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We present calculations of swarm data and rate coefficients for electrons in mixtures of Ar and HBr. The transport data were
calculated using a Monte Carlo simulation over a broad range of E=N (electric field E to the gas number density N ratio) and
with the idea to provide a basis for models of plasma etching involving HBr. The total cross section has an almost a constant
collision frequency, which leads to rather uneventful E=N dependences of the transport data in pure HBr, but the mixtures
with Ar involve more complex kinetic phenomena. [DOI: 10.1143/JJAP.46.3560]
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1. Introduction

HBr has an important role in the plasma processing of ICs.
It has been used for numerous processes1–3) such as the
etching of poly Si,4,5) III–V semiconductors,6) heterostruc-
tures,7) HfO2 (which is used as a high-k gate oxide), and
organo-silicate glasses (e.g., black diamond, which is used
as a low-k oxide for interconnects).8) The functionality of
HBr in plasma etching is achieved in various mixtures.
Usually it is combined with Br2, Cl2,

4) or SF6–O2,
9) but it

has been also used with SiCl4–SiF4,
10) BCl3, CH4,

11) H2,
and even as a pure gas.6) It was shown that an etching rate
of 11 nm/min for III–V semiconductor etching could be
achieved in mixtures of HBr with argon.12) Thus one can
see that HBr has suitable properties13,14) for a number of
applications, such as a fast etching rate, high selectivi-
ty4,10,15) and a high degree of anisotropy with the ability to
produce very-high-aspect-ratio9) structures in the substrate.
Thus, it is surprising that there are no detailed models
of HBr-containing plasmas to our knowledge. In the few
cases when models were developed for etching using
HBr containing mixtures, the plasma was assumed to have
the same properties as Cl2 plasma and only the properties
of the ions were changed to take into account the difference
in mass.16,17)

It seems that the critical problem in the development
of HBr plasma models has been the shortage of data for
electron HBr scattering, which is the first step that provides
the foundation of the description of plasmas and the lack
of either cross-section or transport data (or both) makes it
impossible to provide an accurate description of collisional
plasmas. However, in recent years HBr has attracted interest
from the community of scientists dealing with electron-
molecule collisions. As a polar molecule, HBr has very large
cross sections at small energies and a strong resonant
vibrational excitation. Comprehensive studies have been
carried out covering mainly the vibrational excitation and
momentum transfer. Good agreements have been achieved
between different sources of data, most importantly, between
theoretical and experimental data.

For the calculation of transport data and for plasma
modeling, it is necessary to have a complete set of cross

sections (i.e., a set representing energy and momentum
balance). Thus, if a process is missing from the set, regard-
less of how accurate other the cross sections are, the results
may be far from accurate. We have compiled a set of cross
sections for HBr and we have also made the necessary
extrapolations to achieve a reasonably complete set18–20) that
is based primarily on the available theoretical and exper-
imental data.

In this paper, we present calculations of the transport
coefficients and rates of inelastic processes in a 5% HBr–
95% Ar mixture. The data may prove to be a basis for
modeling such mixtures,6,12) but, more importantly, it will
reveal the basic characteristics of the transport data and may
encourage the experimental measurements necessary to
improve the uniqueness and reliability of the set of cross
section data. The calculations were made for DC fields and
also for E � B DC and RF fields.

1.1 Cross section data
We have compiled a set of the most accurate, available,

cross sections from the literature for electron scattering on
HBr. In particular, a good data are available for vibrational
excitation and dissociative attachment in the recent results of
groups of Horáček and Allan.21) Sparse results for momen-
tum transfer or total elastic scattering22) had to be extrapo-
lated. From 0.5 eV to the zero energy we used the shape of
the cross section for HCl to provide the energy dependence,
while the magnitude was adjusted to fit the data for HBr.
Beyond 10 eV we used the Born approximation to extend
data to higher energies. The data for ionization cross section
were not available in the literature, and they were kindly
calculated for us by Kim.23) The excitation cross sections of
Rescigno22) were used, but they had to be augmented by an
estimate of the total excitation (including dissociation to the
ground state) cross section, which was based on the data for
HCl.24) The cross section set for HBr is sufficiently complete
and accurate to calculate the transport data for pure gas and,
in particular, for mixtures of rare gases and HBr. Thus, it
may be used as a part of the database for the modeling of
processing plasmas.18,19)

Since there are no detailed measurements of swarm data,
the cross sections could not be validated by a swarm
procedure. However, measurements of the cross sections
were made and the results are in excellent agreement with
the calculated cross sections. We have shown the set of cross
sections for electrons in pure HBr in Fig. 1.
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The special characteristics of the set of cross sections are
that the magnitude of the momentum transfer cross section
is extremely high and that, as for most polar molecules, the
cross section is reduced with energy so that it is close to the
constant collision frequency cross section.18,19,22) Vibrational
cross sections are very large,21) with peaks of resonances of
the order of 15� 10�16 cm2. Dissociative attachment is also
very large with a peak of the order of 5� 10�16 cm2, which
is greater than those of the most typical gases used in plasma
processing by one or two orders of magnitude. These
properties of the cross sections will have a decisive effect on
plasma properties and, even at the abundance of 5% HBr,
they will dominate both the momentum and the energy
exchange in the mixture.

