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In order to realize sub-10 nm feature size by proton beam writing (PBW) with writing speed comparable
to electron beam lithography (EBL), a 200 kV compact PBW system is proposed here. In this system, a new
nano-aperture electron impact ion source with a potential reduced brightness of 106 A/(m2 srV) will be
employed. To achieve sub-10 nm spot sizes with pA beam current, two different focusing lens configura-
tions were evaluated. Both of these configurations were found to be theoretically capable of achieving
sub-10 nm beam spot size.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Proton beam writing (PBW) is a direct 3D writing lithographic
technique that utilizes fast and focused MeV proton beam to pat-
tern photoresists (e.g. hydrogen silsesquioxane (HSQ), SU-8, AR-P,
and polymethyl methacrylate (PMMA)) and form sub-100 nm fea-
tures [1,2]. This technique has been optimized at the Centre for Ion
Beam Applications (CIBA), National University of Singapore [3,4],
and has also been used at a few other ion microprobe laboratories
worldwide (Leipzig [5], Lund [6], Ljubljana [7], Debrecen [8], Guild-
ford [9], Rez [10], Takasaki [11], Tokyo [12], etc.). PBW is analogous
to electron beam lithography (EBL), but employs protons with MeV
energy. Fast protons traveling into materials mainly lose energy
through proton-electron interactions. Due to the higher mass of
the proton, when compared to the electron (�1800 times), MeV
protons mainly transfer less than 100 eV energy to each secondary
electron. As a result, there is limited scattering of protons and min-
imal lateral spread of secondary electrons in photoresists (e.g. less
than 2 nmwithin 5 lm thick PMMA [13]), resulting in a minimized
proximity effect coupled with a straight and deep proton trajec-
tory. These features make PBW uniquely capable of fabricating
high aspect ratio (height/width) sub 100 nm structures (�160
aspect ratio in SU-8 [3,14]) compared with other direct write litho-
graphic techniques. Since the depth of proton penetration in resist
materials can be precisely controlled by varying the incoming
beam energy, PBW can be used to fabricate multilevel structures
in a single layer of resist [15,16]. Due to these prime features,
PBW serves as a powerful tool in many applications, such as
waveguide fabrication [17], micro and nano-fluidic device fabrica-
tion [18] and X-ray mask fabrication [19]. The PBW setup is also
useful for 3D whole cell imaging and analysis [20]. Currently, the
smallest structure that has been written with PBW is 19 nm lines
in 100 nm thick HSQ using a 2 MeV proton beam [21]. Additionally,
proton beam spot size down to 9.3 � 32 nm2 has been achieved at
CIBA [22]. The current PBW system in CIBA employs a radio fre-
quency (RF) ion source [23] within a 3.5 MV High Voltage Engi-
neering Europa SingletronTM accelerator [24]. Prior to entering the
focusing system, the high energy proton beam is collimated using
collimator slits. The focusing system consists of three magnetic
quadrupole lenses (Oxford Microbeams OM52) operated in a
spaced Oxford triplet configuration [25]. The RF ion source in the
current PBW system has a reduced source brightness, Br, of 20–
30 A/(m2 srV) [25], which is approximately 5 orders lower than a
gallium liquid metal ion source [26] and 6 orders lower than an
EBL system [27]. This lower brightness limits the writing speed,
throughput, and the capability to further reduce the beam spot size
in the current PBW system. To improve the writing speed and
throughput of PBW, a 200 kV compact PBW (c-PBW) system aim-
ing for single digit nanometer resolution, with comparable writing
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speed to that of EBL system, is being built in CIBA. This paper eval-
uates the performance of the upcoming c-PBW system.

