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Electron Beam Lithography for Fine Dot Arrays
with Nanometer-Sized Dot and Pitch
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1. Introduction

Recently, electron beam (EB) lithography has been applied to mask and reticle pattern draw,
for fabricating semiconductor devices, and nanometer-sized pattern direct writing for
developing of new concept nano-device. Mainly, the developing of practical EB drawing
system has been started since 1960s, and fine pattern formation has also been studied together
with the system development [1-3]. Regarding EB-drawn pattern size, at first, micron and
submicron-sized pattern has been drawn on mask blank and directly on the device [4]. Today,
the pattern size miniaturizes to nanometer-size of less than 20 nm in research [5, 6].

Especially, I have focused the EB lithography into the possibility to form fine dot and fine
pitched dot 2-dimensional arrays for patterned media and quantum devices. The research
has been done by dependences of resist material and thickness on drawing of fine dot arrays
with nanometer-sized pitch in EB drawing, theoretically and experimentally. I have used
Monte Carlo simulation and a conventional EB drawing system combined with scanning
electron microscope (SEM) and EB drawing controller [7].

In this chapter, I describe key factors such as resist type, resist thickness, proximity effect,
etc for a formation of nanometer-pitch dot arrays, a limitation of the EB-drawn size
theoretically and experimentally, and demonstrate the applications to dry-etching process
and nano-imprinting.

2. Monte Carlo simulation of electron scattering in solid for EB lithography
[8]

Electron scattering in the resist and substrate is described based on its scattering angle,
mean free path, energy loss, etc. Trajectories of incident electrons and energy deposition
distributions (EDDs) in the resist are calculated. From the EDD, EB drawn resist dot profiles
are estimated. The formation of nanometer sized pattern for electron energy, resist thickness
and resist type can be studied. The EDD in 100 nm-thick resist on Si substrate were
calculated for small pattern drawing. The calculations show that 4 nm-wide pattern will be
formed when resist thickness is less than 30 nm. Furthermore, a negative resist is more
suitable than positive resist by the estimation of a shape of the EDD.

2.1 Calculation model for Monte Carlo simulation of electron scattering
For the treatment of electron elastic scattering, the screened Rutherford scattering model [11]
is employed as follow,
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4 Recent Advances in Nanofabrication Techniques and Applications

do;,  e*Z;(Z;+1) 2.1)
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where the f is the screening parameter which is given by
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where the e is electronic charge, th the 6 is scattering angle, the ay is Bohr radius, the / is
Planck's constant and the p is the electron momentum. Step length is calculated based on
the electron mean free path A. The A is given by

Aol 4 (2.3)

“noe N yoles
where the n is volume density of atoms, the o is total cross section calculated from
differential scattering cross section, the N is Avogadro's number, the A is atomic weight and
the p is mass density. Scattering angle # and azimuthal angle ¢ can be obtained using the
following equations:

2R,

chos_l(l——
1-p-R,

] , $=21R, (2.4)

where the R; and R, are independent equidistributed random number between 0 and 1.
Since the electron suffers scattering along its trajectory, it continuously loses its kinetic
energy along its trajectory. In Monte Carlo simulation, incident electron is slowing down
following Bethe's formula, which is a good empirical method of calculating this energy loss
in electron solid interaction. The Bethe's approximation is given by

4
B Z_E _ 27;; S0, 1n(1.166EJ 2.5)
s i

1

where the n; is volume density of atoms, the J; is mean ionization energy of atom i . The
terminal energy of the nth scattering is:

E,.1=E,—|dE/ds|_ -A (2.6)

n+ n

where the E, is the energy of the (n-1)th scattering, the A, is step length, and the |dE / ds| E is
the energy loss rate which can be obtained from Eq. (2.5).

The EDD is an important parameter in consideration of EBL. In order to calculate the EDD
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. This
means that the resist layer was devided into many small concentric rings. The simulation
was excuted to calculate the total energies E(r,z) in every unit ring for EDD function. The
ring volume AV is given by following equation,

AV = (r(r+Ar) - 7r?)-AZ 2.7)

www.intechopen.com
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where the AZ is the thickness of sub-layer and the Ar is increment in radius direction, From
the volume, the EDD function is given by following equation,

EDD(r,z)=E(r,z) / (AV -Ny) (2.8)

where the N, is total number of incident electron.

2.2 Simulation results and discussion
2.2.1 Description and electron trajectories

Monte Carlo simulation has been excuted in energetic electrons impinging in thin film of
Si covered with resist material. By using uniform random numbers between 0 and 1, the
scattering angles € and ¢ can be calculated by using Eq. (2.4). Using Egs. (2.5) and (2.6)
,we can calculate the energy loss AE due to scattering of the electrons with atoms in the
sample along its trajectory. The trajectory of the electron was traced till its energy slowed
down to 50 eV. PMMA (C5HgO,) with a compound of carbon(C), hydrogen(H) and
oxygen(O) was used as the typical resist. In the simulation, we use random sampling
method to determine the scattering center, the step length and use a new coordinate
conversion method [12] for calculating the trajectories of electrons. The initial energies of
the incident electrons are taken to be 30 keV and 10 keV. The scattering trajectories of
electrons with different incident beam energies in the resist material was used with the
same as PMMA resist layer on Si target are shown in Figs. 2. 1- 2. 4. In the simulation, the
thickness of the resist layer of 100 nm and the number of incident electrons of 500 was
used. With incident energy of 30 keV, the penetration depth was about 3.5pm and lateral
range was about 1.5 pm in Si (Fig. 2. 1). In the resist layer, the electron scattering was
expanded only to about 20 nm in radius direction (Fig. 2. 2). Although using 10 keV
incident electrons can diffuse as deep as 0.5 pm into the sample (Fig. 2. 3) but lateral range
was about 50 nm in the resist layer which is larger than that of 30 keV (Fig. 2. 4). It
indicated that as the energy decreases, the electrons scattering lateral range is expanded in
the thin resist layer at the top.

