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a b s t r a c t

A Monte Carlo simulation technique is used to investigate electron transport in N2O in crossed RF electric
and magnetic fields. Our work has resulted in a database of transport parameters which can be used for
correct implementation in modeling RF discharges. A behavior of transport coefficients under the influ-
ence of the magnitude and the frequency of the fields was studied separately revealing some complex
features in the time dependence, most notably anomalous anisotropic diffusion and time-resolved neg-
ative differential conductivity.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction cesses leading to further optimization of low-temperature RF plas-
Nitrous-oxide (N2O), as an electronegative gas, is widely appli-
cable in chemistry, medicine (as an anesthetic) and technology, in
particular for the N doping of oxide materials [1], and deposition of
diamond-like carbon films [2]. Furthermore, it has a significant im-
pact on environment as it causes the damage to the ozone layer,
and has an influence on the infrared absorption in the atmosphere
[3,4]. Even so, it has been suggested as a potential replacement to
gases which have an even higher global warming potential, but are
still used as gas insulators (such as SF6). That is why it seems rea-
sonable to put additional effort in finding efficient way for decom-
posing this biogenic gas. More specifically atmospheric pressure
discharges that are required for numerous applications are often
produced in RF fields to maintain their non-equilibrium character.
Thus it is at least needed to understand transport of electrons in
those gases in RF fields in order to put together reliable models.

Because of its great importance, N2O was studied on numerous
occasions. In spite of that, there is a lack of reliable and complete
sets of both electron transport and collision data. Some discrepan-
cies between existing data, even for the case of constant electric
field are noticeable while electron kinetics in the presence of a mag-
netic field, or in the case of time varying electric and magnetic fields,
has not been studied yet. This is a critical point for modeling of pro-
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ics, POB 68, 11080 Belgrade,
ma applications [5–7]. Due to the lack of available transport data
in RF fields and, on the other hand, because of their complexity that
make them difficult to be included in both fluid and hybrid codes,
the only available option for modeling RF plasmas was the extrapo-
lation of the electron transport properties obtained in dc electric
field. Typical examples include the application of the so-called qua-
si-static approximation for the low field frequencies and/or the
effective field approximation for higher field frequencies. However,
both of these approximations fail for the range of frequencies criti-
cal for any practical applications in plasma processing. In addition,
in the majority of previous works in plasma modeling community
the effect of a magnetic field usually is not taken into account at
all. This contrasts with the modern day demands for rigorous mod-
els of plasma discharges, where magnetic fields sometimes play a
vital role in device behavior. With these remarks as a background,
we approach the problem at two stages: initially, in this work, we
focus on electron kinetics in time dependent electric and magnetic
fields and defer the detailed consideration of the electron transport
and collision data to a future but more comprehensive paper [8].
Therefore, primary aim of this paper is to check what kind of kinetic
phenomena in electron transport in N2O may be expected to occur
and how are those related to the cross sections.

2. Monte Carlo simulation technique

We have used our time-resolved Monte Carlo simulation code
that has been described in great detail in some of our previous
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publications [9–12]. The code has been verified for a number of
benchmarks [9,10] which prove its correctness and numerical
integrity. In our simulation we have followed the evolution of
5 � 105 of initial electrons through time and an infinite space, un-
der the influence of spatially uniform and time dependent crossed
electric and magnetic fields, with the phase difference of p/2 rad.
The number of initial electrons was chosen carefully in order to
achieve a good statistics of the output data and still to have reason-
able duration of the simulations. Initial velocity distribution func-
tion was Maxwellian with the mean starting energy of 1 eV. The
density of neutrals was 3.54 � 1022 m�3 which corresponded to
the gas pressure of 1 Torr (133.3 Pa), at 273 K. As calculation was
for sufficiently high mean energies and thus not affected by the
choice of gas temperature it was assumed to be 0 K. Swarm condi-
tions are assumed to apply and mutual interaction between elec-
trons is negligible compared with electron–molecule interactions.
In other words, our calculations were made for the low density
limit of the gas discharge as is the standard procedure in determi-
nation of transport coefficients for non-equilibrium plasmas [13–
15].

