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Abstract

A Boersch phase plate can shift the phase of electrons proportionally to the applied electrical potential,
thereby allowing for in-situ control of the electron phase shift. A device comprising multiple of such
phase shifter elements will be able to modulate the wavefront of a coherent electron beam and control
electron interference. Recently, fabrication of single and 2x2 element Boersch phase shifter devices by
focused ion beam have been reported, but realization of a large scale Boersch phase shifter array would
demand further developments in device design and fabrication strategy e.g. by lithographic methods.
Aiming at such a goal, we develop a fabrication method utilizing the state-of-the-art electron beam
lithography and reactive ion etching, a combination which is widely used for high-throughput and large-
scale micro- and nanofabrication of electronic and photonic devices. Using the developed method, we
fabricated a three-element phase shifter with a metal-insulator-metal geometry and tested its electron
transmission characteristics in a transmission electron microscope with the beam energy of 200 keV.
The result showed the voltage-controlled evolution of electron interference, demonstrating the voltage-
controlled electron phase shift of individual phase shifter element; n-phase shift was achieved by
applying 1 V to the phase shifter element. We analyze the experimental results in comparison with 3-
dimensional electrostatic simulation in terms of the phase-shift efficiency, the possible crosstalk

between phase shifter elements and its elimination with a five-layer device structure.
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§1. Introduction

Holographic synthesis of electron waves via the phase front modulation has been actively studied
recently'™. Applications of the holographic electron wavefront control include the phase contrast
enhancement of high-resolution microscopy®™®, synthesis of vortex beam and higher order Laguerre-
Gaussian beam with orbital angular momentum'>**'*, Bessel beams', Airy beams'®, and the
generation of arbitrary electron wave patterns in 2D'” and 3D*. Such reported experiments demanded
specialized static electron phase plates, that were designed via inverse modeling, fabrication, and
insertion before or after the sample under investigation at a given microscope setting. The static phase
plates are typically produced by nanofabrication methods such as the focused ion beam (FIB) milling'~
or electron beam lithography*. In contrast, a device, that allows for an active control of the local phase
shift e.g. by applying voltage, will enable flexible use with in-situ tunability without adapting the phase

plate parameters for specific microscope settings. In the case of Boersch phase plate®*'%22

, it is possible
to operate the device with such flexibility. When an electron transmits through an aperture surrounded
by a ring electrode, the phase of the electron is delayed or advanced by an amount proportional to the
voltage applied to the electrode. Voltage-controlled phase modulating devices based on another
approach have also been studied such as the nano-needle pair® and the nano-beam pair'' for the purpose

of producing electron vortex beams.

One of the interesting, and promising approaches is to use an array of the Boersch phase plate?. Such
a device with sufficiently large number of phase shifter elements will be able to achieve the electron
phase front modulation necessary for high-resolution microscopy and spectroscopy in-situ without the
need to exchange the device and to readjust the observation conditions®. In analogy to liquid-crystal

phase shifter array for visible light optics™

, such a device will extend the possibilities of electron
wavefront engineering into practical applications in microscopy, diffraction analysis, and spectroscopic
experiments. Matsumoto and Tonomura showed theoretically that the phase shift of the Boersch phase
plate is uniform in the interior of the aperture’’. Therefore, the calculation and programming for the
electron wavefront synthesis will be straightforward with such a device. Even though up to 1000x1000
array of individually controlled electron beam array have been demonstrated for massively parallel
electron beam lithography by splitting an electron beam incoherently”*>% no such device exists yet for

the coherent electron wavefront manipulation.

With the scalable and high-throughput fabrication of a large-scale phase shifter array as a goal, we are

studying a fabrication method based on electron-beam lithography™*'?

, which offers advantages of
defining large-scale nanostructures with various materials, that can be also combined with subtractive
and additive lithography processes®*=**. In this work, we fabricate a three-element phase shifter device
with metal-insulator-metal (MIM) 3-layer structure, a simplified device structure without one of the

shielding electrodes, and test the electron transmission characteristics for a high energy coherent



electron beam in a transmission electron microscope equipped with a field emission electron gun. The
successful observation of voltage-controlled electron interference demonstrated the phase shift
capability of our device. In section 2, we describe the method of the device fabrication developed in
this work. In section 3, we describe the experimental procedure for testing the phase shift performance
of the fabricated device. In section 4, we present the experimental results on the voltage-controlled three
beam interference, analyze the results in comparison with electrostatic simulation, and discuss the

implications, and finally in section 5, we summarize and conclude.