2. Monte Carlo Technique

The calculation of electron transport coefficients was
performed using a well-tested Monte Carlo simulation
code.25,26) The code has performed extremely well on all
available dc E, dc E � B, and rf E � B benchmarks. We
distinguish between the real-space (bulk) and the velocity-
space (flux) transport coefficients by taking into account the
nonconservative nature of collisions.27,28) The application
of transport coefficients in plasma modeling has been the
subject of many studies (one recent example is ref. 29) and
usually the difference between the two types of transport
coefficients is not appreciated.

The definitions of the transport coefficients were given in
our previous publications.26) However, since experimental
data correspond to the bulk or real-space coefficients, we
only present such data here. The drift velocities were
determined from

Wv ¼ vh i ð1Þ

for flux (velocity-space) drift velocities and from

W ¼
d

dt
zh i ð2Þ

for bulk (real-space) drift velocities, where the electric field
is directed along the z axis.

Transverse diffusion coefficients were determined from

NDT ¼
1

2

d

dt
hx2i � hxi2
� �

ð3Þ

for bulk (real-space) and from

NDv
T ¼ hxVxi � hxihVxið Þ ð4Þ

for flux (velocity-space) diffusion coefficients. At the same
time, the mobility is determined from the drift velocity and
the field � ¼ W=E. The characteristic energy eDT=� is
determined from the calculated data for drift velocities and
diffusion coefficients.

In addition to the rather simple scheme used in this paper,
there are other ways of defining transport coefficients such as
those proposed by Tagashira and coworkers,27,30) which also
involve the definition of specific experimental systems and
their conditions (see also ref. 31). Correlations between the
different schemes are possible31,32) but are complex, and we
thus chose the simple scheme that was used in our earlier
papers.

Our simulations were typically performed with 5� 105

initial electrons. The gas number density was 3:54� 1022

m�3, which corresponded to the pressure of 1 Torr (133.3 Pa)
at the temperature of 273K. The initial electron energy
distribution was Maxwellian with a mean energy of 1 eV.

3. Results

3.1 DC electric field
Calculations of the basic DC transport coefficients of drift

velocity and eDT=� are shown in Figs. 2 and 3, respectively.
The drift velocity increases almost linearly with E=N and
shows very monotonous behaviour, which is due to the
energy dependence of the momentum transfer.

The characteristic energy eDT=� shows a rapid increase
between 1 and 10 Td, where it was difficult to achieve
convergence of the calculation in a reasonable computer
time. In this respect, the behaviour is similar to that in water
vapour, where the combination of sharp dissociative attach-
ment and a large vibrational cross section leads to a rapid
increase in mean energy (and also characteristic energy).33)

In pure HBr it was easier to complete simulations at low

Fig. 1. Cross sections for electrons in HBr. Cross sections in the figure

are: 1—elastic momentum transfer; 2— rotational excitation cross

sections; 3—vibrational excitation cross sections; 4—electron attach-

ment; 5—electronic excitation cross sections; 6—effective dissociation

cross section and 7— ionization cross section.
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Fig. 2. Drift velocities (bulk or real-space) for electrons in 5% HBr–

95% Ar mixture in DC fields. The unit for E=N is Townsend (1 Td =

10�21 Vm2).

Jpn. J. Appl. Phys., Vol. 46, No. 6A (2007) O. ŠAŠIĆ et al.
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E=N. The change in eDT=� under these conditions is
smaller, albeit it is still very rapid.

Although one may observe a large effect of the vibrational
excitation of HBr on the characteristic energy eDT=� (the
ratio of the transverse diffusion coefficient to the mobility),
the effect is still sufficiently small and may be explained
by a very large momentum transfer cross section in HBr.
Therefore, even though the conditions are apparently
favourable,34,35) negative differential conductivity of the
drift velocity in the mixture is not observed. The anisotropy
of diffusion is very weak and is appreciable only between 5
and 100 Td and this can be well explained on the basis of the
energy dependence of the cross sections according to the
simple theory of Parker and Lowke.26,36)

Furthermore we show the ionization and attachment rates
for the mixture (Fig. 4). The condition under which ioniza-
tion becomes greater than attachment is at around 60 Td.
The total collision frequency is between 2� 109 and 10�
109 s�1, which is relevant in estimating the relaxation times
necessary to apply temporal corrections in plasma models.
The ionization rate becomes an appreciable part of the total
collision frequency at 1000 Td.

