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Energy distribution of ions and fast neutrals in microdischarges
for display technology
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In this work we present simple theoretical predictions as well as full Monte Carlo calculations of the
energy distribution of the ion and fast neutral fluxes impinging on the materials that surround the
microdischarges in plasma display panels and plasma addressed liquid crystal displays. We consider
various rare gas ion species in different microdischarge designs. Often simple theoretical
distribution functions are in good agreement with the results of Monte Carlo calculations. Under the
influence of symmetric charge transfer collisions the ion energy distribution is essentially different
from a Maxwellian distribution, and the ion motion is strongly orientated along the electric field.
The flux of the fast neutrals formed by symmetric charge transfer is usually even larger than the ion
flux itself. © 2000 American Institute of Physics.@S0021-8979~00!10417-7#
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I. INTRODUCTION

Recently, two alternative display technologies ha
emerged, that both make use of plasma. The first and
known is the plasma display panel~PDP! technology, using
the ultraviolet emission from microdischarges to exc
phosphors.1 The other is the plasma addressed liquid crys
~PALC! technology, which uses very similar microdi
charges as electrical switches for the addressing of a liq
crystal layer.2,3 In both technologies, an incident flux of en
ergetic plasma particles causes damage to the materials
rounding the microdischarges, thus limiting the lifetime
the displays. Understanding and predicting this phenome
requires knowledge of the energy distribution of the plas
particles impinging on the material surfaces. Of particu
interest are ions and fast neutrals with an energy beyond
sputtering threshold, which varies from 10 to 100 eV, d
pending on surface material and incident particle species4

Research on microdischarges leans heavily on disch
modeling tools, in view of experimental difficulties due
their small size. By the use of self-consistent fluid models
good picture can be obtained of the electric fields and
particle densities and fluxes in microdischarges.5–9 However,
these fluid models do not describe the energy distribution
the plasma particles. In this work, we attempt to predict—
the basis of the results of fluid models—the energy distri
tion of ions and fast neutrals impinging on the surface. W
pursue both an elementary theoretical approach~Sec. II and
III ! and a more comprehensive Monte Carlo appro
~Sec. IV!.

Although many different designs exist for the PDP a
PALC discharges, they all have very similar discharge ch
acteristics. The inter-electrode gap is on the order of a
hundred microns, the gas pressure is a few hundred t
Typical discharge voltages are a few hundred volts, wh

a!Electronic mail: hagelaar@discharge.phys.tue.nl
2240021-8979/2000/88(5)/2240/6/$17.00
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the reduced electric field can reach values of up to 5
V cm21 Torr21 locally in front of the surface. Figure 1 show
some typical profiles of the electric potential in the microd
charge sheaths. The sheaths are always highly collisio
typically the ion mean free path is in the submicron ran
about two orders of magnitude smaller than the sheath th
ness. This implies that the ion energy distribution is det
mined by the local electric field rather than the total she
voltage, and that the ion mean energy is only a small fract
of this voltage. The discharge gas used in PDP and PA
displays is typically a rare gas or a mixture of rare gases.
main ion species are ionized discharge gas atoms. Typ
ionization rate profiles are shown in Fig. 1. Molecular ion
such as He2

1 and Xe2
1, are also found, but tend to get diss

ciated in the sheaths: beyond a certain energy limit on
order of 1 eV, the dissociation cross sections become
large that survival is extremely unlikely.10,11

We, thus, focus on atomic rare gas ions, moving tow
the surface in a highly collisional sheath.

