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The beam profile of an electron beam (EB) can be focused onto less than a nanometer spot and scanned
over a wide field with extremely high speed sweeping. Thus, EB is employed for nano scale lithography in
applied physics research studies and in fabrication of semiconductors. We applied a scanning EB as a con-
trol system for a living cell membrane which is representative of large scale complex systems containing
nanometer size components. First, we designed the opposed co-axial dual optics containing inverted
electron beam lithography (I-EBL) system and a fluorescent optical microscope. This system could pro-
vide in situ nano processing for a culturing living cell on a 100-nm-thick SiN nanomembrane, which
was placed between the I-EBL and the fluorescent optical microscope. Then we demonstrated the EB-
induced chemical direct nano processing for a culturing cell with hundreds of nanometer resolution
and visualized real-time images of the scanning spot of the EB-induced luminescent emission and chem-
ical processing using a high sensitive camera mounted on the optical microscope. We concluded that our
closed-loop in situ nano processing would be able to provide a nanometer resolution display of virtual
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molecule environments to study functional changes of bio-molecule systems.
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1. Introduction

Even low energy electron beams (EBs) can be focused to a beam
profile that is fine enough to process nanometer scale patterns on
millimeter-wide fields. Additionally, EBs can be scanned at extre-
mely high speed sweeping because of the small mass of electrons.
These advantages of the EBs have meant that EB lithography is
used for nanofabrication [1]. Electrons hitting a substrate surface
induce emissions of various energy electrons known as secondary,
Auger, and back scattering electrons, as the primary electrons scat-
ter in the substrate. These emissions induce a chemical reaction
not only on the surface but also inside of the substrate, since some
primary electrons can reach depths of nanometers to micrometers
in the substrate material depending on their initial kinetic ener-
gies. Applications of these transmitted electron energies have in-
cluded using the scanning EB to capture super resolution images
of wet biological specimens through a SiN nanomembrane with
transmitted electrons [2-4], back scattered electrons [5,6], and
electron-induced luminescence [7,8].

The penetrating and transmitting energies of EBs have been
demonstrated a capability for direct processing in wet [9] and liv-
ing [10,11] environments. We reported the principle of EB direct
patterning at a living cell membrane by passing the EB through a
SiN nanomembrane, and our experimental results showed little
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damage to the living hepatocyte cell membrane after the EB irradi-
ation [10], though this processing had just open-loop beam control.
We were able to use the EB energy to control an electro-chemical
and physicochemical reaction under culturing conditions; that is,
the reaction was controlled by the electron acceleration voltage.
The fast and fine processing by EBs provides an approach capable
of analyzing dynamic reactions of biochemical and biophysical sys-
tems, if the EBs are controlled in real-time by feedback from syn-
chronized imaging of biochemical and biophysical responses.

Thus, here we have proposed closed-looped in situ nano pro-
cessing using EB lithography. Synchronized imaging to the EB
lithography and real-time observation during the EB irradiation
was used to visualize dynamics of the EB-induced reaction on a
living cell. We designed the opposed co-axial dual optics that in-
cluded an inverted EB lithography (I-EBL) system and a fluorescent
optical microscope. This system provided in situ nano processing of
a culturing living cell on a 100-nm-thick SiN nanomembrane,
which was placed between the I-EBL and the fluorescent optical
microscope. The EB-induced chemical direct nano processing was
demonstrated at the culturing cell with hundreds of nanometer
resolution, and real-time images of the scanning spot of the
EB-induced luminescent emission and chemical processing were
visualized with a high sensitivity camera mounted on the optical
microscope. We concluded that our closed-looped in situ nano
processing would be able to provide a nanometer resolution
display of virtual molecule environments to allow study of the
functional changes on bio-molecule systems.
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2. Materials and methods
2.1. Opposed co-axial dual optics for in situ nano processing