2. Requirements for c-PBW

2.1. Proposed proton energy for c-PBW

The objective of the proposed c-PBW system is to fabricate sub-
10 nm structures in 200 nm thick photoresists. For finer patterns,
the response of resists is very important and hence the choice of
resists becomes critical, for example, 10 nm lines have been
achieved in 60 nm thick HSQ using EBL [28]. In an another exam-
ple, sub-5 nm lines have been fabricated in 25 nm thick HSQ with
EBL [29]. As well as for PMMA, 5–7 nm grating lines were success-
fully patterned at a pitch of 30 nm in a 40 nm thick resist layer
[30]. However, for EBL, a thicker resist layer introduces higher elec-
tron beam forward scattering and therefore generates more sec-
ondary electrons in the resist, resulting in a broadening effect of
the structures [31]. In PBW, 19 nm wide lines with a spacing of
80 nm in a 100 nm thick HSQ layer have been demonstrated by a
focused 2 MeV proton beam [21].

Pattern dimensions are determined by the response of resist,
the beam lateral spread, the beam spot size, and the energy trans-
ferred to secondary electrons. Protons are more suitable for fabri-
cating nanostructures in thicker resists. The lateral spread radii
of the proton beam for different beam energies within PMMA were
simulated using Monte Carlo simulation program SRIM [32], and
are shown in Fig. 1. Plots in Fig. 1 were obtained by accounting
for 90% of the total incoming protons. As seen from Fig. 1, for
100 keV protons, beam spot size is broadened to 10 nm after pass-
ing through 200 nm of PMMA. However, the lateral beam diameter
broadening within 200 nm of PMMA is 5 nm for 200 keV protons
and 2 nm for 500 keV protons. Taking secondary electrons into
account, for 500 keV protons, 90% of energy deposited due to sec-
ondary electrons is within 1 nm radial distance from the original
proton track [13]. Furthermore, for lower energy protons, sec-
ondary electrons will travel even shorter distance due to the
reduced energy transferred from protons. Therefore, from a system
design perspective, 200 keV protons with a sub-5 nm beam spot
size are better suited to fabricate sub-10 nm structures in
200 nm thick PMMA. For thinner PMMA, beam lateral spread and
secondary electrons play a less crucial role in beam broadening,
and hence the pattern dimensions are dominated by the beam spot
size. Therefore, for the c-PBW, a sub-10 nm beam spot size is suf-
Fig. 1. Proton beam lateral spread radii in PMMA for 100 keV, 200 keV and 500 keV
calculated from SRIM. These plots were obtained by accounting for 90% of the total
incoming protons.
ficient to meet the objective of achieving sub-10 nm structures in
100 nm thick photoresists.

Although a sub-10 nm spot size in one direction has been
achieved with the current PBW system [22], the primary limitation
of this system is its low reduced brightness resulting in a slow
writing speed. This restricts the sub-10 nm focusing capability
and also ends up having a low beam current (�0.01 fA) resulting
in a low throughput [22]. For EBL, the typical beam current at
the image plane is around tens of pA [27], which is 6 orders of mag-
nitude higher than the current PBW system. But the typical dose
required for protons in PMMA is 80–150 nC/mm2 [33], which is
100 times lower than in EBL [34]. Thus in order to make the pro-
posed c-PBW comparable to the EBL in its performance, a high
brightness ion source is required that can deliver >0.2 pA of beam
current at the image plane.

2.2. Nano-aperture ion source (NAIS)

A nano-aperture ion source (NAIS) [35] has been reported by
the Charged Particle Optics group at Delft University of Technology
that has the potential to become part of our proposed c-PBW sys-
tem, to achieve a sub-10 nm beam spot size and faster writing
capability. The concept of this NAIS is to extract ions from a small
aperture (�100 nm) generated by electron-gas collisions within a
sub-micron ionization chamber, as shown schematically in Fig. 2.
This dramatically reduces the source size from mm range (as is
the case with current PBW system) to the sub-micron range
(�100 nm). Once ions are produced inside the ionization chamber,
a strong electric field (�107 V/m) is applied to extract these ions.
Since the ionization chamber spacer is only 100 nm, a small bias
voltage (�1 V) is sufficient to generate such a strong electric field,
resulting in a minimal ion energy spread (�1 eV).