§2. Device fabrication processes

Fig. 1a shows the schematic fabrication steps of the device. The schematic cross-section, the top-view
optical image, and the top-view SEM image of the device are shown in Fig. 1b, ¢, and d, respectively.
Our MIM device consists of three apertures through the insulator (~200 nm thick silicon nitride), that
are individually surrounded by ring electrodes (~100 nm thick Au). The apertures and in turn the ring
electrodes are arranged in a triangular geometry as shown in Fig. 1d. When an electron beam irradiates
the device, electrons pass through apertures while electrical voltage V; is applied to the ring electrode
of the n-th phase element (PE-n, where n = 1, 2, 3) with respect to the bottom electrode (~50 nm thick
Cr), that covers the entire bottom surface of the device chip. The diameter of the apertures and the
center-to-center distance between adjacent apertures measured from the SEM image were respectively
equal to 0.90+0.05 pm, and 1.8+0.05 pm. The width of the ring electrodes was equal to 280+20 nm
and its inner circumference is offset by 80+10 nm from the aperture edges. The adjacent ring electrodes

were separated by 120+10 nm.

The device chips are fabricated on a low-stress silicon nitride (SiN) membrane supported on a silicon
substrate. The silicon layer underneath the SiN in the 150 pm square parts (marked in Fig. 1c) is
removed, thereby the active part of the chip is built on the free-standing SiN membranes (Fig. 1a.1). To
prepare the SiN membrane, a 200 nm thick SiN is first deposited on a 4" silicon wafer by low pressure
chemical vapor deposition on both sides of the wafer. Next, ~500 um square windows through the SiN
layer are defined by photolithography and the reactive ion etching (RIE) on the back side of the wafer.
Subsequently using the remaining SiN as the etching-mask the silicon layer is wet etched by a KOH

solution at 70°C resulting in ~150 pum big free-standing SiN membranes.

In the next step, Fig. 1a.2, we evaporate 50 nm thick chromium (Cr) on the back side of the chip by

electron beam evaporation, which serves as the bottom electrode.
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Figure 1: (a) A simplified schematic of fabrication process steps from top to bottom, 1. SIN membrane fabrication;
2. metal layer (Cr) evaporation on bottom side; 3. aperture patterning and transfer to all layers from membrane
layer to Cr layer; 4. patterning of electrode rings around etched apertures (b) Schematic cross section of the
Boersch phase shifter device. (¢) Top-view optical microscope image (false colored) of the fabricated device. Three
contact strips are connected to the three phase shifter elements PE1, 2, and 3, located in the squared area. (d) Top-
view SEM image of the fabricated device. The three apertures with individual electrodes are located within the
small square marked in (c)

In the subsequent step, Fig. 1a.3, the apertures through both SiN and Cr layers are fabricated. We pattern
the resist mask (600 nm thick PMMA with the molecular weight of 950K) using an electron beam
lithography tool (Vistec EBPG5000 PLusES 100kV). The SiN membrane is then etched by RIE (Oxford
PlasmaPro 100) using the patterned PMMA as the etching mask. The gas mixture of CHF3 (40 sccm)
and Ar (25 sccm) is used to create plasma at 115 W RF power and 25 W ICP power, which gives an
etching rate of ~10 nm/min . By avoiding O, gas mixture and adding Ar, the selectivity of the PMMA
against SiN etching with the SiN etching rate equal to ~10 nm/min was achieved. To etch the underlying
Cr layer, we transfer the chip to another RIE with chlorine chemistry (Bell Plasmatechnologie GmbH)
with the gas mixture of Cl» (50 sccm) and O, (20 sccm) and etched for 2 min.

To achieve an alignment precision of ~5 nm between apertures and ring electrodes to be fabricated in
the next step, six sets of rectangular alignment markers (70 nm thick Au) in two different sizes for
coarse and fine alignment are fabricated in advance with electron beam lithography. The markers were

chosen for each lithography step to ensure translational as well as rotational alignment.