The EB optics (Mini-EOC, Apco Co.) was inverted and positioned
under a 100-nm-thick SiN nanomembrane to directly irradiate
electrons into an aqueous solution at atmospheric pressure
(Fig. 1A). The electrons were emitted from a thermal field emission
type cathode, and were accelerated up to 5 keV. The SiN nanomem-
brane was supported by a 250-um wide Si open window frame
(NT025C, NORCADA) and the membrane separated the vacuum
chamber of the EB optics from the aqueous solution. A fluorescent
microscope (IM-3, Nikon) was co-axially mounted opposite the EB
optics. The 100x water immersion objective lens (NA = 1.1, Nikon),
LED white light source (SOLA, Lumencor), and high sensitivity sci-
entific CMOS camera (NEO sCMOS, Andor) were attached on the
microscope real-time imaging observation of the EB-induced reac-
tion under the culturing conditions. The cultivation medium was
warmed to 35-37 °C using a lens heater (Lens Heater, Tech-alpha).
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Fig. 1. Opposed co-axial dual optics of a fluorescent microscope and inverted
electron beam lithography (I-EBL). (A) Schematic of the experimental setup. The I-
EBL was mounted on the side opposite of a fluorescent microscope. A 100-nm-thick
SiN nanomembrane was placed between the I-EBL and the fluorescent microscope
to separate the atmospheric environment and the vacuum environment. The
nanomembrane also worked as a cell culture surface and as a window for EB
transmission. The high sensitivity sCMOS camera was synchronized to the EB
scanning and provided real-time images as operating feedback. (B) Trajectories of
scattered primary electrons and back scattered electrons by Monte Carlo simula-
tion. The 10-nm-wide EB penetrated the 100-nm-thick SiN nanomembrane and the
0.1 MPa liquid H,0 layer from the lower side (vacuum side) of the SiN membrane.

Deflectors of the EB were connected to an x-y pattern generator
to control the scanning pattern of the EB trajectory. The scanning
data could be changed to the updated trajectory in real-time where
the update was based on the real-time video images.

2.2. Simulation of the energy distribution of electrons

Trajectories of scattering electrons in the materials were simu-
lated with the Monte Carlo simulator, CASINO ver. 2.42 [12]. Three
layers consisting of a vacuum space, a 100-nm-thick SiN nano-
membrane, and liquid H,O were prepared, and a 10-nm-wide EB
with 2.4-10 keV accelerating voltage was irradiated from the vac-
uum side of the layers. Energy profiles of transmitted electrons
passing through the 100-nm-thick SiN nanomembrane and ab-
sorbed energy density at the interface between the SiN surface
and H,0, which were related to biological damage of molecules
and to the chemical reaction, were simulated with various acceler-
ating voltages.

2.3. Real-time observation of electron beam-induced luminescence and
deposition

The beam deflector for the EB scanning was connected to the
two-channel signal generator. The Lissajous diagram and rectangu-
lar raster scanning were inputted from the signal generator to the
beam deflector. The scanning patterns on the SIN nanomembrane
were captured with the sCMOS camera (pixel size = 6.5 x 6.5 pum)
through the 100x objective lens (NA = 1.1). This camera was syn-
chronized to the beam scanning to observe real-time images of
the EB-induced reaction. EB-induced luminescence at the SIN
nanomembrane and deionized ultrapure water was observed using
30 frames/s imaging. The EB was irradiated at 2.5 keV with beam
current of 0.67-2.0 nA and at 5 keV with beam current of 0.9 nA.
These profiles of luminescence intensity were processed using Im-
age ] (NIH).

Behavior of the EB-induced deposition in an aqueous solution
was observed using 100 frames/s in 10 mM 3,4-ethylenedioxythio-
phene (EDOT; 483028, Sigma-Aldrich) solution diluted in deion-
ized ultrapure water. The 2.5 keV EB with beam current of 34 nA
was irradiated during rectangular raster scanning (2.8 pm x
2.1 pm) on the SiN nanomembrane. The current intensity in the
scanning area was 5.8 nA um 2. Reflecting images were captured
under the incident white light from the LED light source.

2.4. In situ patterning on a culturing cell

Hep G2 cells (Human hepatocellular liver carcinoma cell line,
RCB1648, Riken cell bank) were cultured in minimum essential
medium containing 10% fetal bovine serum and 0.1 mM non-
essential amino acids. Hep G2 cells were seeded on the SiN nano-
membrane and incubated at 37 °C with 5% in the humidified incu-
bator for a few days. The SiN nanomembrane with cells in it was
placed in the EB setup. The EB was irradiated at 2.5 keV with rect-
angular raster scanning to a cell. The center of the cell was targeted
using real-time imaging of the sSCMOS camera. The culture medium
was heated at 35-37 °C using a lens heater attached on the water
immersion objective lens.