From the electron-gas collision, the resulting proton beam cur-
rent density Jp is described as

Jp ¼ rJeNl ð1Þ

where Jp and Je are current densities of protons and injected electron
beam respectively, N is the gas density (corresponding to inlet gas
pressure P) inside the ionization chamber, l is the spacer length
between the two membranes, and r is the electron impact gas ion-
ization cross section. The energy of the injected electrons was cho-
sen to be 1 keV, a trade-off between currently available electron
beam systems and ionization cross section [35,36]. For hydrogen:
the electron impact ionization cross section, r (with 1 keV elec-
trons) to generate H2

+ and H+ is 2.02 � 10�17 cm2 and
1.19 � 10�18 cm2 respectively [36].

For a planar ion source emitter, reduced brightness Br is given as
[37]
Fig. 2. Schematic of NAIS configuration and its dimensions.



Fig. 3. Schematic of a proposed c-PBW system for sub-10 nm lithography with
200 kV terminal voltage, integrated with a NAIS. (a) Electron injector, (b) NAIS, (c)
extractor, (d) condenser lens, (e) acceleration tube, (f) electrostatic scanner, (g)
focusing lenses, (h) sample stage.
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Br ¼ eJP
pkT

ð2Þ

where e is the electric charge, k is the Boltzmann constant, and T is
the operating temperature (in our case, it is room temperature
�300 K). In order to minimize ion-gas collisions for better beam
brightness [35], the ionization chamber spacer length, l, is set to
be equal to that of the gas mean free path k. Thus the ionization effi-
ciency for protons is given by,

Jp
Je

¼ rðHþÞffiffiffi
2

p
pD2 ð3Þ

where D is the effective molecular diameter, here 0.268 nm for
hydrogen [38].

As mentioned above, we choose 1 keV electrons to ionize the
gas. These electrons will be injected into the ionization chamber
using a Schottky electron emitter, which is capable of delivering
few lA electrons with a beam spot size of around 100 nm [27].
According to Eqs (2) and (3), these injected electrons can produce
proton beam with a reduced brightness, Br of 106 A/(m2 srV) with
500 pA current through a 60 nm virtual source size. In CIBA, we
have successfully developed a process to fabricate this new NAIS
ion source by utilizing microelectromechanical systems (MEMS)
technology [39]. The reduced brightness of this prototype NAIS,
when tested with argon gas at 700–800 mbar, was reported as
750–800 A/(m2 srV) with 53 pA axial beam current ([40], [Xu
et al. in these proceedings]). This reduced brightness of NAIS was
primarily limited by the low electron beam brightness from the
SEM and also due to the large spacer used in the NAIS ionization
chamber. A modified NAIS is under development, at CIBA, to obtain
higher reduced brightness of proton beam.

3. Evaluation of c-PBW system with NAIS

3.1. Layout of the c-PBW system

Here we propose a c-PBW system that will employ this promis-
ing high brightness NAIS for sub-10 nm lithography. As discussed
in Section 2.2, a NAIS with 106 A/(m2 srV) reduced brightness,
500 pA current, and 60 nm virtual source size is adopted to evalu-
ate the c-PBW system performance. The layout of the proposed c-
PBW system is shown in Fig. 3. Protons are generated by electron-
gas collisions, in NAIS, and extracted with a tunable extraction
voltage in the range of �5 kV to �10 kV. Subsequently, a condenser
lens is used to shape the beam. The converged beam is then passed
through an acceleration column, where it gains a final energy of
200 keV. A collimator aperture is used to prevent further transmis-
sion of high angular scattered ions, while mostly allowing less
divergent ions to enter into the focusing lenses. An electrostatic
scanner is used, before the focusing lens system, to scan the beam
after it is collimated. Three or four electromagnetic quadrupole
lenses are employed to focus the beam into the end-station with
sub-10 nm resolution. Considering a 2 lm inaccuracy in sample
positioning (at image plane), with a preset upper limit of the beam
half angle a to 0.25 mrad, will ensure that the beam broadening is
not more than 1 nm. The reduced brightness is given as [41],