In the last step, Fig. 1a.4, we fabricate the ring electrodes and their contact strips (Fig.1c). This is done
by lift-off using a 400 nm thick PMMA (950K) as the positive mask. The PMMA mask is patterned by
electron beam lithography. After the electron beam exposure and development of the resist mask, a ~7
nm thick Cr layer is deposited as the adhesion layer followed by a 100 nm thick Au layer, both by the

electron beam evaporation method, on top of the patterned resist mask. The chip is subsequently dipped



into acetone to complete the lift-off of the metal layer evaporated on top of the unexposed resist. We
added an offset of 80 nm between the edge of the apertures and the inner circumference of the ring
electrodes for the purpose of supporting the resist layer over the apertures. This way, the metal
deposition on the aperture sidewalls was prevented and the yield of the lift-off of the deposited metal
layers was improved. Also, the dose for the resist exposure was optimized to improve the efficiency of
the lift-off process e.g. by exposing ring electrode and connecting strips inside the membrane area at

1.5 times higher dose levels than peripheral, larger patterns such as contact strips and contact pads.

Figure 2: SEM image of phase shifting element PE3 taken at high magnification and a tilt of ~15°. The image
shows a clean sidewall with insulated bottom (Cr) and ring electrodes (Au). The PE3 electrode showed an offset
phase shift at 0 V which can be potentially due to error in the lift-off process which lead to a slightly thicker
sidewall on parts of the ring electrode as can be seen from the image.

In Figure 2, we show a high magnification SEM images of the phase shifting element 3 (PE3) observed
at 15° tilt angle. The sharp edge of the Au ring electrode and the smooth SiN sidewall inside the aperture
are visible. The bottom electrode and the ring electrode are completely disconnected, owing to the self-
aligned etching process of the SiN aperture and the Cr layer underneath. The electrical insulation
between electrodes was confirmed in vacuum (< 107 mbar) up to 20 V, which is an order of magnitude

higher than the amount required to shift the phase by 2n as discussed below.



§3. Measurement of the phase shifter characteristics

The phase shift characteristics of the fabricated device were tested in FEI Titan G2 F20 field emission
transmission electron microscope equipped with a CCD image sensor (EDAX r-TEM SUTW)?*® with
the electron beam energy of 200 keV. The device chip was mounted on a holder with four electrical
feedthroughs (DENSsolutions SH30) with the back side facing the beam source and inserted at the
sample position of the microscope. A parallel electron beam was irradiated from the back side of the
sample and the transmitted electron was imaged on the detector. The chip supporting plate of the holder,
that was in electrical and mechanical contact with the backside of the chip, was biased at ~2 V as a
protection of the microscope to avoid contacting the sample holder with pole piece. However, this did
not contribute to the voltage differences between different PEs, hence unimportant to the interference
of the electron beams transmitting through the apertures. The sample compartment was cooled by a
liquid nitrogen bath to improve the vacuum. Therefore, the temperature of the device chip was reduced

below ambient temperature.

In Fig. 3, the low-magnification transmission image of the device is shown, when all V,,’s were set equal
to 0 V. The three bright disks indicate that electrons transmitted the apertures of the three PEs
unobstructed (transmission of 100 %). The dark rings and strips around the apertures show close to zero
transmission through the Cr/Au layers of the ring electrodes. The transmittance of the electron beam
outside the electrode area through 200 nm thick SiN and 50 nm thick Cr layers is equal to ~17% and

low.
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Figure 3: Low-magnification TEM image of the three-element Boersch phase-shifter device. Each phase shifter
element was connected to a separate DC voltage source to apply the potential Vi (n =1,2,3).

To observe the far-field interference pattern of electron beams passing through the device, we set the
microscope in the diffraction mode with the weak excitation of the objective lens (approximately 5%
comparing to ~80% in imaging mode) corresponding to an equivalent optical distance between the chip

and the image detector equal to ~1400 m.