3. Results
3.1. Simulated energy profile
The Monte Carlo simulation showed that the SiN nanomem-

brane transmitted the electron kinetic energy of the 2.5 keV EB
to the opposite side of the 100-nm-thick nanomembrane
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(Fig. 1B). Although most of the primary electrons were scattered in
the lateral range of a few hundred nanometers at the SiN mem-
brane, only a few transmitted electrons entered the H,0 layers in
the lateral range of about a hundred nanometers. An energy distri-
bution graph of the relative number transmitted electrons accord-
ing to transmission energy at the interface between SiN and H,0
indicated that the transmission energy was limited below about
1 keV at an irradiation beam energy around 2.5 keV (Fig. 2A). This
remaining kinetic energy of the transmitted electrons was ab-
sorbed by the H,O. Absorbed energy density at the SiN/H,O inter-
face was plotted as a function of the lateral profile in Fig. 2(B).
Though the simulated profile of absorbed energy density depended
on the initial irradiation energy of the EB, absorbed energy density
was below 1072 eV nm~3. At 2.5 keV and 5 keV beam irradiations,
the absorbed energy density had full width at half maximum
(FWHM) values of 50 nm and 25 nm, respectively.

3.2. Profile of electron beam-induced luminescence

The sCMOS camera could detect the luminescent light spot in
the video images in real-time. A supplemental video (Supplemen-
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tary MovieO1.wmv) shows a continuously moving light spot which
was induced by 2.5 keV EB scanning. The trajectory was plotted in
Fig. 2(E). Fig. 2(C) and (D) showed intensity profiles of the light
spot at 2.5 keV and 5 keV. The intensity of the light spot increased
as a function of accelerating voltage of the EB and its beam current.
FWHM values of the profile of electron beam-induced lumines-
cence were 473 nm and 266 nm at 2.5 keV and 5 keV, respectively.

3.3. Real-time observation of deposition

In the EDOT solution, raster scanning induced deposition of a
rectangular micro pattern on the SiN nanomembrane. Real-time
observation using the sCMOS camera is shown in a supplemental
video (Supplementary Movie2.wmv). The pattern gradually ap-
peared as a visible convex texture during the EB scanning. Fig. 3
summarizes time series behavior of the brightness profiles for
the depositing video (Supplementary Movie2.wmv). The increasing
brightness of the deposition pattern in the video images indicated
interference of reflected light at the growing thin film during the
EB scanning. In this process, the right edge was brighter than other
areas including the left edge (Fig. 3A).
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Fig. 2. Energy profile of electrons transmitted through the 100-nm-thick SIN nanomembrane. (A) Energy distributions of transmitted primary electrons by Monte Carlo
simulation. The energy distributions were normalized with the initial number of primary electrons. (B) Simulated absorbed energy of the spot profile at the interface between
the SiN nanomembrane and water. (C) Intensity profiles of the light spot at 2.5 keV and 5 keV. The peaks of the profiles were normalized. (D) Intensity profiles of the light spot
at 2.5 keV with various beam current. (E) Sequence photographs of electron-induced luminescence at the 100-nm-thick SiN layer with multiple exposures at 40-ms intervals.
The input beam trajectory was the Lissajous diagram. (D) Profiles of the EB-induced luminescence.
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Fig. 3. EB-induced deposition of EDOT at the interface of the 100-nm-thick SiN
nanomembrane and the 10 mM EDOT solution in water. (A and B) Rectangular
deposition patterns from the video (SupplMovie2.wmv) images. (C) Time sequence
of the brightness profiles of the video images during processing of the rectangular
deposition. The white bar in (A) indicates the width of the EB scanning pattern.

3.4. In situ patterning on a Hep G2 cell

The EB was aligned to the center of the camera view using both
the secondary electron image and EB-induced luminescence spot
light. Then the target Hep G2 cell was aligned to the center of
the view window of the sCMOS camera Therefore the processing
area could be precisely controlled to the targeted point on the cell
which was scanned with a rectangular raster pattern. Fig. 4 shows
the EB-induced patterning on the cell center.

4. Discussion

Our Monte Carlo simulation showed a few primary electrons
reached the SiN/H,O0 interface, and those few transmitted electrons

.

had kinetic energy of less than about 1 keV. We purposely used a
low energy EB to reduce damage to the bio-molecules during the
beam irradiation. These simulation results indicated even low en-
ergy electrons could reach the SiN/H,0 interface and their lateral
scattering region (<50 nm) was similar in size to a composite
bio-molecule. This kinetic energy of transmitted electrons could
contribute to chemical reactions at the SiN/H,O interface due to
energy absorption by H,0. The extremely small absorbed energy
was smaller than the thermal energy at room temperature
(~1/40 eV). Therefore, the primary electrons would not be the
dominant factor for chemical reaction changes in the solution or
for inducing bio-molecular damages, because molecular bond
energies are on the order of 1 eV per molecule. Secondary elec-
trons, which were produced around scattering trajectories of scat-
tering primary electrons and generally with energies <20eV,
would be the dominant factor for the EB-induced reaction. The
EB induces a surface chemical reaction to deposit precursor mate-
rials due to emission of scattering, back scattering and also second-
ary electrons from the surface [13,14]. These low energy electrons
have enough energy to ionize atomic hydrogen (13.6 eV). Though
these energies are sufficient to generate single strand breaks of
DNA samples in a biological application, they fortunately do not in-
duce the critical double strand breaks for DNA molecules which are
less repairable in correction process [15,16].