Br ¼ IP
A0XV

� IP
p
4 d

2
Ppa2V

ð4Þ

where IP (>0.2 pA) is the proton beam current, A0 is the beam area,
dP (<10 nm) is the beam diameter at the focal plane, X is the solid
angle, a (<0.25 mrad) is the beam half-angle divergence, and V
(200 kV) is the beam terminal voltage at the image plane. In order
to achieve fast writing speed using the c-PBW system, with the lim-
itation explained above, we require an ion source with a reduced
brightness of more than 5 � 104 A/(m2 srV), which NAIS possess.
3.2. Lens configuration and probe beam evaluation of c-PBW system

Apart from the need for a high source reduced brightness, opti-
mizing the focusing lens configuration plays a critical role in deter-
mining the capability to reach sub-10 nm proton beam resolution.
Particle Beam Optics Laboratory 3.0 (PBO Lab) [42] is used to study
the focusing capability of different lens configurations. The two
commonly used lens configurations: the low excitation Russian
quadruplet [43] and the spaced Oxford triplet [44] configurations
are shown in Fig. 4. The Russian quadruplet configuration has the
same demagnification in both X and Y, while the spaced Oxford tri-
plet configuration has different demagnifications in X and Y. Four
magnetic lenses make up the Russian quadruplet configuration,
where the separation between all lenses is fixed at 25 mm with
the exception of lens 2 and 3 (L2,3). L2,3 is varied to evaluate the
focusing performance of this configuration. For the spaced Oxford
triplet configuration, three magnetic lenses were used with a fixed
separation of 25 mm between lens 2 and 3. The distance between
lens 1 and 2 (L1,2) is varied to investigate the focusing performance.



Fig. 4. Layout of focusing lens configurations. (a) Russian quadruplet configuration
with 4 lenses and (b) spaced Oxford triplet configuration with 3 lenses.

Table 1
Parameters obtained from PBO Lab with the Russian quadruplet configuration at
L2,3 = 25 mm.

Proton beam energy 200 keV
Object plane to lens distance 2 m
Working distance 30 mm
Demagnification, Dem 1/hx|xi 10.5

1/hy|yi 10.5
Chromatic aberration, CC hx|x0di 2872 lm/mrad

hy|y0di 5776 lm/mrad
Spherical aberration, Cs hx|x03i �1.414 lm/mrad3

hx|x0y02i �8.081 lm/mrad3

hy|y0i �8.689 lm/mrad3

hy|x02y0i �8.081 lm/mrad3
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In the c-PBW system, protons are extracted and accelerated to
200 keV to reach the object plane. In our simulations, we have con-
sidered the object beam size (dv) to be the same as virtual source
size for simplicity. The distance between object plane and focusing
lens 1, L1, is set to be 2 m for this c-PBW system. The working dis-
tance L2 is fixed at 30 mm for both lens configurations. A 200 keV
proton beam is considered to have 2 eV beam energy spread,
caused by the combined effect of the NAIS source energy spread
(<1 eV) and <10 ppm acceleration power instability (<2 V for
200 kV). The instability of the magnetic field from the focus lens
is 1 ppm.

A systematic approximation by root-power-sum algorithm for
full width 90% (FW90, the width including 90% of proton beam cur-
rent) proton beam diameter dp at image plane is described as [45],

dp ¼ ½d1:3
I þ ðd4

A þ d4
CÞ

1:3=4�
2=1:3

þ d2
S

� �1=2

ð5Þ

where dI is demagnified virtual source size, and is given by

dI ¼ dv
Dem

¼ 2
p

ffiffiffiffiffiffiffiffi
Ip
BrV

s
1
a

ð6Þ

(where dv is the proton virtual source diameter, Dem is the demag-
nification of the focusing lens) dA, dS, and dC are the contributions
from diffraction aberration, spherical aberration, and chromatic
aberration, respectively. The contribution from the diffraction aber-
ration is negligible, because the de Broglie wavelength of 200 keV
proton is small (�6 � 10�14 m). The contribution from spherical
and chromatic aberrations are,

dS ¼ 0:18CSa3
e ð7Þ

dC ¼ 0:6CC
dU
V
ae ð8Þ

ae is the proton beam half angle before entering the focusing lens, Cs
and Cc are the spherical and chromatic aberrations, and dU is the
beam energy spread.

