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Abstract: We have calculated the electron energy deposition distribution in Calixarene negative resist and analyzed the
development profile in order to improve the resolution of pattern. From the trajectories and energy deposition distribution
in resist at various beam diameters, it is obvious that the thinner resist film should be adopted for formation of very fine
dots. The analysis of relationship between the thickness of resist and dot diameter based on the critical energy densities
shows that the thickness of resist less than 20 nm can obtain 5-nm size dot pattern at the range of critial energy of 6.25
keV/em?®-56.25 keV/em®. The simulation of resist development profile indicates that dot size of 3 nm can even be obtained
at a higher critical energy density at 156.25 keV/ cnr’. Furthermore, Calixarene resist is more suitable than PMMA positive

resist by comparison of these two resists.
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1. Introduction

The recording density of magnetic data storage is

increasing and is expected to exceed 1 Tbit/in.” in the future.

The formation of nanometer-scale dot arrays is developed
for achieving high-density data storage. '™ It is crucial to
develop methods for fabricating high density magnetic
nano dot arrays with a pitch of less than 25 nm and to
achieve the next generation of patterned media with a
recording density of up to 1 Tbit/in.” in the future.*®
Electron beam lithography (EBL) '”) has been expected
as a candidate to form very fine pitch and dot arrays for
patterned media. Using the EBL, many efforts have been
made to improve the density of data storage. For example,
10-nm wide line patterning by using
p-methyl-methy-lacetoxy-calix[6]arene was first reported
by Fujita et al. '’Calixarene resist dot arrays with 20-nm
pitch were demonstrated by Hosaka et al. by using a 30

keV accelerating voltage. ' However, the formation of
high-density nano-scale dots is still one of challenging
works because the exposure dosage cannot be controlled
due to the charging-up '3 and proximity effects '¥. So far,
the calculation of exposure and development processes by
using EB drawing with Calixarene resist has not been done
yet to analyze the resolution-limiting factors of EBL in the
sub-10-nm range, which has limited our ability to further
improve its resolution. Therefore, we try to calculate the
electron energy deposition distribution in Calixarene resist
and analyze the development profile in order to improve
the resolution of pattern.

In this paper, we briefly describe our Monte Carlo
simulation for the scattering model using a Gaussian beam
as an incident electron beam with a diameter of about 2 nm
to investigate the energy deposition distribution (EDD) in
thin Calixarene resist. Using the spatial distribution of EDD,
we determine the profile of EDD during the electron beam
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scattering process. It is estimated to develop dot sizes at
various critical energy densities and to ensure to form fine
pattern with high resolution.

2. Monte Carlo Simulation Model
2.1. The Modeling of Gaussian Beam

In EBL, the EB writing system uses a finely focused
Gaussian electron beam for formation of fine pattern. We
have to consider the beam profile as an incident electron
beam in the simulation. Intensity of Gaussian electron beam
can be represented in one dimension by the function'”:

2
1

() = a7 (1)

wherer is the distance from a center of the beam, and s is
the standard deviation.

For the miniaturization of the dot size, small s value is
required. The s value has to be 1 nm because the advanced
SEM has very fine beam with a resolution of about 2 nm.*
We can determine the incident position of primary electron
using Monte Carlo simulation. Using the probability P and
Eq.(1), the position r is determined by following equations,

V() = forl(r) - 2mrdr )
_ v
P= f:V(‘r)d‘r (3)

whereP is a uniform random number between 0 and 1. We
prepared to make a data table of Eq.(2) by every increment
of » of 0.2 nm in a range of the » from 0 to 5s. The
normalizedV (r)corresponds to the probability P. The P can
determine the » by referring the table. And we can use the
linear interpolation methods to calculate the ». Then we can
use the r to calculate the coordinate of first incident point
of electron scattering.

2.2. The Modeling of Electron Scattering Process

The exposure of the electron to resist in EBL makes
energy deposition in the scattering of accelerated electrons
in the target. It is based on both a single scattering model
and a continuous slowing down approximation. The
screened Rutherford formula is used for the differential
elastic scattering cross-section as follows, '*'”

do _ e*zi(Z;+1)
dQ  4E%(1-cos0+2pB)

4)

where 8 is the screening parameter, e is the electronic
charge, Z is the atomic number of the material, E is the
energy of electrons, and the scattering angle 8 can be
calculated using the following equations:

20 5)
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where the R; is independent equidistributed random
number between 0 and 1.