II. ION ENERGY DISTRIBUTION

On their path, the ions undergo collisions predominan
with neutral gas particles that are virtually at rest. Two d
ferent collision types are to be distinguished. First, there
elastic collisions, leading to the~more or less isotropic! scat-
tering of the ions in the center of mass~CM! system of the
colliding particles. Second, when moving in their parent g
the ions are subject to symmetric charge transfer collisio
In such a collision the ion charge is transferred to a par
gas particle, while the velocities of both particles rema
unaffected: after the collision the ion is virtually at rest.
symmetric charge transfer collision is equivalent to an ela
collision where the ion is scattered over 180° in the C
system.12 As appears from Fig. 2, the cross sections of th
collision processes are approximately constant over the
0 © 2000 American Institute of Physics
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FIG. 1. Contour plots of the electric potential and the ion formation rate in front of the surface, at the position and the moment where the incidenux
is the highest and the most energetic. A typical situation is shown for an alternating current PDP discharge in Ne–Xe 5%~left-hand side! and for a PALC
discharge in He~right-hand side!. These profiles were obtained with a fluid model.
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ergy range of interest. The symmetric charge transfer c
section is usually considerably larger than the cross sec
for elastic collisions.

If symmetric charge transfer is the dominant collisi
process, the ion energy distribution can be predicted with
elementary theoretical approach. Consider an ion with m
m and chargeq in a uniform electrostatic fieldE, being sub-
ject to a constant accelerationqE/m. Assume that the ion
loses all its energy when it collides. The ion energy a
function of the timet after a collision is then

e5
q2E2

2m
t2. ~1!

When looking at an ensemble of such ions, the fraction
them with an energy in betweene ande1de is proportional
to the average timedt that one ion spends in this energ
interval during a free path:

f ~e!de}dt. ~2!

According to Eq.~1!, the ion reaches the energy interval aft

t5
A2me

qE
, ~3!

that is, if it does not collide before. It then stays in the int
val for a whiledt:

dt5S dt

de Dde5
1

qE
Am

2e
de. ~4!

On average, the time spent in the interval is

dt5P~ t !dt, ~5!
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whereP is the probability that no collision takes place befo
time t, which is related to the collision frequencyv accord-
ing to

P~ t !5expS 2E
0

t

v~ t8!dt8D . ~6!

Assuming the gas particles to be at rest, the collision f
quency is a function ofe

v~e!5Ns~e!A2e

m
, ~7!

FIG. 2. Cross sections of some ion–neutral collisions relevant to PDP
PALC discharges.~a! elastic He1 – He, ~b! charge transfer He1 – He, ~c!
elastic Ne1 – Ne, ~d! charge transfer Ne1 – Ne, ~e! elastic Xe1 – Ne, ~f!
charge transfer Xe1 – Xe. The data are taken from Refs. 13 and 14.
constant value derived from mobility data~Ref. 15! is assumed for cross-
section~e!, except at low energy, where it is assumed to be the same as~c!.
The energy on the horizontal axis is the ion impact energy.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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whereN is the gas particle density ands the collision cross
section. On combining Eqs.~2!–~7!, one finds straightfor-
wardly that

f ~e!de}
1

Ae
expS 2

N

qE E
0

e

s~e8!de8D de. ~8!

The appropriate proportionality constant in Eq.~8! can be
found by normalizing the distribution to unity. For a consta
collision cross section this yields

f ~e!de5
1

Apve
expS 2

e

v Dde, ~9!

where the parameterv is given by

v5
qE

Ns
. ~10!

Averaginge over the distribution~9! shows thatv is equal to
twice the ion mean energy. Note that the distribution fun
tion ~9! is essentially different from the Maxwellian distribu
tion function: the Maxwellian function is zero ate50,
whereas Eq.~9! goes to infinity fore→0. Realize, further-
more, that all the ions move in the direction of the elect
field: the ion motion is as anisotropic as can be. The ion d
velocity w is therefore found by simply averaging the velo
ity (2e/m)1/2 over Eq.~9!:

w5E
0

`A2e

m
f ~e!de5A2v

pm
. ~11!

Rearranging Eq.~11! yields an alternative expression forv:

v5
p

2
mw2, ~12!

which is of great practical use, because it provides a wa
estimate the ion energy distribution merely from the ion d
velocity, which is calculated in fluid models.