Simuation plot for electron scattering trajectories
D . ; : . :

Fig. 2.1. Electron scattering trajectories at incident energy 30 keV
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Fig. 2.2. Trajectories in resist (100 nm) at incident energy 30 keV.

Simuation plot for electron scattering trajectories
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Fig. 2.3. Electron scattering trajectories at incident energy 10 keV.
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Fig. 2.4. Trajectories in resist (100 nm) at incident energy 10 keV.

2.2.2 Energy deposition distribution (EDD)

The energy deposition density at various positions in depths and radius in the thin resist
was calculated. The thickness of the resist was 100 nm, and the incident energy was 30 keV.
The AZ and Ar were 2nm, and the number of electrons was 30000. Fig. 2. 5 shows the EDD

www.intechopen.com
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in the resist layer of various depths 10 nm, 50 nm and 100 nm. It can be clearly seen that the
shallower the depth from the surface of the resist, the narrower and the shaper the EDD. Fig.
2.6 shows the relationship between resist depth and standard deviation o of the EDD
assuming that the EDD is approximated by Gauss distribution.

2
1 1 (r—m)

EDD(r)=—1= —expy=———<"— 29

=07 o 2 29

It indicates that small pattern could be produced by using thin resist. It can effectively
reduce proximity effects and thus greatly improve resolution.

Energy Deposition Dersityievinm

-G0 -40 -20 0 20 40 G0
m{Radius ¥nm

Fig. 2.5. Energy deposition distribution of different depth of resist.

10

Standard deviation o/nm
(&1}

0 20 40 A0 80 100
Positicn Z from the surface/nm

Fig. 2.6. The relationship between resist depth and width of dot.

2.2.3 Consideration for resist development based on EDD

Resist development is assumed as the resist molecule are solved and linked over the
critical energy density so that they are soluble and insoluble in positive and negative
resists, respectively. Figs. 2. 7(a)-(d) show the area over the critical energy density of
28.125 keV /cm® - 0.5keV /cm® . It is clear that small pattern formation is possible by

selecting large critical energy density, which corresponds to small exposure dosage in
experiment. In the positive resist, however, it is very important to solve the top layer at
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8 Recent Advances in Nanofabrication Techniques and Applications

first. The energy densities of the top layer do not reach to the critical energy density in
Figs. 2. 7(a)-(c). As the result, no patterning occurs in the energy region as shown in Figs.

2. 7(e)-(g). When the critical energy density is less than 0.5keV /cm®, the hole pattern

appears as Fig. 2. 7(h). The hole diameter increases with the depth in the resist layer. In
our experiment, however, the small diameter of about 4 nm disappears. This may be
caused by capillary force. The minimum diameter of about 7 nm was obtained in previous
experiment using ZEP520 positive resist [7]. On the other hand, Figs. 2. 7(i)-(l) show the
developed resist profiles at various critical energy densities. As the linked molecule is
remained on the substrate based on negative resist development mechanism, nanometer-
sized patterns are formed as shown in Fig. 2.7(i), although the height of the resist pattern
is not complete and short. It is clear that the smaller pattern size is obtained by selecting
the heigher critical energy density,but the hight of the resist pattern decreases as the
critical energy density increases. Therefore, negative resist is very suitable to form
nanometer-sized pattern.

28.125 keV/icm® 12.5 keV/iecm® 6.25 keV/icm® 0.5 keV/icm®
g 20 (@) g 20 (b) g 0 (c) g 20 (d)
§ 40 % 40 § 40 % 40
.g 60 .g 60 -% 60 % 60
T 80 T 80 T g T g
;
0% 0 20 10055 0 20 10055 0 20 10056 0
Radius/nm Radius/nm Radius/nm Radius/nm
28.125 keV/em® 12.5 keV/icm® 6.25 keVicm® 0.5 keV/cm®
20
€ c g 20 c
£ £ £ 40 £ 40
= = =
5 i) S g0 5 60
[} [ [} [}
T T T 80 T 80
0 -20 0 - -20 0 20
Radius/nm Radius/nm Radius/nm Radius/nm
28.125 keV/cm® 12.5 keVicm® 6.25 keV/em® 0.5 kevicm®
. 20 (1) < 20()) ¢ 20/(K) ¢ 20(1)
§ 40 § 40 § 40 § 40
S 60 S 60 2 60 3 60
T 80 T 80 T 80 T 80
100
10055 0 20 10055 0 20 1005 0 20 -20 0 20
Radius/nm Radius/nm Radius/nm Radius/nm

Fig. 2.7. Simulated resist profiles at various critical energies; (a) resist region over 28.125
keV/cm?, (b) 12.5 keV/cm?, (c) 6.25 keV /cm?, (d) 0.5 keV/cm?, (e)-(h) positive resist region
remained by development, (i)-(1) remained negative resist regions.

3. Formation of highly packed fine pit and dot arrays using EB drawing with
positive and negative resists [7, 13]

Fine bit arrays formation for an ultrahigh density optical and magnetic recordings has
experimentally been studied using EB drawing with a high resolution scanning electron
microscope (HR-SEM), a drawing controller [7] and positive and negative EB resists. As
experimental results, calixarene negative EB resist is very suitable to form an ultrahigh
packed resist dot arrays pattern, comparing with ZEP520 positive resist as same as
described in previous section. We obtained very fine dot arrays with a diameter of <15 nm,
and 2-dimensional pitch of <30 nm.
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Electron Beam Lithography for Fine Dot Arrays with Nanometer-Sized Dot and Pitch 9

3.1 EB-drawing system [7]

I have already reported key technologies which enable ultrahigh packing over 1 Tb/in2: (1) the
use of an EB drawing system with a fine probe and large probe current, (2) the thinning of the
resist to prevent the spread of incident electron scattering in the resist, and (3) the design of a
highly packed pattern with a hexagonal or centered rectangular lattice structure to avoid the
proximity effect (Fig. 3. 1). The EB drawing system consists of a HR-SEM (JSM6500F, JEOL,
Ltd.) and a writing controller (Tokyo Technology Co., Ltd.) (Fig. 3. 2). The drawing was done
on a resist coating on a piece of Si placed on the XY table, which was not moved during the EB
writing. This type system is very suitable for checking the limit of the drawing pattern size,
because the stage position error can be neglected. The system provides a high probe current of
2 nA at a resolution of 2 nm. We used the system under a probe current of 100 pA and an
acceleration voltage of 30 kV. In the drawing, the address resolutions were 10 nm and 2.5 nm
for ZEP520 and calixarene [14, 15] resists, respectively. Development was carried out using the
commercial developers ZED-N50 (MIBK+IPA) and ZEP-RD (xylene) for 210 sec and 180 sec
for ZEP520 and calixarene, respectively. In particular, we adjusted the focus to get the fine
probe on the sample surface at a magnification of 250k-200k.

