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Abstract:

A Monte Carlo simulation program for the electron-beam
lithography has been developed. The screened Rutherford
equation for the differential scattering cross section and
the Bethe equation for the energy loss between elastic
scatterings are used. Three dimensional electron
trajectories in the resist and substrate have been followed.
The lateral spreading range and longitudinal penetration
depth of energy deposition have been obtained. An
“electron cloud” scheme has been adopted in this program
to reduce the simulated particles and computational time.
A convolution method has been devised to extend the
simulated energy deposition distribution.

Keyworks: Monte Carlo simulation, E-Beam lithography,
elastic scattering, electron cloud, convolution method.
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Elastic scattering between incident electron and
nucleus of target atom is based on Rutherford equation
for the differential scatteri ng cross section [1]:
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where @ is the scattering angle, Z is the atomic number
of the target atoms, € is the electric charge of an
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electron, €, is the permittivity of free space, E is the
electron energy and /M represents an effective screening
parameter of the electronic cloud on the nuclear charge.
The parameter M isgiven by [2]:
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where 7 isthe reduced Planck constant, &, isthe Bohr

radius of the hydrogen atom, p is the momentum of

the incident electron.
The total elastic cross section S can be obtained by
integrating equation (1) as
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The energy loss model of our simulator is basically
the Bethe equation [3]:

— =-2pG— =+ —Ing—g joule/m  (4)
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where N is the number density, g =1.1658 and J
represents the mean excitation energy in the solid.
J=(9.672+5882°°) ev (5
In order to avoid the failure of Bethe equation (4) at
low energy (E £ J/1.116) we use the parabolic

extrapolation of (alE/ ds) " proposed by Rao-Sahib and
Witty [4] for E < 6.338J.
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In this way the trgjectory of each electron can be
pursuit down to 50eV instead of the commonly used
cut-off energy 500eV .

In case of compound materials, the weight individual
contributions of the atoms have to be used [5]:

For high electron energy,
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For low electron energy,
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where N; is the number of atoms of the i species
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and & m; A/- sums up to be the molecular weight.
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Both elastic and inelastic scattering events occur
according to given probabilities and datistical
information is extracted about microscopic variables of
interest. Due to the statistical nature of the simulated
process, a quite large number of electron trajectories are
required in order to obtain sufficient accuracy in the
results.

A random number ], uniformly distributed between
0 and 1, isfirst invoked for deciding the free path length
Ds traveled between two subsequent collisions [6], [7].

Ds=-/In(R) (11)
the mean free path is

1
[ =5—— (12)
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where S ; isthetotal elastic cross section relative to the

atom of the /" species.

A second random number R, determines the atom
species involved in the collision. Taking into account
that the probability P of scattering from an atom of the

" species is proportiona to N;S; and é/PI =1,

we have
Ns.
R=g " (13)
aNs;
/
Thus, the interval [0, 1] is divided in segments of length
P. The type of atom acting as scattering center is given

by the value of R,.

The azimuthal angle is ranging between 0 and 2p in
equal probability and is given by the random number

e,
f =2pF, (14)

The probability of scattering angle, which range is
equal probability between 0 and p
cosq =1 2ty (15)
1+m- R,

where R, isalso[0,1]
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Figure 1 shows the scattering trajectories of 100
simulated electrons with incident energies of 20keV in a
target of PMMA (0.5 m) / SiO, (0.5 m) /S (5u m).
Some electrons travel a long distance with a small
energy loss. The back scattering electrons from Si
substrate into resist will expose the resist, which we
don’'t want to. This effect is call proximity effect.

Figure 2 plots the electron scattering range as a



function of target density for two different incident
energies. Note that the data points in Figure 2 are the
simulated results for PMMA (0 =0.94 g/cn®), Si (p
=2.328 g/cm®), GaAs (p =5.32 g/cm®), and Au (0 =19.3
g/cm®), while the solid and dashed curves are empirically
fitted to the following relation.

Range(E,r) =1152E"*'r°%  (16)

This equation is good enough to predict the range of
electrons incident to different target materials with
different incident energies. The electron ranges are
almost inversely proportional to the target density.

Figure 3 shows the energy distribution along depth z.
Peak energy intensity is near the interface of resist and
substrate. Most of electrons are collision near the
interface of resist and substrate, so they have greater
probability to go back to resist.