Expression~9! represents the energy distribution of th
ion density. It is important to realize, that this is not t
energy distribution of the ion flux hitting the surface. In vie
of the fact that all ions move in exactly the same directio
the latter distribution can be found by weighting Eq.~9! with
the ion velocity (2e/m)1/2. After normalization, we find

g~e!de5
1

v
expS 2

e

v Dde ~13!

for the ion flux energy distribution. It follows from averagin
e over distribution~13! that the average energy of the inc
dent ions is equal tov, twice the ion mean energy.

III. FAST NEUTRALS

The ion–neutral collisions lead to the formation of en
getic neutral particles. The ion flux is thus accompanied b
flux of fast neutrals. In this section we estimate the imp
tance of this fast neutral flux. We consider the case that th
is only one species of gas particles and that symme
charge transfer is the predominant collision process for io
as before. After a charge transfer collision, the neutral p
ticle has the initial ion energy, which it loses again via elas
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collisions with gas particles that are virtually at rest. T
energy transferred to a gas particle in an elastic collision13

De5 1
2 ~12cosu!e, ~14!

wheree is the initial energy of the fast neutral andu is the
scattering angle in the CM system. In case the scatterin
isotropic, the probability of cosu is uniformly distributed
between21 and 1. Equation~14! then implies that the prob
ability of De is uniformly distributed between 0 ande: the
energy is redistributed completely randomly over the t
colliding particles.

The densityN8(e)de of the fast neutrals with an energ
in betweene ande1de can be found by balancing the rate
of their production and loss. Production of neutrals in t
energy interval occurs by symmetric charge transfer and
elastic collisions of other fast neutrals with an energy lar
thane. The neutrals leave the energy interval through ela
collisions. Balancing the rates of these three processes
write

Ns~e!A2e

m
ni f ~e!de

1E
e

`F2de

e8
NQ~e8!A2e8

m
N8~e8!Gde8

5NQ~e!A2e

m
N8~e!de, ~15!

whereni is the ~total! ion density andQ is the cross section
for elastic neutral–neutral collisions. The second term on
left—representing the elastic production rate—contains
factor 2de/e8. This is the probability that after an elast
collision between a neutral with energye8.e and a neutral
at rest, one of the two particles ends up in the energy inte
de, assuming the energy redistribution to be completely r
dom.

The densityN8(e)de can be found from Eq.~15! by
substituting N8(e)5e1/2h(e)/Q(e) or N8(e)
5e25/2h(e)/Q(e), differentiating the entire equation with
respect toe, and solving the resulting differential equatio
for h(e). After backsubstitution ofh(e) we find

N8~e!de5
s~e!

Q~e!
ni f ~e!de

1
2

Q~e!
nie

25/2E
e

`

@s~e8!e83/2f ~e8!#de8de.

~16!

The first term of this expression is the density one would fi
from Eq. ~15! without the elastic production term: obvious
it represents the neutrals that have been produced directl
charge transfer collisions. For constant cross sectionss and
Q the ion energy distribution is given by Eq.~9!, and Eq.
~16! becomes

N8~e!de5
s

Q S 11
2v

e
1

2v2

e2 Dni f ~e!de, ~17!

where f (e) is once again given by Eq.~9!.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp



n

tl
al

er
a

t
fo

o
m

a
t

ar
cu
m

th
th
a
a

a
io
r

eu
al
et
n
t

rg
ra
m

by

x
is
e

ed

y,
le

s-

of
are
on,

ory

al
fast

r
fol-

tion
the

LC
he
ere
de.
or-

ic
te
he

1
n-

.
to

e-
ion

t
he

the
f a

2243J. Appl. Phys., Vol. 88, No. 5, 1 September 2000 Hagelaar, Kroesen, and Klein
The flux G8(e)de of the fast neutrals with an energy i
betweene ande1de is the product of their density~17! and
their average velocity. Since not all neutrals move in exac
the same direction, the average velocity is somewhat sm
than (2e/m)1/2. An upper limit for the flux is thus found as

G8~e!de,
s

Q S 11
2v

e
1

2v2

e2 DniA2e

m
f ~e!de

5
s

Q S 11
2v

e
1

2v2

e2 DG ig~e!de, ~18!

whereG i is the~total! ion flux andg(e) is given by Eq.~13!.
Note, however, that the neutrals represented by the first t
of Eq. ~16! do all move in exactly the same direction, so th
a lower limit for the flux is given by

G8~e!de.
s

Q
niA2e

m
f ~e!de5

s

Q
G ig~e!de. ~19!