3.2 E � B DC fields
We performed calculations for DC E � B for normalized

magnetic fields (B=N) of 500Hx (1Hx = 10�27 Tm3),
1000Hx and 3000Hx and for the same range for E=N. As
expected, the energies are reduced with increasing B=N and
the dependences of transport coefficients resemble those
for the case of no magnetic field, only shifted towards a
higher E=N. For all conditions covered here, the collisional
frequency exceeded the cyclotron frequency. The drift
velocity in the direction of the electric field does not appear
to be affected by a magnetic field of less than 1000Hx,
which is a much higher limit than for other gases.37) That is
the result of the very high collisional cross sections, which
maintain collision-dominated transport even for relatively
high magnetic fields. The drift velocity in the E � B

direction is, however, significant and peaks at around
1000Hx (see Fig. 5). The diffusion coefficients behave in
the expected manner. The E � B component very quickly
becomes similar to the E component as the magnetic field
increases, as predicted in the general case and in the
particular case of argon.38)

3.3 E � B RF fields
In case of Rf E � B fields with a 90� phase difference

between the two fields, we performed several series of
calculations as a function of E=N, B=N, and frequency. In all
cases, the given values of the fields refer to peak values.
Calculations were performed for 1 Torr (133 Pa according to
!=N scaling, 100MHz corresponds to a discharge at 10MHz
and 100mTorr, which is typical for many applications). In
Fig. 6 we show drift velocities for the case when there is no
magnetic field. Becouse of uneventful energy dependence of
the momentum transfer cross section, the drift velocities
have an almost sinusoidal shape with almost the same peak
value. The only difference is the phase delay, which appears
to be small until the frequency exceeds 100MHz. This is
different from the behaviour of the mean energy, where
undulated mean energies are significantly delayed in phase,
even for 10MHz and for 500MHz the phase difference is
�=2, the modulation is almost lost and the mean value of the
mean energy decreases with frequency.

In Figs. 7 and 8 we show the longitudinal (E) and E � B

components of the drift velocity, respectively in crossed
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Fig. 3. eDT=� for electrons in 5% HBr–95% Ar mixture in DC fields.

10 100 1000
103

104

105

106

107

108

109

p =1 Torr

 dis. att.
 ion.

R
io

n 
, 
R

d
a
tt
 [
s-1

]

E/N [Td]

Fig. 4. Ionization and attachment rates for electrons in 5% HBr–95% Ar

mixture in DC fields.
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Fig. 5. Drift velocity of electrons in 5% HBr–95% Ar mixture in DC

E � B fields.
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electric and magnetic fields as a function of time during
one period and for different magnitudes of the magnetic
field. For the longitudinal component, one can see that the
sinusoidal shape is maintained even for very high magnetic
fields, and only at 500Hx thus some departure become
visible. At the highest B=N, the shape becomes narrower and
centered around B ¼ 0 with some delay, and eventually
oscillations, due to the effect of cyclotron motion on the
random velocity of electrons, are observed.

The E � B component of the drift velocity increases

steadily with the magnetic field amplitude. As expected,
it has clear asymmetry (the mean value is not zero), and
starting from a sinusoidal shape, it changes to a sawtooth
profile that has superimposed oscillations at the highest
B=N.39,40)

The temporal variation of the components of the diffusion
tensor show the usual range of kinetic effects, such as
anomalous diffusion and the corresponding anisotropy that
changes with the magnetic field. However, we did not
observe a transition to negative values, presumably due to
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Fig. 6. Drift velocity of electrons in 5% HBr–95% Ar mixture in RF EðtÞ field at different frequencies for E=N ¼ 100Td.
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Fig. 7. Longitudinal drift velocity (WE) of electrons in 5% HBr–95% Ar mixture in RF EðtÞ � BðtÞ field at different magnetic fields for

E=N ¼ 100Td.
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the very strongly collisional nature of the transport obtained
under the present circumstances.

4. Conclusions

The standard mixture of 5% of HBr in Ar is desirable if
one wishes to increase the density of electrons in the plasma.
However, the cross sections for electron scattering on
HBr are so large that the dominate electron collisons and
consequently transport over 20 times more abundant Ar at
low energies. Thus, it seems that the strategy to use mixtures
containing argon to obtain swarm data require the abun-
dance of HBr to be very small to enable the effect of
vibrational cross sections observed by measurements of the
drift velocity in the mixture. At such low abundances the
accuracy of preparing a mixture, particularly bearing in
mind the reactive nature of HBr, may be questioned. Thus,
the best strategy is still to make measurements in pure HBr
and perhaps in a mixture such as the one described here.
Such measurements are necessary to obtain a more accurate
set of cross sections. Fortunately, becouse of the energy
dependence of the cross sections, the application of fluid
models for HBr is much more justified than for other
standard gases.

We have produced a complete set of cross sections and
transport coefficients that may be used for modeling
plasmas29) containing HBr. It requires further improvement
by making measurements of the transport coefficients and
ionization rates to improve accuracy. Nevertheless, the main
features are the almost constant collision frequency total
momentum transfer cross sections, very large vibrational
excitation cross sections (considerably larger than those in
nitrogen) and a very large attachment cross section, which
will particularly affect the kinetics of HBr plasmas.

The present results were obtained in free spaces without
any boundaries. Under plasma conditions, the coefficients

obtained here should be entered into fluid or hybrid models
as input data. The data and magnitude of the different effects
of rf plasma kinetics may be estimated from the transport
coefficients shown here. For example, data shown here may
be used directly in studies of rf breakdown.41)
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