§4. Results and discussions

§4.1 Voltage-controlled three electron beam interference

In Fig. 4, we show the electron transmission images of the device acquired when the microscope was
in the far-field diffraction mode. When V;’s applied to the PEs were equal to zero, Fig. 4a, we observed
a hexagonal pattern of interference of three electron beams transmitted through three PEs. The central
interference spot is the brightest as expected from the interference of three beams with equal
propagation distances. The observation was reproduced by simulation Fig. 4d, wherein the simulated
image was calculated by Fourier transform of three-aperture-image with the analogous size and
geometry as our device. To match the simulation with experiment, the rotation of the three apertures
was adjusted as shown in the insets in Fig. 4. The surrounding higher order diffraction spots are darker,
since the finite aperture size of the PEs limits the angular spread of the transmitting electron beam
within its Airy disk. The approximate cutoff of the interference pattern for the 2™ order and higher order
diffraction spots is compatible with the ratio of the center-to-center separation of the phase elements

(= 1.8 um) to the diameter of the aperture (= 1 um) approximately equal to 2.
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Figure 4: Voltage-controlled three-electron-beam interference, realized by the fabricated three-element Boersch
phase-shifter device. The electron interference was observed using a 200 keV electron beam in a transmission
electron microscope in the far-field diffraction setting. (a)-(c) shows the case when the voltage V1 applied to the
phase shifter element 1 (PE1) was equal to 0.1 V, +1.2 V, and +2 V, respectively, while setting voltages applied
to PE2 and PE3 were equal to 0. (d-f) show the simulation calculated for the transmission phase of PE1 (right up
aperture in the inset) was equal to 0, w, and 1.95m, respectively.

We next varied ¥ applied to PEI1 in the range of -2 to 2 V while keeping V> = V3 =0 V. This changed
the interference pattern (see Supplementary Video 1). The application of positive V7 resulted in the shift

of the interference spots in the /; direction (see inset at the left panel) i.e. toward PE1 from the middle



of the device as expected from the phase advancement of the beam through PE1 for positive V. When
V1 was increased from 0 V to 1.2 V, the interference spots shifted until the central part became a dark
area sandwiched by two spots that were darker than the central spot at '} = 0.1 V. Comparing with the
simulation, this is ascribed to the ~m phase shift of the electron beam passed through PE1 with respect
to PE2 and PE3. Further increase of V1 to 2 V continued to shift the interference spots until the image
was same as the V1 = 0.1 V case, indicating that the phase shift was approximately equal to 2= at this

voltage, see Fig. 4f.

The same voltage-controlled variations of the interference patterns were observed when we applied
voltages to PE2 as in the case of PEIl, see Fig. 5a-c. We also observed a similar phase shift
characteristics for PE3 but with a phase offset of ~0.57 (or ~ —1.57), see Fig. 5d-f showing the case
when J3=1.2, 2.0, and 2.8 V, that correspond to the phase shifts approximately equal to 0, z, and 27,
respectively. Although the phase offset of PE3 is significant, it could be compensated by applying a
small voltage as shown here. The origin of the offset is tentatively ascribed to charging around the

aperture but yet to be elucidated.

Figure 5: Observed far-field diffraction pattern of PE2 and PE3 at (a) (0, 0, 0) V, (b) (0, 1.1, 0) V and (c) (0,
2.0,0) V; and (d) (0,0, 1.2) V, (e) (0, 0,2.0) V and (f) (0, 0, 2.8) V.

To analyze the observed voltage-controlled electron beam interference and the phase shift in detail, we
extracted the intensity cross-sections of the interference images along the lines going through the center
of the interference images in the directions of /1‘s (n = 1,2,3) shown in Fig. 4. In Fig. 6a we show the
result of the analysis at the selected voltages for the dataset when V; was scanned. The dashed curves

show the simulation calculated with phase shifts that gave the same sidelobe intensity ratios. In Fig. 6b



and c, we show the result of the analysis for the datasets when V> and V3 were scanned, respectively.
The zero-bias intensity profile of the V1-scan data showed an asymmetry, suggesting a small voltage

offset. A larger voltage offset was observed for the V3-scan dataset as already indicated in Fig. 5.