Sinces is generally larger thanQ, this means that the fas
neutral flux influencing the surface exceeds the ion flux,
every energy.

IV. MONTE CARLO CALCULATIONS

Although the above theoretical treatment gives a go
feel for the ion and neutral energy distributions, it is far fro
complete: the influence of~isotropic! elastic ion–neutral col-
lisions is neglected, the electric field and cross sections
assumed to be constant, etc. A more complete picture of
energetic ions and neutrals can be obtained by Monte C
modeling. In this section we present the Monte Carlo cal
lation of the ion and fast neutral energy distributions in so
typical microdischarge configurations.

The Monte Carlo model is basically the same as
model described in Ref. 16. It simulates the individual pa
of a large number of ions and fast neutrals. The ions
sampled randomly from an ionization rate profile that h
been calculateda priori with a fluid model, and then fol-
lowed until they reach the surface. The electric field th
accelerates the ions is also taken from the fluid calculat
The two-dimensional fluid model that we use for this pu
pose is described in Ref. 9. In addition to the ions, the n
trals with an energy higher than 1 eV are followed from
collision events occurring in the simulations. Both symm
ric charge transfer collisions and isotropic elastic collisio
are taken into account. The cross sections of the ion-neu
collisions are considered as functions of the impact ene
as represented in Fig. 2. For the cross-sections of neut
neutral collisions, we assume constant values, derived fro
hard-sphere model:17 1.36310215cm2 for He–He, 1.87
310215cm2 for Ne–Ne, 3.85310215cm2 for Ne–Xe, and
6.53310215cm2 for Xe–Xe.

The trajectory of an ion or fast neutral is simulated
the following procedure:

~1! A random value is chosen for the time until the ne
collision, taking into account the appropriate probability d
tribution given by the total collision frequency. For ions w
use the null collision method.18
Downloaded 29 May 2009 to 131.155.108.71. Redistribution subject to A
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~2! The free path covered during this time is calculat
by integrating the equation of motion.

~3! The type of the collision is determined randoml
taking into account the relative probability of all possib
collision types.

~4! The velocities of the colliding particles are tran
formed to the CM system.

~5! The effect of the collision is simulated. In the case
symmetric charge transfer, the ion and neutral velocities
simply swapped. In the case of an isotropic elastic collisi
the velocities are turned to random~but mutually opposite!
directions.

~6! The velocities are transformed back to the laborat
system.

~7! In the event that the laboratory energy of the origin
target particle now exceeds 1 eV, it is considered as a
neutral and is followed, too.

The procedure, steps~1!–~7!, is repeated until the ion o
fast neutral reaches the surface. Neutrals are no longer
lowed once their energy has dropped below 1 eV. Reflec
at the surface is not considered. For more details on
Monte Carlo model, see Ref. 16.

We applied the Monte Carlo model to a standard PA
discharge in pure helium. This case is relatively simple. T
microdischarge operates in the direct current mode, wh
the main ion surface bombardment occurs at the catho
The gas pressure is 150 Torr. The only ion species of imp
tance is He1. The two-dimensional profiles of the electr
potential and the ionization rate—input data of the Mon
Carlo simulations—are shown in Fig. 1. We simulated t
trajectories of ten million ions and all the neutrals beyond
eV formed in collisions. Figure 3 shows the calculated e
ergy distributiong(e) of the incident ion flux, as well as the
energy distributionG8(e)/G i of the incident fast neutral flux
Note that the neutral energy distribution is not normalized
unity, but scaled along with the ion energy distribution. B
sides the Monte Carlo results, the theoretical distribut

