly increasing cross sections for vibra-
tional excitation in the same energy region where the cross section
for momentum transfer in elastic collisions is a decreasing function
of electron energy. Some of the results obtained using the TTA are
compared with those obtained by the Monte Carlo simulation tech-
nique, primarily because of the simplicity of the technique and to
illustrate once again the breakdown of the TTA for gases like HBr.
In addition, the TTA is often used by the plasma modeling commu-
nity and it is important to indicate the range of its applicability
when calculation of drift and diffusion is of interest [47–49]. In this
paper the TTA is used to obtain smooth curves in those E/N regions
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where energy transfer in collisions is small and where the colli-
sions have the effect of randomizing the direction of electron mo-
tion. This happens for very low E/N values where the accuracy of a
Monte Carlo simulation is significantly reduced.

4. Results and discussion

4.1. Transport coefficients in DC electric fields

Fig. 2 shows the variation of the drift velocity with the reduced
electric field (E/N), where 1 Td = 10�21 V m2. We see that the drift
velocity is a monotonically increasing function of E/N and negative
differential conductivity (NDC) does not occur. NDC may have been
expected due to sharp and rapidly decreasing cross sections for
vibrational excitation that exceed the cross section for elastic scat-
tering [50] and yet the almost constant collision frequency like en-
ergy dependence of the momentum transfer cross section leads to
seemingly featureless profiles in the field dependence of the drift
velocity. The explicit effects of non-conservative collisions can be
clearly seen through a significant difference between the two sets
(bulk and flux) of results. The bulk drift velocity is about 20% high-
er in the energy range where the ionization dominates the attach-
ment processes. The ionization rate is an increasing function of
electron energy, so electrons are predominantly created in regions
of higher energies resulting in a forward shift of the center of mass
position. Thus the bulk drift velocity increases with respect to the
flux component. Conversely, in the range where the dissociative
attachment is the most effective non-conservative process the bulk
drift velocity is less than corresponding flux component. This fol-
lows from the energy dependence of the attachment rate coeffi-
cient. For electrons in HBr, and for E/N less than 70 Td, the
attachment rate is proportional to the electron velocity. The more
energetic electrons tend to be at the front of the swarm and are
preferentially consumed. It follows that attachment will tend to
move the center of mass of the swarm in the direction opposite
to the drift. Thus the bulk drift speed decreases with respect to
the flux component, as shown in Fig. 2.

When comparing results obtained in a MC simulation and those
obtained by the TTA, we note a significant deviation between the
two, particularly for lower E/N. For lower values of E/N, the large
difference between MC and TTA results is not realistic and deserves
more attention. We believe that this follows from the lack of sam-
pling accuracy in simulating the rotational excitation and thermal
effects in a MC simulation due to the excessive time consumption
required for computation. The convergence of TTA and MC results
around 70 Td indicates that there should be little difference
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Fig. 2. Variation of the bulk and flux drift velocities with E/N for electrons in HBr.
Results obtained from a MC simulation are compared with those obtained using the
TTA for solving Boltzmann’s equation.
between the two at lower E/N as confirmed by our calculations
with identical cross section sets. In any case the difference between
the TTA and MC results is never significant for drift velocities, but it
is observable [47].

Fig. 3 displays the variation of the characteristic energy eDT/l
with E/N. We observe that the inadequacies of the TTA are even
more pronounced for eDT/l than for the drift velocity. This trans-
port property clearly shows three regions that dominate the trans-
port. The first initial slow rise for E/N < 50 Td follows from the
significant energy losses due to vibrational excitation. Second,
the rapid rise in eDT/l between 50 and 100 Td is a clear sign that
the influence of the vibrational excitation is reduced. Finally, the
following slow rise is a clear sign of the large energy loss as the
inelastic channels including those for electronic excitation, dissoci-
ation and ionization become important. Perhaps the most striking
property, however, is the behavior of the bulk and flux compo-
nents. In contrast to the bulk and flux components of the drift
velocity, we see that for lower E/N the bulk is greater than the flux
component while for higher E/N the opposite is the case. The rea-
son for this is that the flux component of the mobility decreases
much faster with E/N in comparison with an increase in the bulk
transverse diffusion coefficient with E/N. As a result of normaliza-
tion, the flux values of eDT/l are greater than the corresponding
bulk values when ionization is the most dominant non-conserva-
tive process and when the ionization collision frequency is a mono-
tonically increasing function of electron energy.