The reactive region induced by the EB was visualized using
luminescence video images at the SiN/H,O interface. The FWHM
values of the luminescence light spot were related to acceleration
voltage and beam current of the irradiating EB. These sizes were 10
times larger than the simulated results of scattering primary elec-
trons. This difference indicated the luminescence region was not
related to only primary electrons but also secondary electrons
around the primary electrons, and the captured image showed
the diffraction pattern of a point source. Such 10-fold enlargement
of the processing area was previously reported in the case of chem-
ical vapor deposition using an electron (or ion) beam as a result of
secondary electron-induced surface reactions [17]. The intensity
profile of the light spot (Fig. 2C) included typical periodic rises like
those of a high order diffraction pattern in Fig. 2C. Diffraction limit
of the objective lens on the optical microscope was calculated as
277 nm at 500 nm wavelength light. The reactive region induced
by the EB would be less than the diffracted image of the lumines-
cence; therefore the resolution would be less than the diffraction
limit of a conventional focused laser processing using an optical
objective lens.

Synchronizing imaging of the EB-induced processing could be
visualized using the real-time observation and in situ processing
in the nanometer-scale world of the cell culturing environment.

Fig. 4. In situ EB-induced patterning on a culturing hepatocyte cell. (A) A Hep G2 hepatocyte cell which was culturing on the SiN nanomembrane was targeted using a real-
time live image from the sCMOS camera. (B) The electron beam was scanned at the center of the cell.
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Real-time observation contributed to achieving precise alignment
for the calibration procedure which overlapped the optical image
and the EB scanning route. The peak intensity of the light spot of
luminescence could be detected within a few tens of nanome-
ters. Thus, we successfully demonstrated the in situ processing
on the center of the culturing cell. And we also characterized
the basic processing behavior in spatio-temporal changes using
video data. The deposited rectangular EDOT pattern was some-
what uneven in the rectangular scanning area. The left edge of
the deposited pattern was a ridge and higher than other flat
areas. This asymmetric deposition would result from hysteresis
of the polymerization process and signals of the pattern genera-
tor. Raster scanning was started from the left and moved toward
the right of the rectangular pattern; therefore the left edge re-
tained a higher reactive energy and molecular concentration
than the right edge. Similar phenomena showing scanning direc-
tion-dependent deposition were reported previously in research
studies on chemical vapor deposition using a focused ion beam
[18]. This hysteresis effect could be reduced by controlling the
dwell time for the beam scanning pattern using high speed
blanking of the electron beam.

The EB induced a surface chemical reaction to deposit liquid
precursor materials due to emission of secondary electrons from
the surface at the culturing cell. This was a result of the energy
of the secondary electrons being equivalent to the energy of a re-
dox reaction. The EB-induced chemical reaction could be applied
to modification of the cell membrane traffic as nano stimulation
probes. Previously, we reported no damage on a living cell mem-
brane after deposition of a precursor material 3,4-ethylenedioxy-
thiophene using a low energy EB irradiation through a thin
nanomembrane in a wet SEM capsule [10]. Less damage and in situ
processing on the living cell might be possible using a nano stim-
ulator and nano manipulation for living molecular and cell sys-
tems. This would mean the molecule resolution computational
environment was virtually displayed for living cells using EB scan-
ning. The reactive energy range could be chosen based on the
accelerating voltage and beam current of the EB and the spatio-
temporal scanning pattern.

In summary, we described our use of EB lithography and an
optical microscope that was connected in a closed-loop to
synchronize beam irradiation and camera views for in situ nano
processing. The opposed co-axial dual optics including an I-EBL
system and an optical microscope could provide in situ nano
processing of a culturing living cell on a 100-nm-thick SiN nano-
membrane. Imaging synchronized to the I-EBL and real-time
observation during the EB irradiation visualized dynamics of the
EB-induced deposition and nano processing of the living cell. Res-
olution of less than a few hundred nanometers was visualized in
real-time by the high sensitivity camera mounted on the optical
microscope. The closed-looped in situ nano processing should be
a good tool for nano biological research studies. The applicability
of the nano processing should be widespread owing to the high
resolution and controllability of the beam scanning and we ex-
pect it to be used for nanometer resolution displays of virtual
molecule environments to study functional changes of bio-
molecule systems.
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