In order to achieve 1-Tb/in2 storage patterned media, we carried out experiments to confirm
whether EB writing can form very fine pit or dot arrays with a pitch of <60 nm or not. At
first, we coated the resist on a piece of Si substrate with a thickness of 70 nm and 15 nm in
ZEP520 and calixarene, respectively. After pre-baking, we drew ultrahigh-packed pit and
dot patterns with a pitch of 20-60 nm. After developing and rinsing the resists, we checked
the drawn patterns using the same HR-SEM. Thinning allows not only to prevent electron
scattering extension in the resist, but also to avoid electron charging. We determined the
minimum thickness at which there is sufficient contrast and no damage to the resist during
SEM observation. The thickness of 70 nm in ZEP520 resist was decided by electron damage
and contrast signal in SEM. I could not obtain the high magnitude SEM image in a thickness
range of less than 70 nm.

Bit pitch (BP)
D BP

— Track
PO O O o o B
\8 O O O O O
O O o o |}
@) (b)

Fig. 3.1. Bit arrangement for highly packed bits array; (a) rectangular lattice pattern and (b)
centered rectangular lattice pattern used here.

SEM cnlmn FE-SEM
. controller ||

EB writing
controller

Fig. 3.2. Overview image of conventional EB drawing system.
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10 Recent Advances in Nanofabrication Techniques and Applications

3.2 EB drawing [7, 13]

3.2.1 Using ZEP520 positive EB resist

Figure 3.3 shows SEM images of ZEP520 pit patterns drawn at an exposure dosage of around
180 nC/cm?. The figure shows that the minimum pit arrays were drawn with a minimum pit
diameter of <20 nm at a pitch of 40 nm x 60 nm [13]. We could not form higherpacked pit
patterns than this. Furthermore, the pit size drastically changed, with a fluctuation of about 18
nm in this pitch arrays pattern and about 11 nm in the case of a pitch of 100 nm x 60 nm (Fig. 3.
4). This indicates that the pit array pattern with a pitch of 40 nm x 60 nm is the limit for
ZEP520. This pattern corresponds to about 270 Gb/in2. But it is not practically usable because
the fluctuations are too large. In addition, the minimum pit diameter is about 7 nm in Fig. 3. 3.
Comparing with Monte Carlo Simulation result, the pit diameter is larger than simulated size
of 4 nm. This is caused by capillary force between pit and developer.

BP:60nm and TP : 50nm BP:60nm and TP : 40nm

Fig. 3.3. SEM images of ultrahigh packed pit resist pattern using ZEP520 (180 pC/cm?, 30
kV), (a) pitch of 60 nm x of 50 nm, (b) 60 nm x 40 nm.

40

@ l\?dximum SiZE Fluctuation: 11nm
=T
fé- 35 o 7_»_}, —a— "o
g ¥ e — BP: 100nm
- 25 P ot .
g 2 - o e TN Average size TP: 50nm
e 15 b E 2 e RTHRTS
o
10 . . . . ‘ .
140 150 160 170 180 190 200 210
Exposure dosage Q(uC/cm?)
. . Fluctuation: 18nm
45 M cl7a
a0 (b) o I
L o .
E 35 ——h AVETAZE Size BP: 60nm
- 30 3 = TP: 40nm
g 25 5
= A A Ao -MHEnimum size
= 20 o= -
T G

140 150 160 170 180 190 200 210
Exposure dosage Q(C/cm?)

Fig. 3.4. Variations of ZEP520 resist pit width in ultrahigh packed pit arrays (a) with a pitch
of 100 nm x 50 nm and (b) 60 nm x 40 nm for exposure dosage at 30 kV.
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3.2.2 Using calixarene negative EB resist

Figure 3.5 shows SEM images of ultrahigh-packed dot arrays resist patterns (a) at a pitch of
30 nm x 30 nm, and (b) 30 nm x 25 nm. The exposure dosage was 40 mC/in2. In these
experiments, we succeeded in obtaining high packed dot arrays pattern (Fig. 3. 5(b)). The
dot size was 11 to 14 nm in diameter. The size fluctuation was about 2 or 3 nm and almost
constant in the range of 30 to 45 mC/cm?2. This resist is very suitable to nano-fabrication (Fig.
3.6).

Calixarene resist, however, has the drawback that its sensitivity is too low for mass
production purposes. It takes much time to draw the dot arrays pattern over large sample.
We have to develop a new resist with sensitivity higher by 2 orders of magnitude. The
reason for its low sensitivity is in related with its molecule size. A lot of electrons are
required to change the calixarene molecule to large molecular (weight: >several 10000s) for
insolubility by linking many calixarene molecular (weight: about 600).

30nm x 30nm 30nm x 25nm

Dlooooloanoaanaaf B
lll.'ﬁiﬁiﬂll'.'ﬁlm
#ﬂl.ﬂﬁ.!!epﬂﬁ.b.’#ﬁlt

Q00002 pODOROPRDCPROOBO P
Propo oo e dODROCD B

PYovpaeooepncooerono
ploPooDORCROO OO DARRR(
CODOPPODOUODROOORO0B Y
PoDO DO RPORORD %0 00 00 80Im
foePp o000 sIMMO0 O RO

s -
MO o1 WOy KOTE) 100w WD 11 Neww

Fig. 3.5. SEM images of ultrahigh packed dot resist pattern using calixarene (14mC/cm?,
30kV), (a) pitch of 30 nm x 30 nm, (b) 30 nm x 25 nm.