In Fig. 7, we summarize the relationship between the bias voltage and the phase shift at each V,’s
evaluated from the fitting for the three datasets. We found that the phase shift characteristics of PE1
and PE2 are same as indicated by the black dashed line with the slope and the phase offset equal to
1.0740.02 m rad/V and - 0.13m, respectively. The red dashed curve shows the linear fit for the PE3 case,
with the phase offset of -1.3 ©. Nevertheless, its slope equal to 1.144+0.04 & rad/V was found to be
equal to that of the phase shift characteristics of PE1 and PE2 within 6 %.
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Figure 6: Fitting of line profiles of experimentally observed diffraction patterns (OV - 2V) for PE1 and PE2 and (0V — 3V) for
PE3 with simulated diffraction patterns (0 — 2.5m), voltage induced drift between consecutive curves is linearly compensated.
PE1 and PE2 can shift phase of electron by m at an applied voltage of approximately 1V.
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Figure 7: Phase shift vs applied voltage plotted for Phase element 1 (PE1), PE2 and PE3. The intensity cross-sections of
observed diffraction patterns is fitted with analytically calculated phase shifts for randomly chosen patterns between -2 V
to 3 V. The phase shift is linearly related to the applied voltage for all three PEs. PE3 needs an increased amount of voltage
for similar phase shift compared to PE1 and PE2.

§4.2 Vortex beam generation using three phase shifting elements

Next we applied voltages to the three phase shifter elements to set the phase shift for PE1 and 2 with
respect to PE3 equal to -27/3, 21/3, and 0, respectively, that takes into account the phase offset of PE3.
This condition leads to the three-beam approximation of the vortex beam with the orbital angular
momentum of 1A. Fig. 8a shows the result. The central dark spot surrounded by three spots with the
same brightness indicates the vortex singularity. The observation in Fig. 8a compares well with the
simulation shown in Fig. 8b. Although the three-beam approximation is rather rudimentary, the inline
formation of the vortex beam instead of the finite order diffraction is potentially advantageous for

applications in terms of the beam brightness and the alignment on the sample.
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Figure 8: (a) Vortex beam singularity for (-0.67,0.67,0) V generated with only three individually controlled phase elements (b)
corresponding FFT simulation

§4.3 Comparison with 3-dimensional electrostatic simulation

Now we compare our experiment with an electrostatic simulation. In the Boersch phase shifter, when
an electron propagates through the aperture, the electron phase is advanced by an amount proportional
to the DC voltage V applied to the ring electrode with the thickness of #z surrounding the aperture. The
ring electrode is sandwiched by a pair of electrodes at ground potential at the top and bottom, thereby
the electron energy of the incident and transmitted beam are same "'®'°. Assuming that the potential
inside the phase shifter aperture varies stepwise between 0 and Vz within the thickness #z of the ring
electrode as in the case when the electron propagates through a material with the potential of Vz, the
phase shift A¢ is given by oVte. The coefficient ois given by the following equation when the kinetic
energy E (in the order of the electron rest mass energy Eo) is much larger than V5,

_2m E+E,
T 1 E(E+2Ey)

(1)

In Eq. (1), A 1is the electron wavelength. For a 200 keV electron beam (£ =200 keV), A=2.5 pm and o
is equal to ~7.29x10° rad V' m™".

The variation of the potential along the beam trajectory in the actual device varies gradually. Therefore,
the maximum voltage and the (effective) width of the potential depend on the electron trajectory i.e. if
the electron propagates at the center or near the edge of the phase shifter aperture because of the
different distance from the ring electrode. However, the influence of this on the phase shift is negligible
as demonstrated by Matsumoto and Tonomura®’: the phase shift A¢ for an electron that propagates
through the aperture, which is given by the following integral, does not depend on the location (x,y)

within the aperture of the electron trajectory,

11



Agp = afjooo U(x,y,z)dz ; (2)

where U(x,y,z) is the potential distribution produced by the phase shifter element (the x-y plane is
parallel and the z-direction is perpendicular to the sample plane and parallel to the electron trajectory).
The z-dependence of the potential distribution and A¢ deviate from the stepwise potential variation,

especially in our geometry wherein one of the electrodes sandwiching the ring electrode is omitted.

For a quantitative comparison with experiment, we calculated the three-dimensional electrostatic
potential distribution of our device by a finite element solver (COMSOL Multiphysics) and evaluated
the phase shift by Eq. (2). We assumed the same size and geometry for the three PEs as the fabricated
device. First we discuss the result of the simulation without contact strips. The influence of the contact

strips is discussed in the next section.
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Figure 9: The calculated potential distribution of the three-aperture system metal-insulator-metal (MIM) device with phase
shifting element 1 (PE1), PE2 and PE3 is shown in (b). The voltage distribution of the MIM device at z=0um and z =1 um are
shown in (a) when V; = 1 V (potential values are normalized to maximum (red) for all images). From the cross-section of the
MIM device in (c), the crosstalk between two neighboring elements can be understood by the unscreened potential due to
missing top electrode.