The anisotropy of the diffusion is very weak, as shown in Fig. 4.
For higher values of E/N the diffusion becomes isotropic. The de-
gree of anisotropy has important implications for the anomalous
behavior of the longitudinal diffusion coefficient in RF fields, as dis-
cussed in Section 4.3. The field dependence of diffusion coefficients
for electrons in HBr is consistent with the theory of Parker and
Lowke [51].

In Fig. 5 we show the ionization and attachment rates for elec-
trons in HBr as functions of E/N. Typical operating conditions for
most gaseous discharges and collisional plasmas are in the region
where the energy losses caused by dissociative attachment are
compensated by the production of free electrons by ionization.
As can be seen from Fig. 5, the attachment and ionization rates
intersect near 300 Td.

4.2. Transport coefficients in E � B DC fields

In this section we present the electron transport parameters in
E � B DC fields. We consider the reduced electric field range: 50–
2000 Td and the reduced magnetic field range: 100–3000 Hx
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Fig. 3. Variations of the characteristic energy with E/N for electrons in HBr. Results
obtained using a MC simulation are compared with those obtained from the TTA for
solving Boltzmann’s equation.
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for electrons in HBr in a crossed field configuration.
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(1 Hx = 10�27 T m3). These conditions correspond to the collision
dominated regime since the collision frequencies exceed the cyclo-
tron frequencies in all cases because of the magnitude of the colli-
sion cross sections. The dependencies on E/N of the mean energy
and drift velocity are similar to those obtained for the magnetic
field free case except when the cyclotron frequency becomes com-
parable to the collision frequency. In general, the mean energy and
drift velocity are decreasing functions of B/N. The profiles are
shifted toward higher E/N, meaning a higher electric field is re-
quired to achieve the same mean energy and drift velocity. This fol-
lows from the well-known phenomenon of ‘magnetic cooling’
[52,53]. For E/N and B/N considered here, the profiles of the drift
velocity are little affected by B/N and increase almost linearly (on
a log–log scale) with E/N showing little sensitivity with respect
to the energy dependence of the cross sections. The influence, how-
ever, of the magnetic field on the component of drift velocity in
E � B direction is significant (see Fig. 6).

Diffusion coefficients show slightly higher sensitivity with re-
spect to the energy dependence of cross sections. Namely, the E/
N region where NDE�B has a dramatic increment with E/N is the
same region where the cross sections for vibrational excitation
decrease and the cross section for momentum transfer in elastic
collisions has a minimum (see Fig. 7). Beyond 200 Td the electronic
excitation and ionization prevail and as they restrain diffusion so
the coefficient rises only slowly. However, the fine structure of
energy dependence of the cross sections is averaged out over the
distribution function.
4.3. Transport coefficients in E � B RF fields

In this section we discuss the behavior of transport coefficients
in E � B RF fields. The amplitudes of the applied electric fields are
100 and 500 Td. In order to study the effect of the amplitude of
magnetic field, calculations were performed for the magnetic field
free case and B/N of 100, 200, 500, 1000 and 2000 Hx while the fre-
quency of the fields was fixed at 50 MHz. Furthermore, the tempo-
ral profiles of various transport parameters were investigated as a
function of the field frequency (10, 50, 100, 500 and 1000 MHz) for
the magnetic field free case and for a B/N of 1000 Hx. All relevant
transport coefficients were calculated as well as the rate coeffi-
cients for all collision processes. In this paper we show only few
of them but the rest will be available on-line [54].

In Figs. 8 and 9 we show the temporal variations of the longitu-
dinal (WE) and perpendicular (WE�B) components of the drift
velocity in crossed electric and magnetic fields for different ampli-
tudes of the latter. As can be observed, the longitudinal component
of drift velocity is little affected by the magnetic field, at least for
amplitudes less than 500 Hx. The maximum values of WE do not
depend on B/N as much as the positions of the peaks, which are
centered for B/N = 0. There is also a phase delay in the WE curve rel-
ative to the electric field, which is more pronounced for larger
magnetic fields. Furthermore, magnetic field affects the shape of
the WE curve in such a way that, for the highest B/N, the shape is
almost triangular.

The perpendicular (WE�B) component of the drift velocity in-
creases with B/N as does the asymmetry of the phase dependence
(see Fig. 9). For the lowest B/N the positions of the peaks corre-
spond to the peak of the E(t)B(t)/E0B0 function, but there is a clear
change in the profiles for an increasing B/N. In addition, we see that
the magnitudes of the peaks are not equal in the positive and neg-
ative directions, thus the mean value is not zero. This is a clear sign
that magnetic field induces an effective force in the E � B direction
producing a macroscopic drift in that direction while along the
electric field direction the electrons simply oscillate around the ini-
tial positions [55].