2.3. Energy Loss and Energy Deposition Distribution

Since the electron suffers scattering along its trajectory, it
continuously losses its kinetic energy along the trajectory.
The Bethe’s equation is good empirical in calculating the
energy loss in electron atom interaction. The Bethe's
approximation is given by 20

dE _ 2me* 1.166E
— 2 = Yz In (—h_ ) (6)
where the n; is volume density of atoms, the J; is mean

ionization energy of atom i .
The terminal energy of the n scattering is:

dE
ds

Enyr =En — An (7)

En

where the E, is the energy of the (n-1)th scattering, theA,
is step length, and the |3—5|E is the mean energy loss rate

which can be obtained from Eq.(6).

Energy deposition distribution (EDD) is an important
parameter in consideration of EBL. In order to calculate the
energy deposition distribution in resist, we use cylindrical
coordination system. We divide the resist layer along z-axis
into several thin sub-layers. The EDD was calculated in a
radius-depth coordination system, assuming that the
scattering to azimuth direction is in symmetry. This means
that the resist layer was divided into many concentric rings.
The simulation was executed to calculate the total energies
E(r,z) in every unit ring for EDD function. Using the
volume AV of the sub-layer, the EDD function is given by
following equation,

E(r,z)
(AV-Np)

EDD(r,z) = ®)

where the N, is total number of incident electron.

3. Results and Discussion
3.1. Description of Electron Scattering Trajectories

We present Monte Carlo simulation results of energetic
electrons impinging in thin film of Calixarene resist based
on the model and method as explained above. In the
simulation, it was assumed that the electron suffers first
scattering after the electron traveling along z-axis for the
step-length.

The initial energies of the incident electrons were 30 keV
and 10 keV. The scattering trajectories of electrons with the
incident beam energies in the resist material was used the
same as Calixarene resist layer on Si substrate were shown
in Figs.1-2. In the simulation, the thickness of the resist
layer of 100 nm, Gaussian beam diameter of 2 nm, and the
number of incident electrons of 500 were used. With an
incident energy of 30 keV, penetration depth was about 4
pm and lateral range was about 1.5 um in Si (Fig.1(a)). In
the resist layer, the electron scattering was expanded only
to about 20 nm in radius direction (Fig.1(b)). Although
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using 10 keV incident electrons can diffuse as deep as 0.6
pminto the sample, lateral range was expanded to be about
40 nm in the resist layer which is larger than that of 30 keV
(Fig.2(a) and Fig.2(b)). It indicated that as the energy
decreases, the electrons scattering range is expanded in the
thin resist layer.
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Figure 1.Simulation plot of electron scattering trajectories.(a) Electron
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scattering trajectories with incident energy 30keV; (b) Trajectories in
resist (100nm) with incident energy 30keV.
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Figure 2.Simulation plot of electron scattering trajectories.(a) Electron
scattering trajectories with incident energy 10keV; (b) Trajectories in
resist (100nm) with incident energy 10keV.

3.2. Effect of Beam Diameter on Nano-Sized-Formation

Beam diameter is one of the major characteristics that
affects the accuracy and resolution of EBL systems. Our
electron beam writing system can provide us high probe
current up to >2nA at small probe diameter of
< 10 nm. In order to study the effect of the Gaussian beam
diameter on fine patterning, we have simulated the electron
trajectories in resist and EDD distributions when the s was
from 1 nm to 4 nm, that means the beam diameter was from
2 nm to 8 nm. In this simulation, the incident electron
energy was 30 keV, the thickness of resist was 100 nm.
Figure 3(a) shows that the scattering area is very narrow
that is about 20 nm in resist using the beam with a very
small diameter of about 2 nm. When s increases from 1 nm
to 4 nm, the scattering area becomes large as the beam
probe diameter increases (Fig.3.(a)-(d)). Figure 4(a) and
Figure 4(b) show the EDD distributions when beam
diameters were from 2 nm to 8 nm at 10 nm depth of resist
and 30 nm depth of resist, respectively. They indicated that
the smaller the beam diameter, the more centralize the
energy deposition distribution. Using high resolution probe
beam can effectively to form very fine dot pattern.
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Figure 3.Trajectories in resist(100nm) at various probe diameters. (a)
probe diameter s = 1 nm; (b) probe diameter s = 2 nm; (c) probe
diameters = 3 nm, (d) probe diameter s = 4 nm;
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Figure 4.Energy deposition distributions (EDD) at various beam
diameters. (a) EDD at various beam diameters in 10 nm thickness of resist;
(b) EDD at various beam diameters in 30 nm thickness of resist.