30 .
© aximum size E Eﬂaximum size
E ‘7' = - CT ST, ol
g 201 - o 4
% 10 B S — Average size :‘_j Average size
) n.hmurn size a Minimum size
0 | 0 . !
25 30 35 40 45 25 30 35 40 45
Exposure dosage Q[mC/cm?] Exposure dosage Q(mC/cm?)

Fig. 3.6. Variations of the calixarene dot size in ultra-high-packed dot arrays; (a) pitch of 30
nm x 30 nm and (b) 25 nm x 25 nm.

3.3 Consideration of the different limitations in ZEP520 and calixarene

The difference between the limitations has been investigated using the exposure intensity
distribution (EID) and EDD in Monte Carlo simulation. The EID functions were determined
by measuring the widths of one-line patterns drawn under various exposure dosages. We
obtained the change of the required exposure dosage for the line-width, and then the EID
from the change.
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The EID is defined by Eq. (3.1), assuming that the distribution is Gaussian. The 1st and 2nd
terms in Eq. (3.1) represent the energy depositions due to electron forward scattering (FS)
and backward scattering (BS), respectively.

2 2
r r
E(r)=C,exp(-—)+C,exp(-—) 3.1)
o) o,
10 |
—| (a)
z 1§
‘@A (b) .
c calixarene
£ o1
- ZEP520
0.01
0.001 =
0 1000 2000 3000 4000
Radius r (nm)
10
calixarene (b)
21
b ZEP520
a
£0.1
0.01
0.001

0 20 40 60 80 100 120
Radius r (nm)

Fig. 3.7. EID functions measured by using ZEP520 and calixarene EB-drawing at 30 keV.

For the miniaturization of the bit size, the o; value in the 1st term is crucial. In the
experiments, the exposure dosages were changed from 10 uC/cm?2 to 5 C/cm?2. Then, we
obtained the EIDs using ZEP520 and calixarene, as shown in Fig. 3. 7. Figure 3. 7 shows
the 1st term in detail. When we roughly fit the EID function to Eq. (3.1), the o; values
were about 5 nm and 20 nm in calixarene and ZEP520, respectively. In the Monte Carlo
simulation, the o; values were about 2 nm and 3 nm at a resist thickness of 15 nm and 70
nm, respectively (Fig. 4. 1). Although the values were calculated under the condition of
30-keV electron incidence on PMMA resist on a Si substrate and are slightly smaller than
those using calixarene and ZEP520, we consider that they are roughly the same as those
using PMMA because the resist thicknesses are very thin. When the electron probe size of
2 nm and the molecular size of 1 and 3 nm in calixarene and ZEP520, respectively, are
considered, the experimental value becomes 13 nm larger than the estimated value in
ZEP520, while the values are almost same in calixarene. This may be due to the molecular
size, structure of the ZEP520 resist and capillary force in the development. The size of
ZEP520 is a few nm assuming to be spherical. Sometimes, ZEP520 may be in a chain
structure when the molecule is not solved after EB exposure. This comparison indicates
that the smallest pattern in EB writing may be determined by the resist’s molecular size,
structure and resist type.

www.intechopen.com
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4. Challenge of formation of less than 20 nm x 20 nm very fine pitch dot
arrays using 30 keV EB drawing with thin calixarene resists [5, 16, 17]

The possibility to achieve very fine dot arrays with a pitch of less than 20 nm x 20 nm using 30
keV EB drawing with calixarene resist has been investigated. In order to form such a pattern,
the resist thickness dependence on dot size and packing has been studied. In this section, EB
drawing with extremely thin film for very highly packed dot arrays formation is described. As
the experimental results, it is demonstrated to form higher packed dot arrays pattern with a
pitch of 20 nm x 20 nm and 18 nm x 18 nm in 13-nm-thick resist using 30 keV electron beam.

4.1 Electron scattering in thin resist film for fine dot arrays [16]

In order to check the resist thickness dependence on formation of very fine pitch dot arrays
using 30 keV electrons, the EDD was calculated using Monte Carlo simulation. From the
simulation, the possibility to achieve a very fine pitch dot arrays is studied. It is very important
to study the EDD because the resist dot formation occurs by linking the molecula enhanced by
the energy in a case of using negative resist. The EDD function is represented as Eq. (3. 1),
assuming that the distribution consists of 2 Gaussian distributions as described in last section.
At least, the miniaturization of the dot size, the o value in the first term is very crucial.

Figure 4. 1 shows the EDDs with PMMA resist thickness of 15 nm, 70 nm and 200 nm on Si
substrate with 30 keV electrons using Monte Carlo simulation. From the result, the o, values
are about 2 nm, 3 nm and 8 nm at a resist thickness of 15 nm, 70 nm and 200 nm,
respectively. Figure 4. 2 shows a variation of the o0; value for the resist thicknesses. As the
resist thickness decreases, the 01 value becomes small. We can estimate the o, value of about
1.5 nm at a resist thickness of 10 nm. This means that it is possible to form finer pitch dot
arrays than that in previous section using such a thin film. Therefore, it is very important to
use resist film as thin as possible for formation of very fine pitch dot arrays.

1019

~30keV —
Bottom PMMA
18 5x10° electrons
10 ]
Resist thickness
70nm 15nm

17 S, |

10 s
SN 200nm

16 |
10 R /\ f\vhvfﬁ \ A \f\[

-40

10

1014

-20 0 20 40
Radial distance r(nm)

Fig. 4.1. Monte Carlo calculated result of energy deposition distributions (EDDs) for various
resist thickness of PMMA on Si substrate.

10

1 10 100 1000
Film thickness t(hm)

Fig. 4.2. A variation of the 0; value in EDD for the resist thicknesses.
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4.2 EB drawing and sample preparation

The conventional EB drawing system was used as described in section 3. 1. The drawing
was done on a resist layer coating on a piece of Si after we set the sample on the XY table in
the system. The EB drawing was done under a probe current of 100 pA at an acceleration
voltage of 30 kV. In the other system parameters, the address resolution was 2.5 nm in a
drawing field of 25 um x 25 pm.