PBO Lab calculates the lens demagnification (Dem), chromatic
(CC), and spherical (Cs) aberrations. These parameters are expressed
in two orthogonal directions (X and Y) for an astigmatic lens sys-
tem. The characteristic values obtained from PBO Lab for Russian
quadruplet configuration are summarized in Table 1. The coulomb
effect is neglected here, and will be discussed in detail in
Section 3.3.

The final probe beam FW90 width at the image plane is shown
in Fig. 5a and b, as a function of L2,3 and L1,2, respectively. The most
ideal lens distances for obtaining sub-10 nm beam spot sizes in
Russian quadruplet and spaced Oxford triplet are L2,3 = 25 mm
and L1,2 = 105 mm, respectively. With the preferred lens spacing
for both configurations, beam widths and divergences are exam-
ined according to different beam currents, as shown in Fig. 5c–f.
From Fig. 5c, we can see that the beam spot size remains sub-
10 nm up to 15 pA. The different beam currents are obtained by
changing the collimator aperture, resulting in the change of beam
half angle a. From Fig. 5d, it is clear that in order not to exceed the
preset upper limit of beam half angle a (0.25 mrad), the beam cur-
rent cannot exceed 2 pA for the Russian quadruplet lens
configuration.

Since spaced Oxford triplet configuration has different demag-
nification in X and Y directions, there are two different preset
upper limits for the beam half angle, ax and ay respectively. From
Fig. 5f, we can have a beam current of 0.5 pA while maintaining
ay well below 0.25 mrad. Whereas due to the high demagnification
in X direction, the upper limit of ax can be increased up to 2 mrad
(still maintaining a sub-10 nm focus in X, see Fig. 5e), while yield-
ing a beam current of 0.5 pA. Table 2 summarizes the performance
of these two lens configurations for the c-PBW system, compared
with the current PBW and EBL. It shows a promising high-
throughput for the c-PBW system in the sub-10 nm regime that
is faster than in EBL.

In lithography, the possibility of having a large scan size
(�10’s lm) in the image plane is generally desirable. The current
PBW in CIBA employs an electrostatic scanning system with X
and Y scanning plates [25]. The off-axis aberration can deteriorate
the final beam quality, and enlarge the beam size. In the PBO sim-
ulation, a scanner is located 20 mm upstream from the first lens for
both lens configurations. As shown in Fig. 6, the Russian quadru-
plet lens configuration can achieve sub-10 nm beam size with a
400 � 400 lm2 scan size, while the spaced Oxford triplet lens con-
figuration can only have a 30 � 30 lm2 scan size, which is limited
by the larger off-axis aberration (all simulations were performed
with 0.2 pA).
3.3. Coulomb effect of c-PBW system

An ion beam is not only affected by external fields but also
influenced by the charged particles that introduce fields with
neighboring ions, named as Coulomb effects. Generally, Coulomb
effects consist of three different type of effects: a space charge
effect, a Boersch effect, and a trajectory displacement effect [27].
Space charge effect is a deflection of a charged particle acted upon
by the self-field generated by the beam. Usually, for a round beam
with uniform distribution, space charge effect can be compensated
by the external lens due to the linear force in the transverse plane,
and therefore neglected. Boersch effect and trajectory displace-
ment effect are stochastic effects which are introduced by pair-
wise interactions between charged particles. Trajectory displace-



Fig. 5. Proton beam FW90 widths in X and Y directions with the variation of lens distance for (a) Russian quadruplet configuration, (b) spaced Oxford triplet configuration, (c)
proton beam widths in X and Y directions with the variation of beam current, (d) proton beam divergence a with the variation of beam current, for L2,3 = 25 mm Russian
quadruplet lens configuration, (e) proton beam widths in X and Y directions with the variation of beam current and (f) proton beam divergence a with the variation of beam
current, for L1,2 = 105 mm spaced Oxford triplet lens configuration.

Table 2
Summary of 200 kV c-PBW with different lens configurations, to write a 10 nm � 1 mm line on PMMA, comparing with current PBW and EBL.