Figure 4 shows the effect of incident electron energy
on the width and intensity of energy deposition density.
As the energy of incident beam increases, the
backscattered exposure spreads more and more.
According to above reason this is very difficult to trade
off the resolution and proximity. Higher energy is good
for resolution, but is bad for proximity effect.

For energy deposition in lateral spreading, the range
is defined as the standard deviation. Figure 5 shows the

energy deposition range as a function of incident energy.

The backward scattering energy range in the resist is
amost proportion to incident energy. Electrons
penetrate the resist layer of 500nm and enter into Si
substrate when their energies are over 5keV. The
forward scattering energy range is saturated at the value
corresponding to the incident energy of 5keV.

Qualitatively, skewness measures the asymmetry of
the distribution and kurtosis measures how flat the top
of a distribution. Figure 6 shows the skewness and
kurtosis for energy deposition distribution along y-axis
in resist by backward scattering. It is well known that
Gaussian distributions have a skewness of 0 and a
kurtosis of 3. From the results of Figure 6 we can
assume that the energy deposition density distributions
within the resist by backward scattering behave as
Gaussian distributions.

In discrete from, the convolution integer may be
written as a convolution sum

¥
o]
dinl= & f[kHn- K] (an
k=-¥

where f [n] is the arbitrary input, h[n] is the impulse
response and g[n] is called the convolution sum. In

two-dimension, the convolution integral  and
convolution sum, (17) can be extended as

dnm=4& & flkiHn- km- 1] @
|=-¥ k=-¥

Figure 7 shows the results of 2D energy deposition
along lateral direction y within the photo resist for
pattern width of 2000nm using convolution method.
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The Monte Carlo smulation programs developed
in this work are very useful to the electron-beam
lithography. We can follow the electron trajectories in
resist and substrate. An empirical result of the spreading
range as a function incident energy and target material
density is very important to process design. The lateral
spreading of energy deposition is the main limitation of
electron-beam lithography. Spreading range is small for
lower incident energy, but electrons may not penetrate
resist at this energy. The convolution integral is very
powerful to extend the energy distribution.

— N

9

ST E

[1] G. Baccarain, “Process and Modeling for
Microelectronics’, Elsevier Science PublishersB.V. ,
1993.

[2] B. P. Nigam, M. K. Saunderson and Ta-Y ou Wu,
Phys. Rev., 115(1959) 491.

[3] H. A. Bethe, Ann. Phys. (Leipz.), 5(1930) 325;
Handb. Phys., 24(1933) 273.

[4] T. S. Rao-Sahib and D. B. Wittry, J. Appl. Phys,,
45(1974) 5060.

[5] D. F. Kyser and K. Murata, “Quantitative Electron
Microprobe Analysis of Thin Film on Substrates’, IBM
J. RES. DEVELOP. 1973, 352-362.

[6] J. Georgiev, G. Mladenov, D. Ivanov, “Monte Carlo
simulation of electron-beam exposure distributionsin
theresist on structures with high - T, superconducting
thin films’, Thin Solid Films, 251(1994) 67-71.

[7]1 Y. M. Gueorguiev, “A Program for Monte Carlo
simulation of penetration and scattering of accelerated
electrons in multicomponent multiplayer targets’,
Vacuum, volume 47, number 10, 1996, 1227-1230.

Ei=20ke* .
100 Electrons
PR A (0.5 L) £ Si02 (0.5um) 1 Si
o
il 2,
; SI102
Si
E 2F
=
3
4k
[. 1 L 1 1 Lyl I | 1 1 1
B -5 5 4 3 -2 A 0 1 2 3 4

Figure 1. Electron scattering trajectories with incident
energy 20keV in atarget of PMMA (0.5 m) / SiO, (0.5
um)/ S (5um).
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Figure 2. Range as a function of target density for two
different incident energies
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Figure 3. The forward scattering energy deposition at
depth Z for resist thickness 500nm coating on Si

substrate.
8 )
[ P (S000m) £ Si
i Ei=1kev
i — — — - Ei=Zke¥
oL - — Ei=SkeV
i o Ei=10ke
e |
= -
=
T af
- L
= L
(18]
2+~

-b00 400 =200 -0 100 0

¥ (nmy

100 200 200 400 500

Figure 4. Energy deposition density for back scattering
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Figure 5. Energy deposition range as a function of
incident energy in theresist
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Figure 6. The skewness and kurtosis of energy
distribution in the resist along y-axis by backward
scattering
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Figure 7. 2D Energy deposition profile used convolution
method for pattern width1000nm.
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