In Fig. 9, we show the calculated potential distribution when ¥, =1 V, and V> = V3 =0 V. The bottom
electrode surface lies along the x-y plane at with z =0 um, and the ring electrodes reside above, see Fig.
9c. Fig. 9a shows the potential distribution along the plane parallel to x-y plane at z = 0.30 um (at the
surface of the top electrode) and at z = 1.3 um (1 um above the ring electrode), respectively. Figs. 9a
and ¢ show that the potential beneath the bottom electrode goes to zero sharply but elongated in the
positive z direction more than 1 um above the ring electrode. See also Fig. 10a depicting the potential

variation along the selected trajectories. Lc is the case when the electron trajectory is long the center of
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PE1. The width of the potential along trajectories as determined by the integral in Eq. (2) is equal to
0.88 um. This is factor ~9 larger than the thickness 100 nm of the ring electrode.

At z = 1.3 pm, the maximum potential decreased to 0.2 V, but the transverse spread reaches PE2 and
PE3. As aresult, even though V> = V3 =0, there is a finite phase shift for electrons that transmit through
PE2 and 3. To evaluate this cross-talk effect, we calculated oUy given by the z-integration of the
potential through the center trajectory of PEk when 1 V is applied to PEn. Using these quantities, the
voltage AV required for the m phase shift for electrons that transmit through PE1 with respect to PE2
and 3 when Vi =1V and V>,=V3=0V is given by n/{c (6U11-6U12)}, which is equal to n /{o (SU\1-
oUi3)}. We found that oUi» = 6Us, = 0.16 um. As a result, we found A4V equal to 0.59 V. This is
approximately 35 % smaller than experiment. Since the larger AV suggests the shorter amount of (oU -
oU\»), the disagreement between theory and experiment tentatively suggests that the potential spread in
the z-direction above the ring electrode in the experiment was shorter than the calculated value in the
above simulation. Such a reduction of the potential spread might be induced by the presence of surface
charge over the device surface as a result of high-energy electron beam transmission, that could result

in a partial screening of the potential. However, precise mechanism is unknown.

Since the transverse spread of the potential induced by PEI is not uniform over PE2 and 3, the parasitic
phase shift in PE2 and 3 are not uniform. In our device geometry, we found from the simulation that
the edge-to-edge phase shift difference in PE2 and 3 across the diameter D = 1 um of their apertures is
equalto~0.2mat V1 =1V and V>=V3=0V, that was evaluated from the calculated potential distribution
in the z-direction depicted in Fig. 10b. The first order effect of such nonuniformity is tilting of the
wavefront of electrons transmitting PE2 and PE3 and the deflection away from PE1. The deflection
angle is estimated to be on the order of 0.21/(D/A) ~ 10 rad, and its polarity is opposite to those

observed in the experiment (see the next section).
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Figure 10: 1d potential distribution along z-direction at different line sections L., L1 and L, in phase shifting aperture 1 (PE 1)
as shown in the inset images. L. is passing through the center of PE1, L; is passing near the electrode edge of PE1 close to PE3
and L, is passing through the electrode edge of PE2 at furthermost point from PE2 and PE3. (a) The graphs above show the
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potential distribution along z from z = -5 to 10 um for 2t phase shift. The equivalent voltage for MIM device = 1 VV and MIMIM
device = 2.3 V is considered in the simulation for comparison. The bottom electrode is located at z = 0 um plane in both
configurations. (b) The influence of crosstalk on adjacent electrodes is explained by showing the presence of potential
distribution along PE1 while only PE2 is biased for voltage equivalent to 2it phase shift.

§4.4 Parasitic deflection of electron beam

In the experiment, we observed, in addition to the voltage-induced phase shift, deflection of the whole
interference pattern, see Figs. 3, and 4, and Supplementary Video 1. The deflection of the interference
pattern when V, (n = 1,2,3) was varied was in the /,-direction toward PEn for positive V;, reverted for
negative V;, and the amount of the deflection was approximately proportional to V;, (within a factor of
~2 for all PEs). Therefore, we consider that the deflection was induced by the potential gradient caused

by the contact-strip-part of the ring electrode.