FIG. 3. Energy distribution of the He1 flux and the accompanying fas
neutral flux impinging on the cathode in a PALC discharge in pure He. T
neutral flux energy distribution is not normalized to unity but related to
ion flux as G8(e)/G i . The connected symbols represent the result o
Monte Carlo calculation, the lines are the theoretical functions~13! and~18!.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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function ~13! and the upper limit~18! are represented, wher
the parameterv was found from the calculated drift velocit
by Eq. ~12!. The fast neutral flux in the Monte Carlo simu
lation turns out to be close to the upper limit~18!.

Then we considered a typical design19 for a surface-type
alternating current PDP in a mixture of 95% Ne and 5% X
This case is more complicated. In contrast to the PALC d
charge, the microdischarge in the PDP design has a tran
character. However, the typical lifetime of individual ions
shorter than the typical time scale for the electric field var
tions. The gas pressure is 450 Torr. Two ion species
important: Ne1 and Xe1. Figure 1 shows the electric poten
tial and Xe1 formation rate at the moment and position
maximum ion flux. The Ne1 formation rate is not shown
here but is similar to that of Xe1. The calculated energy

FIG. 4. Energy distribution of the Ne1 flux and the accompanying fas
neutral fluxes impinging on the surface in an alternating current DPD
charge in Ne–Xe 5%, at the moment and the position where they reach
maximum value. The neutral flux energy distribution is not normalized
unity but related to the ion flux asG8(e)/G i . The connected symbols rep
resent the result of a Monte Carlo calculation, the lines are the theore
functions~13! and ~18!.

FIG. 5. Energy distribution of the Xe1 flux and the accompanying fas
neutral fluxes impinging on the surface in an alternating current PDP
charge in Ne–Xe 5%, at the moment and the position where they reach
maximum value. The neutral flux energy distribution is not normalized
unity but related to the ion flux asG8(e)/G i . These data were calculate
with a Monte Carlo model.
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distributions are shown in Figs. 4 and 5. For Ne1, Eqs.~13!
and ~18! are once again a good approximation of the Mon
Carlo results.

For Xe1, however, the situation is entirely different. Fo
these ions, the parent gas only constitutes a small percen
of the total gas mixture, so that the Xe1 energy distribution
is determined by elastic collisions with Ne rather than
symmetric charge transfer. The Eqs.~13!, ~18!, and~19! do
therefore not apply. At low energy (e,10 eV), the Xe1 dis-
tribution is underpopulated compared to the exponen
function ~13!. In contrast to what we found for Ne1, the fast
neutrals produced by Xe1 are less important than the ion
themselves. This is not surprising, since elastic collisions
far less efficient in forming fast neutrals than charge trans
collisions. Figure 6 demonstrates that if we increase the
percentage, the influence of symmetric charge transfer c
sions rapidly grows. The Xe1 energies decrease and the e
ergy distribution approaches form~13!. For 20% of xenon,
Eq. ~13! already gives a reasonable description.

V. CONCLUSIONS

For ions that mainly undergo charge transfer collisio
the energy distribution can be found from the drift veloc
as a simple theoretical function, which is essentially differe
from the Maxwellian distribution function. Also, the energ
distribution of the fast neutrals formed in symmetric char
transfer collisions is well described by a theoretical functio
The motion of both ions and fast neutrals is strongly orie
tated along the electric field. In general, the fast neutral fl
is larger than the ion flux itself. The simple functions fail
describe the energy distribution of ions that mainly unde
elastic collisions. Full Monte Carlo calculations are requir
in this case.

-
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FIG. 6. Energy distribution of the Xe1 flux impinging on the surface in an
alternating current discharge in Ne–Xe, for different percentages of Xe.
connected squares represent the results of Monte Carlo calculations, th
gives the theoretical estimate~13! for 20% xenon.
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