The exact moment of electron–molecule collision was deter-
mined by solving the equation for collision probability:

pðtÞ ¼ mTðeðtÞÞ exp �
Z t

t0

mTðeðt0ÞÞdt0
� �

;

where mT(e) is the total collision frequency, t0 is either the time of
the electron entering into gas or the time of a previous collision
and e is the electron energy. This equation is solved by numerical
integration in small time steps which can be determined as the
minimum of the following relevant time constants: period of the
fields, mean collisional time and cyclotron period for E � B fields.
The period of the field is always divided by 100 and these
segments are used to sample the basic dynamic electron properties
such as position, velocity, energy, etc. After relaxation to a quasi-
stationary state (or relaxed periodic state), the results may be
presented over a single period of the field but usually we have
averaged the results over many periods in order to obtain better
statistics. The definitions and formulae for electron transport coef-
ficients were given in our previous publications [10,11]. All elec-
tron scattering were assumed to be isotropic regardless of the
nature of collisions. The elastic and inelastic collisions were in-
cluded in a complete (n terms of number, momentum and energy
balances) set of cross sections. The most reliable data were taken
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Fig. 1. Electron impact cross sections for electrons in N2O used in this study. Cross
sections in the figure are 1 – total momentum transfer, 2 – elastic momentum
transfer, 3, 4, 5 – vibrational excitation, 6, 7, 8 – electronic excitation, 9 –
dissociative attachment, 10 – ionization (open symbols represent extrapolation).
from the literature [16–18]. In our analysis [8] the data were
renormalized in order to fit the most recent experimental results
for the drift velocities and effective ionization coefficients [19].
The improved set of cross sections employed in this work is shown
in Fig. 1.

3. Results and discussion

3.1. Time dependence of transport coefficients as a function of B/N

In this section we discuss the basic features of the time depen-
dence of transport coefficients for different values of reduced mag-
netic field (B/N). We have performed a series of simulations using
the following set of input parameters: the gas pressure was 1 Torr,
the field frequency was set to 100 MHz (that, due to x/N scaling,
correspond to the pressure of 100 mTorr and field frequency of
10 MHz which is typical for many applications), the reduced elec-
tric field of 100 Td (1 Td = 10�21 Vm2) and the range of the reduced
magnetic fields given by their amplitude as 0, 200, 500, 1000,
2000 Hx (1 Hx = 10�27 Tm3) were used.

In Fig. 2 we show the temporal profiles of the mean energy as a
function of phase for different B/N. As can be seen, the mean energy
is reduced as the amplitude of B/N increases. At the same time the
profile of the mean energy at the highest B/N considered in this
work becomes asymmetric and triangular with a fast increase
and a slower decrease.

Fig. 3 shows the temporal profiles of the longitudinal compo-
nent of the drift velocity (WE) as a function of phase for different
B/N. For lower B/N the peak is wide and smooth, centered around
zero magnetic field and its magnitude is almost unaffected by
the presence of the field. For an increasing of B/N it becomes nar-
row and its phase is shifted.

As expected, the perpendicular component along the E � B
direction (WE�B) increases with B/N (see Fig. 4). Its shape changes
from sinusoidal to saw tooth profile and becomes clearly asymmet-
ric. When the magnetic field goes through its zero value, strong
electric field allows electrons to accelerate and gain energy, longi-
tudinal component of drift velocity reaches its peak while the per-
pendicular component goes through a quick fall. After that the
latter one rises much slower and some oscillations become visible
in both cases. It can also be seen that WE�B has a non-zero mean
value which causes the rotational macroscopic motion of electron
swarm.
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Fig. 2. Temporal profiles of the mean energy as a function of B/N. The frequency of
the field is 100 MH and E/N = 100 Td.
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Fig. 4. Time dependence of the drift velocity component along the E � B direction,
for different values of B/N, at E/N = 100 Td and f = 100 MHz.
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Fig. 5. Temporal profiles of the longitudinal diffusion coefficient (NDE) as a function
of B/N, at E/N = 100 Td and f = 100 MHz.
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Fig. 6. Temporal profiles of the transverse diffusion coefficient along the direction
of the magnetic field (NDB) as a functions of B/N at E/N = 100 Td and f = 100 MHz.
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Fig. 3. Time dependence of the drift velocity component along the direction of the
electric field for different values of B/N, at E/N = 100 Td and f = 100 MHz.

O. Šašić et al. / Nuclear Instruments and Methods in Physics Research B 267 (2009) 377–381 379
As expected, when B/N increases, the longitudinal component of
diffusion tensor (NDE) decreases (see Fig. 5) due to a joint decrease
in both the longitudinal drift velocity component and mean en-
ergy. Peaks are shifted to the phase of strong electric field, more
in tune with the WE peaks (Fig. 3) and at the highest B/N diffusion
is significantly reduced for all other phases. In contrast to NDE, the
transverse diffusion coefficient along B direction (NDB) is not much
affected by the magnetic field (see Fig. 6). Only small modulations
can be observed and minor reduction at the peak values which is
consistent with the results for the Reid ramp model [12].