The calixarene resist films on Si substrate with a thickness of 11.8 nm to 16.9 nm, which were
controlled by the spin coating at a speed of 3000 rpm to 8000 rpm for 190 s was prepared as
shown in Fig. 4. 3. The thicknesses were measured by contact mode atomic force microscope
(AFM).

The resist process is as follows. After coating the resist on the Si substrate, pre-baking was
done at the 110 °C for 3 min in air. Then, the EB drawing was done by raster scanning with
the CAD data. After the developing and rinsing with a developer of ZEP-RD and iso-
propanol, respectively, The pattern quality was checked whether complete formation of the
drawn dot arrays was done or not.

18

16 N\

14 TN

1 \\

10
2500 3500 4500 5500 6500 7500 8500
Rotation r(rpm)

Thickness t(nm)

Fig. 4.3. Thicknesses of 11.8 nm to 16.9 nm controlled by the spin coating at a speed of 3000
rpm to 8000 rpm

4.3 Experimental results

4.3.1 Formation of 20 nm x 20 nm pitched dot arrays [16]

Figure 4. 4 shows the SEM images of 20 nm x 20 nm pitch dot arrays patterns drawn by 30 keV
electron beam at a dosage of 16 mC/cm? using various resist thicknesses of 11.8 to 16.3 nm. In
Figs. 4. 4(a) and (b), there are many defects such as the dots combined with neighbor dots. On
the other hand, the number of defect decreases with the thickness. At the resist thickness of
13.1 nm, the 20 nm x 20 nm pitch dot array have completely been drawn as shown in Fig. 4.
4(c). Furthermore, using further thin resist film, the dot arrays appear unclearly (Fig. 4. 4(d))
because the SEM contrast becomes poor due to thin thickness. Therefore, the resist thickness of
about 13 nm is very suitable for formation of 20 nm x 20 nm very fine pitch dot arrays.

Fig. 4.4. SEM images of 20nm x 20nm fine pitch dot arrays formed by 30keV EB lithography at a
dosage of 16 mC/cm?, (a) with a resist thickness of 16.1 nm, (b) 14.7, (c) 13.1 nm and (d) 11.8 nm.
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Fig. 4.5. Variations of average calixarene dot size with thicknesses for various exposure dosages.

|| Exposure
dosage:14
mC/cm?

16 mC/cm?

18 mC/cm?

+0 O WD 12 mm 3006V X 200,00 Onm 3 12.8mm

Fig. 4.6. SEM images of 20nm x 20nm pitched calixarene resist dot arrays formed by 30keV
EB drawing on Si substrate (1.6 Tb/in?) in 9 shots/dot drawing.

From Fig. 4. 4, the variations of average calixarene dot size for various thicknesses and
exposure dosages were obtained as shown in Fig. 4. 5. The figure shows that the dot
diameter decreases with not only thickness but also exposure dosage. Although the
diameter variation with exposure dosage means that proximity effect occurs in the EB
writing, the thin resist layer contributes to get small drawing probe. In order to draw the 20
nm x 20 nm pitch dot arrays pattern, we need a dot size of 15 nm at least. From Fig. 4. 5, it is
neccessary to choose an exposure dosage of <16 mC/cm? and a resist thickness of < 13 nm
for the fine pitch arrays formation.

Figure 4. 6 shows the result of the 20 nm x 20 nm pitch dot arrays patterns drawing with a
thickness of 11.8-14.7 nm at some exposure dosages. The exposure dosages were 14
mC/cm?, 16 mC/cm? and 18 mC/cm?. At a dosage of 14 mC/cm?, there are some vacancies
as defects. It may be caused by that the dosage is not enough to make the resist molecular
link. When using commercial developer, the insufficient exposed resist part was solved so
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that the completed dots could not be formed. At a dosage of 16 mC/cm?, it is enough to
makes complete dots. In a case of a dosage of 18 mC/cm?, the dot was combining together
with neighbor dots because the dot size becomes larger than that at 16 mC/cm?2. Figure 4. 7
shows the variations of the dot size with exposure dosage of the 20 nm x 20 nm dot arrays
pattern at a resist thickness of 13.1 nm. The fluctuation of the dot size between minimum
and maximum dot sizes are about 3 nm. This is as small as that in previous section. The
experimental results demonstrated that 30 keV EB drawing can form 20 nm x 20 nm very
fine pitch dot arrays pattern using optimal resist thickness and exposure dosage.

Pitch: 20 nm x 20 nm

’E‘ 30 Maxiﬁ]um size
= 20 i
.: 10 AN Average size
A Minimum size ‘
0
13 15 p L |

Exposure dosage Q (mC/cm?)

Fig. 4.7. Variation of the resist dot size measured from the 20 nm x 20 nm pitch resist dot
arrays formed by EB-drawing with 30 keV incident electron.

4.3.2 Challenge to form 18 nm x 18 nm pitched dot arrays [5, 16]
(1) Dependences of resist thickness and exposure dosage on 20-nm-pitch EB drawing

Initially, we studied the effects of resist thickness and exposure dosage on 30-keV EB
drawing of the dot arrays with a pitch of 20 nm x 20 nm. Figure 4. 6 indicates that the
optimal thickness and exposure dosage were about 13.1 nm and 16 mC/cm?, respectively.
On the other hand, we did not obtain good results using a thickness of 11.8 nm, although the
thickness was as thin as possible. This may be caused by insufficient contrast of SEM images
due to an excessively thin resist and poor focus adjustment. Thus, it is necessary to use a
thin resist film to suppress the scattering of the primary electrons in the resist. The tendency
that finer dot arrays patterns can be drawn with thinner resists are demonstrated, and
agrees with the simulation result. Nevertheless, there exists a critical thickness for fine
evaluation of the drawn pattern as described above.