In Fig. 10 we show the influence of field frequency on the drift
velocity for the magnetic field free case. The modulation amplitude
of the drift velocity decreases with the increment of the frequency,
as expected, due to decrement of mean electron energy. The shapes
of the drift velocity profiles are highly symmetric and sinusoidal
with shifted phases for an increasing frequency. On the contrary,
the behavior of the mean energy is much more dramatic with re-
spect to frequency (not shown here). Namely, even for a slight
increment of frequency, the mean energy significantly decreases
and loses its modulation.
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Calculated components of the diffusion tensor show only a
slight anisotropy that changes with magnetic field and with fre-
quency, as well. For low frequencies and no magnetic field, the cy-
cle-averaged value of the transverse diffusion coefficient (NDT) is
somewhat higher than the longitudinal (NDL), both coefficients
are very modulated and nearly in phase with the field (see
Fig. 11). NDL increases with frequency, the modulation decreases,
and, for the field frequency of 500 MHz, the diffusion is almost iso-
tropic. At 1000 MHz NDL becomes larger than NDT when the elec-
tric field attains its peak value. When a magnetic field is applied,
the diffusion coefficients decrease with an increment of magnetic
field. Anomalous anisotropic behavior of the longitudinal diffusion
coefficient [56,57] has not been observed.

5. Conclusion

We present a complete set of electron scattering cross sections
in HBr that is compiled from the best available data in the litera-
ture. It is extended to a wider energy range and supplemented
by an effective total excitation cross section. The main features
are very large vibrational excitation and dissociative attachment
cross sections and a Ramsauer–Townsend minimum in the elastic
scattering cross section. If one wants to improve the set of cross
sections, perhaps to the same degree of accuracy as is available
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for other similar gases (e.g. HCl and Cl2) further measurements of
swarm parameters are needed, in particular ionization coefficients,
characteristic energies and drift velocities. In addition, more stud-
ies of electronic excitation and dissociation are needed in order to
normalize this cross section set and integrate processes that have
not been treated herein. However, this set of cross sections should
work well for modeling collisional plasmas in gas mixtures con-
taining smaller amounts of HBr.

In addition to cross sections, we have calculated a set of trans-
port coefficients and collisional rates using Monte Carlo simula-
tions of electron transport under conditions of constant and time
varying electric and crossed electric and magnetic fields. Our re-
sults suggest that a magnetic field strongly affects the electron
transport producing complex behavior, which consequently means
that standard approximations such as the effective field approxi-
mation and instantaneous field approximation are dubious in plas-
ma models [1,43].

Our calculations show that the diffusion of electrons is only
slightly anisotropic. The absence of interesting kinetic phenomena,
such as negative differential conductivity or anomalous anisotropic
behavior of the longitudinal diffusion coefficient in time-depen-
dent fields, is due to a very weak energy dependence of the total
collision frequency.

Assuming that the measured and calculated cross sections are
as presented, the following holds for the present set:

– at lower energies (below 4 eV) both momentum and energy bal-
ances are well represented by accurate cross sections and the
bulk of electrons in typical plasmas would be modeled very
well;

– at higher energies the most serious problem is the lack of infor-
mation needed to determine overall energy losses, which have
been compensated by an effective dissociation cross section
based on the data available for HCl.

This means that in mixtures, even with rare gases, the momen-
tum and energy balance will be well established. At higher ener-
gies, however, the inaccuracy of the dissociation cross section is
in competition with the energy loss processes in the more abun-
dant buffer gas and does not pose a problem. The only situation
where the set would appear inadequate is for pure HBr at higher
energies [47,48].

Measurement of the ionization rate for HBr or its mixtures
would help to normalize the cross sections having thresholds close
but below the threshold for ionization. These processes, including
electronic excitation and dissociation, determine the electron en-
ergy distribution function in the region of overlap with the ioniza-
tion cross section and thus the rate for ionization is much more
sensitive to those processes than to ionization cross section itself
[47,48]. Measurements of rates for all other inelastic processes
would help resolve details of the energy and momentum balances,
but the critical set of data that we need at present is the ionization
rate. The accuracy required for plasma modeling [1] is such that
the present compilation of cross sections and transport coefficients
provides sufficient accuracy for this very important gas.
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