Behavior of the E � B component of the diffusion tensor (NDE�B)
is presented in Fig. 7. We observe that this transport quantity is a
decreasing function of B/N. It is interesting to note that NDE�B

peaks for phases when the electric field has its maximum value.
The position of these peaks are not affected by the action of mag-
netic field and in the limit of the highest B/N considered here.
NDE�B begins to behave like the NDE component of the diffusion
tensor. Perhaps the most striking property associated with the dif-
fusion tensor is the presence of ‘negative’ diffusion in NDE�B. This
negative excursion appears at those phases of the field where the
electric field is low in magnitude and for the highest B/N of
2000 Hx. The reader is referred to [20] where the phenomenon of
negative diffusion is explained in great detail.
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Fig. 7. Temporal profiles of the transverse diffusion coefficient along the E � B
direction (NDE�B) as a function of B/N at E/N = 100 Td and f = 100 MHz.
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3.2. Time dependence of transport coefficients as a function of the
frequency of the field

We show the basic features of the time dependence of transport
coefficients as a function of the electric field frequency (f). In order
to obtain these results we performed MC simulation at E/
N = 100 Td, B/N = 0 Hx, f = 10, 50, 100, 500, 1000 MHz, with the
same concentration of neutrals as in the previous case.

In Fig. 8 we show the temporal profiles of the drift velocity as a
function of the field frequency. One can observe signs of the time-
resolved negative differential conductivity (NDC) [21] for the field
frequency of 10 MHz. If the field frequency increases, the shape of
the time dependence changes to sinusoidal while modulation is
decreased. In the limit of the highest frequency of 1 GHz, the pro-
file is sinusoidal with the phase shift of p/2 to the electric field
which is a clear sign that electrons undergo many oscillations
per collision. On average the electric field can no longer pump en-
ergy into the system and transport approaches the thermal limit.

Fig. 9 illustrates the effect of anomalous behavior of the longitu-
dinal diffusion (NDL) coefficient in RF fields. The anomaly is re-
flected in the following. First, NDL peaks during or just after the
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Fig. 8. Temporal profiles of the drift velocity as a function of the field frequency at
E/N = 100 Td and B/N = 0 Hx.
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Fig. 9. Time dependence of the transverse (NDT) and longitudinal (NDL) diffusion
coefficients at E/N = 100 Td, B/N = 0 Hx and f = 10 MHz.
phases when the electric field changes the sign. Second, for a brief
period of phase period, NDL becomes larger than the transverse dif-
fusion coefficient (NDT). In DC fields, however, the diffusion is
anisotropic and NDT > NDL holds for the similar energy range. This
phenomenon was observed for a range of model and real gases and
explained in some of previous publications [10,22,23].

4. Conclusion

Using a Monte Carlo simulation technique the electron trans-
port in time dependent electric and magnetic fields is examined
under conditions that are critical for plasma modeling. In particu-
lar, the mean energy, drift velocity and diffusion tensor compo-
nents are studied under the influence of the magnetic field
strengths and field frequencies. The presented data, together with
the accurate set of cross sections [8], are required to model non-
equilibrium plasmas and plasma devices.

Our investigation revealed that electron transport coefficients
are strongly affected by the presence of the magnetic field. The
mean energy of electron swarm decreases as B/N increases. The
time dependence of the perpendicular component of the drift
velocity is modified to saw tooth profile inducing asymmetry in
its profile. A behavior of the longitudinal component of the drift
velocity and diffusion coefficients is in agreement with the predic-
tions based on the results associated with previous investigation of
electron kinetics for certain model gases [10]. The effect of the fre-
quency of electric field was studied and discussed separately.

The most interesting features in the time dependencies of the
electron transport coefficients found within this investigation in-
clude the following: the signs of time-resolved negative differen-
tial conductivity associated with the drift velocity, the transiently
negative diffusivity associated with the E � B component of the dif-
fusion tensor and anomalous behavior of the longitudinal diffusion
coefficient. One must consider these phenomena, at least in order
to check whether plasma codes may be able to predict the occur-
rence some of these phenomena when they are applied to N2O con-
taining plasmas.
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