(2) Possibility of forming 18 nm pitch dot arrays pattern

To anticipate the ultimate pitch of the dot arrays using 30-keV EB drawing, we studied the
EB drawing margin by EB drawing of highly packed dot arrays with pitches of 20 x 20, 25 x
25, and 30 x 30 nm? by ranging the exposure dosages between 14 and 40 mC/cm?. Figure 4.
8 shows the SEM images of the 20 x 20, 25 x 25, and30 x 30 nm? pitch dot arrays patterns
formed using various dosages at a constant resist thickness of 13.1 nm. The experimental
results indicate that the optimal condition for drawing becomes narrow as dot packing
increases. We successfully formed 20 x 20 nm? pitch dot arrays at an exposure dosage of 16
mC/cm?2. In contrast, the available proper exposure dosages increased to 14-22 and 14-30
mC/cm? for the pitchs of 25 x 25 and 30 x 30 nm?, respectively. The results show that it is
very difficult to form 20 x 20 nm? pitch dot arrays in the resist film on Si substrates even
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when a thinner resist film on Si substrate was used in the 30-keV-EB drawing. Nevertheless,
a complete 20 nm x 20 nm pitch dot array was successfully achieved using the unique EB
drawing condition for EB drawing with a resist thickness of 13.1 nm and an exposure
dosage of 16 mC/cm? as described above. The exposure dosage is dependent on dot pattern
data. In the experiment, we used the dot pattern data of 3 x 3 shots/dot. We have also
indicated the exposure dosage with a unit of C/dot, as shown in Fig. 4. 9.

14 mCfem? 18mCfem? 22 mCfem? 26 mC/fem? 30 mC/em?

30x30
nm?

25x25
nm?

20x20
nm?

Fig. 4.8. SEM images of 20x20, 25x25, 30x30 nm? pitched calixarene resist dot arrays formed
by 30keV EB drawing on 13.1-nm-thick resist film on Si substrate.
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Fig. 4.9. A proper region of 30-keV-EB drawing available for very fine pitch dot arrays in a
relationship between exposure dosage and unit cell area (square pitch) in 9 shots/dot
drawing.

From the above results, we can obtain an available drawing margin with regard to dot
packing and exposure dosage for 30-keV EB drawing. The margin indicates that a minimum
pitch exists for 30-keV EB drawing of the dot array pattern. In the 30-keV EB drawing and
calixarene resist system, the smallest pitch is about 18 x 18 nm?2. The dosage margin of about
6% is estimated at the pitch. This means that we need a stable EB-drawing system including
the EB source, resist material and its thickness. Figure 4. 10 shows that there is the
possibility of forming 18 x 18 nm?2 pitch dot arrays using EB drawing. Our results
demonstrate that 18 x 18 nm? pitch dot arrays can be partially drawn. It is clarified that the
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30-keV EB drawing has the potential to form 18 x 18 nm? pitch dot array patterns in thinner
resist films on Si substrates by accurately selecting the optimum EB drawing conditions. For
the formation of complete dot arrays pattern with 18 x 18 nm?2 pitch, stability in the EB
system is also required. At least, we have to use stable electron probe current with a
deviation within 6% for 2 Tbit/in2 magnetic storage using 30-keV EB drawing.

The exposure dosages were 10-11 mC/cm?, which are smaller than the dosage estimated in
18 x 18 nm? pitch drawing (Fig. 4.9). The small exposure dosages are caused by using
different exposure shot numbers per square pattern as a dot. In Fig. 4. 10, we increased the
number of shots/dot from 9 to 16 (4x4) for fast EB drawing. The dosage of 10 mC/cm?2 in 16
shots/dot drawing corresponds to about 18 mC/cm? in 9 shots/dot drawing. The 18
mC/cm? almost agrees with the estimated dosage in Fig. 4. 9.

F at . "'. - i £ Y
LT H L e
300KV X200000 100nm WO 12 7mm

(a) 10 mC/cm? (b) 11 mC/cm?

Fig. 4.10. SEM images of 18 x 18 nm? pitched resist dot arrays formed by 30 keV EB drawing
on Si substrate (about 2.0 Tb/in2).

4.3.3 Small proximity effect using calixarene resist [17]

The proximity effect of the EB drawing and thinner calixarene resist system is considered
using the EID in the experiment and the EDD in Monte Carlo simulation.

Assuming that the EID function is defined with 2 Gaussian distributions as described in
previous section, the 1st and 2nd terms in Eq. (3. 1) represent the energy depositions due to
electron forward scattering (FS) and backward scattering (BS), respectively. For the
miniaturization of the bit size, very small proximity effect and small 61 and o, values are
crucial. The ratio n of the total energies due to FS and BS is very important.

2
1= [Crexp(-—)ir / [Crexp(~- )dr{ﬁ](ﬁj (4.1)
01

2
Oy C )\ oy

The n value has to be less than 1 because the drawing energy due to FS becomes dominant
for very fine dot arrays formation. On the other hand, considering EB drwing of square, the
drawing energy due to BS at side and corner of the square becomes a half and a quarter of
that at center, respectively, based on reciprocity principle [9]. The variation of BS drawing
energy on exposure dosage at everywhere of the drawing area is suppressed to be negligible
small if the n value is less than 1.