3.3. Energy Deposition Distribution

The spatial distribution of the deposited energy density
in the resist is the most important value that determines the
characteristics of the obtained latent image during the
electron beam exposure process.”” Here, in order to
evaluate the dependence of resist thickness on the
formation of very fine dot arrays using e-beam energy of 30
keV, the energy deposition distribution at various depths in
thin Calixarene resist was calculated. Figure 5(a) shows the
radial distribution of the electron energy deposition in the
resist layer of different depths 10 nm, 50 nm and 100 nm in
the case of negative resist Calixarene over a Si substrate
with e-beam energy of 30 keV is obtained following 30000
electrons from a Gaussian beam with a probe diameter of 2
nm. It can be clearly seen that the shallower the depth from
the surface of the resist, the narrower and the sharper the
distribution. From the energy deposition distribution, we
can obtain the relationship between thickness of resist and
the dot diameter in various critical energies, as shown in
Fig.5(b). The figure shows that thickness of resist less than
30 nm can form the sub-10nm dot pattern while the
thickness of resist of less than 20 nm can obtain very fine
dot with a size of 5 nm. Therefore, the resist film is used
must be as thin as possible for very fine dot array
formation.
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Figure 5. (a) Energy deposition distribution of different depths of resist; (b)
the relationship between the thickness ofresist and dot diameter at
different critical energy.

3.4. Consideration for Resist Development Based on the
EDD

The goal of the simulation of the processes in EBL is
prediction of the resist profile of the developed exposed
microstructure. Resist development is defined as the resist
molecule is solved and linked at critical energy density in
positive and negative resists, respectively. For the
evaluation of the dot size in resist profile, calculations in a
wide range of critical energy densities were executed.
Figures 6.(a)-(d) show the developed resist profiles at
various critical energy densities of 156.25 keV/cm3 —
6.25 keV/cm? in Calixarene resist. It is clear that the dot
diameter decreases with not only thickness but also critical
energy. Small pattern formation is possible by selecting the
higher critical energy density, which corresponds to
exposure dosage in experiment.

According to the negative resist development mechanism,
the exposed resist portions are remained on the substrate.
Although the height of the resist pattern is not complete and
short, when the critical energy density of 156.25 keV/cm?3,
the pattern of 3 nm can be formed as shown in Fig.6(a). It
is clear that the smaller pattern size is obtained by selecting
the higher critical energy density, but the height of the resist
pattern decreases as the critical energy density increases.
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Figure 6.Simulated resist profiles at various critical energies.(a) Critical
energy at 156.25 keV /cm3; (b) Critical energy at 56.25 keV Jcm3;
(c)Critical energy at 18.75 keV /cm?®, (d) Critical energy at 6.25 keV /
cm3.
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3.5. Comparision of Calixarene Resist with PMMA Resist

PMMA ( (CsHg0,), ) *® as a positive resist is a
compound of carbon (C), hydrogen (H), and oxygen (O)
with a molecular weight of 100.067 having average density
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1.19 g/cm3, however, Calixarene(C3¢H340,Cly) is roughly
a ring-shaped molecule with a diameter of less than 1nm
and thus is mono-dispersed with a molecular weight of 674
and having density 1.09 g/cm3. 229 We use the random
number method to select the scattering atom, and we can
get that the total cross section in PMMA is larger than that
inCalixarene. Consequently, the scattering lateral range of
about 40 nm in PMMA resist is larger than that about 20
nm in Calixarene resist by using 30 keV incident energy.
Furthermore, because the basic component of Calixarene is
a phenol derivative from the strong chemical coupling of
the benzene ring, which seems Calixarene has high
durability and stability. Therefore, Calixarene negative
resist is very suitable to form nanometer-sized dot.

4. Conclusions

Using home-made Monte Carlo simulation program with
Gaussian electron beam and Calixarene negative resist, we
calculated electron interactions in sample at various
conditions. In the simulation, we calculated energy
deposition distributions in the sample of 100-nm-thick
Calixarene resist layer on silicon substrate when 30 keV
electrons impinge into the resist layer on Si substrate. The
evaluation of dot size of resist profile was studied as a
function of incident energy, Gaussian beam diameter and
resist thickness, theoretically. As a result, the followings
conclusions can be drawn:

(1) Tt is necessary to use the thinner resist film for the
formation of very fine dots using Gaussian beam with fine
probe diameter of 2 nm.

(2) It is potential to form 3 nm-diameter dotwhen the
resist thickness is less than 20 nm using negative resist
Calixarene by the simulation.

(3) High critical energy density is suitable to form very
fine dot pattern.

(4) Increasing of incident electron energy can also make
it easy to form smaller pattern.

(5) Calixarene negative resist has an ability to make
smaller pattern comparing with PMMA positive resist.
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