To quantify the deflection angle, we note that, when V; was increased from 0 V to 2 V, the center of
the beam shifted approximately by Soi/2 on the screen, where we define So1 equal to the distance
between the central diffraction spot and the 1% order diffraction spot at V1 = 0 V on the screen.
Considering the relativistic wavelength A= 2.5 pm for 200 keV electron beam and the center-to-center
distance d = 1.8 um between PEs, the angular distance corresponding to So; is equal to A/d =~1.4 prad.
From this, we conclude that the deflection angle 7 at 'y =2 V is estimated to be equal to ~0.7 prad

(with the variation of a factor of ~2).

We compare this value with the ratio 7im = uy/u, of the transverse velocity uy to the longitudinal velocity

u,, where uy is evaluated by the following integral, and u, = 2.085x10® m/s, (>> uy) is given by the beam

energy of 200 keV,

e

yMolz

u,~ — | dzF,(2); (3)

yR
where ymy is the relativistic electron mass (y= 1.35), and my is the electron rest mass.

§4.5 Electrostatic simulation of MIMIM device

To compare the phase shift characteristics of MIM device structure studied here with the MIMIM device
as originally proposed by Boersch, wherein a second planar electrode at the same potential as the bottom
electrode is added on top of the ring electrode, we next conducted the 3-dimensional electrostatic
simulation. We assumed the same structure as our device for the ring electrode, insulator, and bottom
electrode, and added a stack of a 0.2 um thick second insulator and a 0.1 um thick planar electrode
above. The calculated potential distribution is shown in Fig. 10. As expected, the potential spread in the
positive z-direction above the device was much reduced owing to the added planar electrode on the top

at the ground potential. The potential variation along the electron trajectories at the middle and near the
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edges of the aperture shows that the vertical spread was nearly a factor of 2 reduced, therefore

approximately factor 2 higher bias voltage is required to achieve the same phase shift.

At the same time, the transverse spread of the potential was much reduced as shown in Fig. 11a and
Fig. 11b. As a result, the cross-talk effect as well as the wavefront tilting effect became negligible
(reduced by a factor of 5, therefore an order of magnitude smaller than the main phase shift through the
biased PEs). Further, shielding of the contact strip of the ring electrodes is expected to eliminate the
beam deflection effect as observed in the experiment and analyzed in section 4.5. These are important

advantages for a device that integrates a large number of phase shifters.

10f a b
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Figure 11: 3D electrostatic simulation of three aperture system metal-insulator-metal-insulator-metal (MIMIM) device with
phase shifting element 1 (PE1), PE2 and PE3 is shown in (b). The entire system is confined within boundaries extending to (-
4, -4, -5) um to (4, 4, 10) um in the rectangular coordinate system. The voltage distribution of the MIMIM device at z = 0.3
um and z = 1.3 um is shown in (a) when PE1 receives 2.3 V (potential values are normalized to maximum (red) for all images).
From the cross-section of the MIMIM device in (c), it is evident that the crosstalk between two elements is significantly
reduced compared to MIM device.

§4.6 Discussions

We evaluated the visibility v defined by (Jmax-Imin)/(Imax+Imin) of the interference’” from the zero bias
intensity profile for the Vi-scan dataset in Fig. 6a. By taking Inax equal to the average of the peak
maximum and the peak value of the 1% order peak and Imin equal to the average intensity of the first dip
of the intensity profile, we found the visibility values for the experiment and simulation, respectively,
equal to vexp = 0.49 and and vsim = 0.54. Several possibilities can be thought of as the reason why the
visibility is 10 % smaller in experiment. It is not likely that this is due to the insufficient coherence
length of the electron beam. The application of ~2 V to the phase shifter element induced phase shift
by 2n (one wavelength). Therefore, the longitudinal coherence length is unlikely to limit the visibility.
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In fact, the estimated longitudinal coherence length®® approximately given by AxE¢/(2AE) is equal to
~2x10°> 2 = 0.4 um, where AE ~ 0.5 eV is the energy spread of the electron beam emitted from the
Schottky emitter, and much larger than A. The transverse coherence length of the incident electron beam
is more likely to be a limiting factor of the visibility. For quantitative comparison, it is desirable to

conduct a separate but simultaneous measurement of the electron beam coherence.