In the experiments, the exposure dosages were changed from 10 pC/cm? to 5 C/cm?2. We
obtained the EID using calixarene as shown in Fig. 4. 11(a) [23]. When we roughly fit the EID
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function to Eq. (3.1), the o1, o2, Ci/Cy, and n values are about 5 nm, 15 nm, 0.03 and 0.27,
respectively. In the Monte Carlo simulation, we obtained EDD in 15-nm-thick resist on Si
substrate (Fig. 4. 11(b)). When roughly fitting it to the EID function, they are about 2 nm, 10
nm, 0.02 and 0.5 nm, respectively. Although the resist materials are difficult in the experiments
and simulations, the values of o1, 62, C1/C; in the experiment are almost same as those in the
simulation. Comparing between experimental and simulated results, the values of o in both
cases agree well because the electron probe size of 2 nm and the resist molecular size of 1 nm
can be considered in the EB drawing. According small 61 and n values, the system is very
suitable for very fine dot and very fine pitch dot arrays drawing. Figures 4.12(a)-(d) show SEM
images of very fine pitch resist dot arrays on Si substrate with various pitches of 20 x 20 nm? to
40 x 40 nm2. The exposure dosage was 16 mC/cm?. In these experiments, we succeeded in
obtaining the highest-packed dot array pattern with a pitch of 20 x 20 nm? (Fig. 4. 12(a)), which
corresponds to the ultrahigh recording density of about 1.61 Tb/in? in patterned media. The
dot sizes of about 12.5 to 18 nm are changed as shown in Fig. 4. 12(e). The size fluctuation is
about 2 nm and almost constant in a range of 0.4 to 1.6 Tb/in2. This shows that the drawings
are carried out in no relation with the dot pitch. Figures 4. 13(a) and (b) show SEM images of
25 x 25 nm? pitched resist dot arrays at side and corner of the drawing area Fig. 413 SEM
images (a), (b) and histograms (c)-(e) of 25 nm x 25 nm pitch resist dot arrays on Si substrate at
a dosage of 16 mC/cm?, (a) at side of the written pattern area, (b) at corner, (c) at center, (d) at
side and (e) at corner.at an exposure dosage of 16 mC/cm2.

at an exposure dosage of 16 mC/cm?. The dot sizes histograms are shown in Figs. 4. 13(c)-
(e). Comparing the distributions at center, side and corner of the drawing area, the
histograms and the mean values are almost same. These experimental results demonstrate
the proximity effect is extremely small in this system. The system is suitable for formation of
very fine pitch dot arrays with very fine dot. From the results, a curvature of corner in the
drawing pattern could be sharp shape with a radius of 7-8 nm.

In addition, using 50 keV EB lithography, we can consider that the o; and n values will be
improved small to a twice of those in 30 keV EB lithography. This is because the forward
scattering area in 50 keV EB lithography is suppressed to a twice of that in 30 keV EB
lithography. Therefore, 50 keV lithography is more suitable for fine dots patterning than 30
keV EB lithography.

= 1019(b) -30keV —
1 o ‘ | | Bottom PMMA
a) R g o;=2nm 5x10° electrons
9 qo18— ~_ P —
e G,=5nm o 10 o7=10nm Resist thickness:
'g ©,=15nm '“E CZ/C1=0.02 15nm
g 01 C,/C,=0.03 S ou| m=05
£ n=0.27 > ;
T S
0.01 - N  10% T
G Rk A XY A
8 101 ietnH ¥ Mgy
0.001 | s F|3 EH
50 100 v
Radiusr (nm) ? 1014
S -40 -20 1] 20 40

Radial distance r(nm)

Fig. 4.11. Experimental result (a) and Monte Carlo calculation (b) of EID function and roughly
fitting to EID function in 30 keV EB drawing and 15 nm thick calixarene resist on Si substrate.
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The EB writing with thin calixarene resist promises to open the way toward ultrahigh-
density recording at >1 Tb/in2? and quantum devices.

Pitch  (nm}* {nm)

T 25 40X40  30X30 _ 25%2% 20X 20
\5 (e) Maximum value
o 20 v Mean value
L] 1
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Areal density D (Thit/in2)

Fig. 4.12. SEM images (a)-(d) and the dot size variation (e) of very fine pitch resist dot arrays
at center of the drawing area on Si substrate at a dosage of 16 mC/cm? with a pitch of (a) 20
nm x 20nm, (b) 25 nm x 25 nm, (c) 30 nm x 30 nm and (d) 40 nm x 40 nm.
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Fig. 4.13. SEM images (a), (b) and histograms (c)-(e) of 25 nm x 25 nm pitch resist dot arrays

on Si substrate at a dosage of 16 mC/cm?, (a) at side of the written pattern area, (b) at corner,
(c) at center, (d) at side and (e) at corner.
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5. Application of EB drawing to formation of nano-Si-dot and nano-polymer-
pit arrays with a pitch of 25 nm x 25 nm using EB drawing, reactive ion
etching (RIE) and nano-imprinting [23, 25]

The possibility of forming very fine pits or dots with a pitch of less than 25 nm was
researched using reactive ion etching (RIE) and nano-imprinting with EB drawn pattern as a
mask for the future process. We were able to fabricate ultrahighly packed dot arrays with a
dot diameter of less than 15 nm and a dot pitch of 25 nm x 25 nm in negative calixarene
resist using EB drawing. We also formed nan-Si dot arrays patterns by CF; RIE.
Furthermore, pit arrays were formed in polymer film through nano-imprinting by the
photo-polymer method using a Si dot arrays pattern as the master mold. We demonstrated
that the EB-drawn dot arrays resist pattern is very suitable for the fabrication of Si dot arrays
and pit arrays with a pitch of 25 nm x 25 nm in this polymer. The Si dot and pit diameters
were less than 10 nm.

8 msm A oL ELAE

Fig. 5.1. Process flow for Si nano-dot arrays by Rl etching and ashing.

5.1 Dry etching (RIE and ashing)

We tried to apply the EB drawing to dry etching process. We checked if the pattern is
available for reactive ion etching (RIE) process, and we carried out CF;-RIE using the resist
patterns. We performed to do RIE of the Si substrate with the resist dot arrays pattern after
post baking of the resist pattern, and to remove the remained resist by O, ashing. The
process flow is shown in Fig. 5. 1. The experiments conditions are represented in Table 5. 1.

RIE Ashing
gas CE, O,
tlow rate 5 sccm 10 sccm
pressure 1 mTorr 25 mTorr
bias -60 V 120V
Etching time 0.5-2 min 10 min

Table 5.1. RIE and ashing conditions for Si dot formation and resist removal, respectively.