Lithographic probe c-PBW Current PBW [22] EBL [27,34]

Beam virtual source diameter (nm) 60 60 �2 mm
Lens configuration Russian quadruplet Spaced Oxford triplet Spaced Oxford triplet
Lens spacing (mm) L2,3 = 25 L2,3 = 105
Beam exit current from ion source (pA) 500 500 �lA
Beam energy (keV) 200 200 2000 �10’s
Beam size at image plane (nm2) 7.5 � 7.5 0.9 � 4 9.3 � 32 5 � 5
Beam current at image plane (pA) 2 0.5 0.013 20
Beam half angle at image plane (mrad) 0.23 � 0.23 1.8 � 0.3 1.7 � 0.3
Beam reduced brightness (A/(m2 srV)) �1 � 106 �1 � 106 �10 �107

Writing time (second) 0.5 2 100 5
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Fig. 6. Proton beam widths in X and Y directions as a function of scan size, (a) L2,3 = 25 mm in Russian quadruplet lens configuration, (b) L1,2 = 105 mm in spaced Oxford
triplet lens configuration.
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ment creates more spread towards the transverse energy of the
beam, which in turn degrades the beam brightness. Meanwhile,
the longitudinal beam energy gets broadened towards the thermo-
dynamic equilibrium with the change of transverse energy, and
this causes the total beam energy spread known as Boersch effect.
These stochastic effects cannot be compensated by adjusting exter-
nal focus fields. In most scenarios, at the high current density
region, which is normally located at the source part [46], stochastic
Coulomb effects can be important. To surmount the Coulomb effect
in the source region, a stronger electric field is applied in order to
reduce the interaction time. This will generally lead to a larger
energy spread. However, in the NAIS setup, a strong field is gener-
ated across a sub-micron spacer requiring a small bias potential
difference (�1 V). This NAIS geometry limits the energy spread to
less than 1 eV. Considering a typical ionization chamber designed
for a Schottky electron injector, the electric field inside the cham-
ber is 107 V/m. This electric field will ensure that all the ions gen-
erated in the ionization chamber are guided towards the extraction
plane. In this scenario the time taken by H+ and H2

+ to escape from
the source is less than 100 ps. With such a flight time, there is only
one ion expected to reside in the ionization chamber at a given
point of time (this assumption is valid for ion currents up to
�2 nA [35]), and therefore the Coulomb interactions can be
neglected inside the ion source.
4. Outlook and conclusion

The schematic of developing a compact sub-10 nm level PBW
system has been briefly discussed. The c-PBW is designed for
200 kV, which is capable for patterning sub-10 nm structures in
200 nm thick PMMA. For obtaining fast writing speed comparable
to EBL, a NAIS is employed for this c-PBW system. The NAIS has the
potential to deliver protons with 106 A/(m2 srV) brightness, which
is 5 orders of magnitude larger than current PBW system and can
dramatically increase the throughput. With this ideal NAIS, the
lens configuration and beam quality are evaluated for the c-PBW
system. Both, Russian quadruplet (L2,3 = 25 mm) and spaced Oxford
triplet (L1,2 = 105 mm) lens configurations are capable of focusing
the beam down to a sub-10 nm spot size with a faster writing
speed. The Russian quadruplet lens configuration has the ability
to deliver 2 pA probe current with 7.5 � 7.5 nm2 spot size, whereas
spaced Oxford triplet can deliver 0.5 pA with 0.3 � 4 nm2 spot size.
Both configurations can match the writing speed to that of an EBL
system with sub-10 nm beam spot size. Calculation shows that a
sub-10 nm focused beam can be scanned over an area of
400 � 400 lm2 with the Russian quadruplet lens configuration
and 30 � 30 lm2 with the spaced Oxford triplet lens configuration.
The typical beam scan size for EBL is a few 10’s lm [47,48]. Both
lens configurations for the c-PBW system can provide comparative
scan area as in EBL at high resolution writing mode. For writing a
large area, a high-precision stage can be employed in stitching
mode. We have also shown that in the proposed c-PBW system,
the Coulomb effect is negligible when operated with �2 nA source
current. While these design considerations of a c-PBW system are a
conservative estimate, they already suggest a competitive writing
speed coupled with minimal proximity effect.
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