Another possibility is the inelastic scattering of the electron beam during the propagation through the
apertures of the phase elements, since the inelastically scattered electron would still reach the detector
within the Airy disk radius (within the first order interference spots) but as a back ground, thereby
increasing the intensity at the dips. We also note that the relative intensity of the 2™ order interference
spots with respect to the 0™ and 1% order interference spots is several times larger in experiment than in
the simulation. In the latter, the sharp cut off of the intensity beyond the angles determined by the
aperture diameter makes the 2™ spots extremely dark as the intensity profile of the simulated
interference pattern in Fig. 6 shows. We found that this is difficult to ascribe to the smaller aperture
dimeter or larger center-to-center distance than those estimated from SEM. This can partly be attributed
to the finite angular divergence of the incident beam, even though the incident electron beam was
nominally aligned as parallel and vertical on the device chip. To further optimize the interference
visibility and to elucidate the visibility limiting mechanism is crucial for the feasibility of the large PE
array device, especially their sizes. For that further experiments with the microscope alignment
conditions such as different source aperture sizes and condenser lens adjustments, the in-situ evaluation
of the transverse electron beam coherence length, or with the combination of the energy filtering® is
required. However, further analysis and the application of such experimental methods are beyond the

scope of the present work.

The visibility can also be reduced when the energy of the electron beams that transmitted through
different apertures are slightly different: the energy difference should be within ~10"° eV when the
integration time of the image observation is in the order of 1 s****4!_ This is especially the case when
the phase shifter voltage is finite. In our MIM structure without the top shielding electrode, the potential
decays slowly above the biased PEs as shown in the simulation in Figs. 9 and 10. In fact, the potential
value in the simulation at the maximum z for such a device structure is finite, and the precise value is
determined by the boundary condition as well as the domain size. Therefore, the experimental
observation of the three-beam interference, especially at V,’s equal to ~2 V, and the fact that it is
approximately identical to the case when V,’s was equal to 0 V shows that the electron energies of the
three beams converged to a same value within ~10"° eV when they propagated from the phase shifter
device along the microscope column and reached to the detector. Nevertheless, as the simulation result
shown in Fig. 11 indicates, when we apply the MIMIM device structure, the convergence of the electron

beam energies within the small amount will be achieved within a few micron propagation distance from
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the chip surface, which will be advantageous for applications, since it will allows for placing a sample

close to the device.

§5 Summary and conclusion

Motivated by the exciting prospects for novel research in the field of molecular biology and material
science for developing a next generation, holographic device of electron wavefront control with
increased flexibility and reproducibility, we have fabricated a three element phase shifting device using
electron beam lithography and reactive ion etching, a combination that is compatible with the scalable
and high throughput device fabrication. The phase shift performance of the fabricated phase shifter
device was tested in a 200 keV TEM, demonstrating an in-situ voltage controlled three-beam
interference, including the rudimentary realization of a vortex beam. The analysis of the phase shift
performance by way of comparing the intensity profiles with simulation showed that the phase shifter
elements were capable to induce m-phase shift by applying ~0.9 V and this value was same for all the
three PEs within 6 %. Phase offsets that vary among the PEs were observed but those were easily
compensated by adjusting the bias voltages with the amount at most ~1 V. Comparing to a MIMIM
device structure with two planar equipotential electrodes sandwiching the ring electrode surrounding
the aperture, our MIM device without the top planar electrode was simple to fabricate and resulted in
the effective electrode thickness of ~0.6 um despite the fact that the ring-electrode-thickness was
0.1 um with the total thickness-to-aperture diameter ratio of ~0.3. However, this at the same resulted in

the deflection of the beams and a finite cross-talk between apertures up to ~20 % was predicted.

The simulation of the MIMIM device structure and its comparison with the MIM structure indicated
the important advantages of the former, especially for a phase shifter array device with a large number
of PE elements. Therefore, together with the development of the strategy for wiring individual ring
electrodes, experimentally validation of these advantages of the MIMIM structure is an important next
step of the research. This will increase the required voltage to achieve the 2m shift, however, the
estimated factor 2 increase is much lower than the dielectric breakdown limit experimentally tested for
our device with the insulator thickness of 0.2 um. Alternatively, the ring electrode thickness can be
increased, however with the potentially reduced device stability due to the increased accumulated stress

for a device fabricated on the free-standing membrane as in the present work.
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