As the experimental results, we obtained very fine Si dot arrays with a pitch of 30 nm x 25
nm to 25 nm x 25 nm (Fig. 5. 2). The minimum diameter of the Si dot is < 10 nm, and the
height is about 20 nm. Figure 5. 3 shows histograms of the EB drawn resist dot and the RIE
Si dot sizes in a pitch of 25 nm x 25 nm. According RIE and ashing, the resist dot size is
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transferred to Si substrate. Mean dot size decreases from about 14.6 nm to about 9 nm. This
may be caused by in-plane etching in RIE. On the other hand, the standard deviation
increases from about 1.3 nm to about 1.5 nm. Although the cause is not clear, it may be due
to the EB resist toughness or the resist pattern edge sharpness. From the etching
experiments, we measured the etching rates of 7 nm/min and 10 nm/min in calixarene and
Si(100) in normal direction, respectively, as shown in Fig. 5. 4. The etching rate in plane
component is about 2 nm/min. The data supported the dot size decrease.

Before RIE After RIE and ashing
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Fig. 5.2. Dot arrays patterns before and after RIE and ashing (SEM images; A: 25 nm x 25 nm
in pitch and B: 25 nm x 30 nm.
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Fig. 5.3. Histograms of the resist and Si dot diameters before and after RIE and ashing,
respectively, with a pitch of 25 nm x 25 nm.
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Fig. 5.4. Etching rates of Si, calixarene resist and Si dot diameter using RIE.

5.2 Nano-imprinting using UV photo polymer

By using the RIE Si dot arrays pattern as a mold, we tried to do nano-imprinting (NIP) to
transfer the etched Si dot arrays pattern into UV photo polymer. Figure 5. 5 shows the
nano-imprinting process flow with UV photo polymer method. After coating the polymer
on the dot arrays, putting the polycarbonate substrate on the polymer and illuminating
the UV light into the polymer, we obtained ultrahigh packed pit arrays in the polymer as
shown in Fig. 5. 6. We could demonstrate to fabricate the 25 nm x 25 nm pitch pit arrays
using EB drawing, RIE and NIP, although the polymer surfaces are in slight curvature
because of deformation in the SEM observation or localized stretching in separating the
polymer from the mold. From SEM images of the Si mold with 25 nm x 25 nm pitch Si dot
arrays before and after NIP, we have confirmed that it is clear that the mold surface has
no damage after NIP. From the SEM images of Figs. 5. 3 and 5. 6, we observed that the pit
diameters are about 2 nm larger than those in the Si dots. We can consider that the
polymer have a shrink property with a rate of about 8 % in the fixing process. In a detail,
however, the rate of 8 % does not agree with the increase of about 2 nm against mean dot
diameter of about 9 nm. We should consider the shrinkage in the future. We clarified that
the very fine pitch resist dot arrays pattern written by EB drawing with calixarene are
available for dry etching and nano-imprinting process. We demonstrated to form the Si
nano-dot and pit arrays with a pitch of 25 nm x 25 nm using RIE and nano-imprinting
with the resist pattern as a mask.
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photo-polymer
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Fig. 5.5. Process flow of 2P (photo polymer) method for nano-imprinting.

100 nm

Fig. 5.6. SEM images of very fine pitch pit arrays in photo-polymer using nano-imprinting
with the Si mold made by RI etched Si dot arrays pattern with a pitch of 25 nm x 25 nm
drawn by 30 keV electrons with exposure dosages, (a) 28 mC/cm?, (b) 36 mC/cm?.

6. Conclusion

I have described an electron beam (EB) lithography using a raster drawing for fabrication of
nanometer sized dot or pit arrays, theoretically and experimentally. I considered the
possibility to form the nanometer-sized pitch fine dot arrays by the energy deposition
distribution (EDD) calculated by the home-made Monte Carlo simulation. The experimental
research is done by dependences of 2 resist materials (ZEP520 and calixarene) and thickness
on the drawn dot size and pitch in EB drawing. I have used a conventional EB drawing
system based on high resolution-scanning electron microscope (HR-SEM). As results using
both positive and negative resists with thin thickness. I can demonstrate the possibility to
form nanometer-sized dot and fine pitched dot arrays as follows.
1. The simulation shows that the EDD profile seems to be cone shape, which is very
suitable for formation of nanometer-sized dots using negative resist, while it is not
suitable in a case of using positive resist.
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2. It is demonstrated that the calixarene negative resist is very suitable to form an
ultrahigh packed bit arrays pattern, comparing with ZEP520 positive resist.

3. As the experimental results, the minimum pitch of about 18 nm x 18 nm has been

demonstrated using 30-keV EB drawing with calixarene resist, while about 40 nm x 50

nm pitch has been demonstrated with ZEP520.

EB drawing with calixarene has extremely small proximity effect.

5. Itis demonstrated that nanometer-sized Si dot arrays were fabricated by CF;-RI etching
using calixarene resist dot arrays as a mask.

6. It is also demonstrated that nanometer-sized polymer pit arrays were fabricated by
nano-imprinting with 2P method using the nanometer-sized Si dot arrays as a mother
pattern.

Furthermore, we try to form 15 nm x 15 nm pitched resist dot arrays using HSQ negative EB

resist. We have gotten a prospect to form them by improving a developer for the resist.

There are some papers to improve them using HSQ negative resist. X. Yang et al. have

reported 12 nm x 12 nm or 15 nm x 15 nm pitch fine resist dot arrays using 100 keV EB

drawing with hot developer of TMAH at 40 oC [6]. In addition, J. K. Yang et al. have
reported 12 nm or 14 nm pitch resist line and space pattern EB-drawn using 100 keV EB

drawing with salty development [27].

On the other hand, it is crucial to improve the resolution of SEM to check whether the EB-

drawn pattern is complete or not. We should get high resolution observation method for

very fine pitch dot arrays with a pitch of less than 15 nm x 15 nm.

i
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the second category. This book contains twenty nine chapters and aims to provide the fundamentals and
recent advances of nanofabrication techniques, as well as its device applications. Most chapters focus on in-
depth studies of a particular research field, and are thus targeted for researchers, though some chapters focus
on the basics of lithographic techniques accessible for upper year undergraduate students. Divided into five
parts, this book covers electron beam, focused ion beam, nanoimprint, deep and extreme UV, X-ray, scanning
probe, interference, two-photon, and nanosphere lithography.
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