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ABSTRACT

Modern nanotechnology techniques offer new opportunities for fabricating structures and devices at the micrometer and sub-micrometer
level. Here, we use focused ion beam techniques to realize micrometer-sized Janus bimetallic cylinders acting as drift tube devices, which are
able to impart a controlled phase shift to an electron wave. The phase shift results from the presence of contact potentials in the cylinders,
in a similar manner to the electrostatic Aharonov-Bohm effect in bimetallic wires. We use electron Fraunhofer interference to demonstrate
that such bimetallic structures introduce phase shifts that can be tuned to desired values by varying the dimensions of the pillars, in
particular their heights. Such devices are promising for electron beam shaping and for the realization of electrostatic Zernike phase plates
(i.e., devices that are able to impart a constant phase shift between an unscattered and a scattered electron wave) in electron microscopy, in

particular, cryo-electron microscopy.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0050055

I. INTRODUCTION

Developments in state-of-the-art electron microscopes
(including aberration correctors, field emission guns, and single
particle detectors), in the fabrication of sub-micrometer devices
[using focused ion beam (FIB) instruments, electron beam and
optical lithography, etc.], and in biological specimen preparation
(e.g., the use of frozen-hydrated specimens in cryo-electron micros-
copy) have stimulated renewed interest in using phase plates as
devices that can be used to apply phase shifts to scattered electrons
with respect to unscattered beams, in order to improve contrast in
images of weak phase objects more efficiently than using standard
methods, such as defocusing the objective lens. Phase plates are of
paramount importance in cryo-electron microscopy for increasing
the contrast of unstained biological molecules. Beyond electron
microscopy, phase control of charged particles is relevant in the

general field of structured matter waves, in particular, for protons
and light ions in the sub-MeV regime."”

A survey of the history of phase plates has been presented by
Nagayama,” while the state of the art in the field has been reported
by Glaeser," who summarized the strengths of each device, high-
lighted remaining problems and presented future perspectives. In his
analysis, he listed electrostatic drift tubes, i.e., electrically biased drift
tubes surrounded by grounded guard electrodes,” as a promising
approach. One of the problems with fabricating such devices is the
need to connect and control the electrical bias to each nanoscale elec-
trode, with limited space available for cabling. Here, we show how
similar devices can be realized by making use of contact potential dif-
ferences between metals to generate potential differences. This
concept loses the advantage of tuneability but is simpler in realization
and offers prospects for further reductions in device dimensions.
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A desired constant phase shift can be chosen by selecting the dimen-
sions of the device, in particular its height. A similar use of contact
potentials has been reported by two groups™ for a two-metal Einzel
lens configuration (Boersch phase plate),” which has a different con-
figuration from the present “drift tube” concept.

Il. BASIC THEORETICAL CONSIDERATIONS

The working principle of the proposed device can be under-
stood within the framework of the Aharonov-Bohm effect”'’ in its
electrostatic version,'"'” as demonstrated previously for a bimetallic
wire.”>™'® Tt is straightforward to demonstrate the equivalence of
the electron optical phase shifts produced by magnetic and electro-
static dipoles that are rotated with respect to each other by 90°."
For a toroidal instead of a linear geometry, a circular distribution of
elementary magnetic dipoles, which is shown in discrete form in
Fig. 1(a), is equivalent to the circular distribution of electrostatic
dipoles shown in Fig. 1(b). Each arrangement produces a constant
phase shift between an electron beam passing inside and outside
the toroid. On a macroscopic level, this equivalence is retained
between the toroidal magnet shown in Fig. 1(c) and a cylindrical
charge distribution with a radial electric dipole moment, such as
the drift tube shown in Fig. 1(d).

In the present case, instead of using a dipole-based model, we
consider cylindrically symmetrical charges, whose simplest electro-
static field distribution is represented by a uniformly charged ring,
for which the problem of finding the electrostatic field and poten-
tial in all space has been solved.'*™*’

In cylindrical coordinates (r, 6, z), the potential of a ring of
radius R carrying total charge Q takes the form

V(r, 2) Q 2 K [ 4R

(r+R)2+zz}’ )

1
~ 4ne V(r+R)?* + 227

FIG. 1. Analogies between arrangements of magnetic (left) and electric (right)
dipoles. (a) Toroidal magnetic flux tube and (b) toroidal ring of electrostatic
dipoles, represented by discrete sets of dipoles. (c) Toroidal magnet and (d) drift
tube formed from coaxial cylinders of opposite charge.
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is a complete elliptic integral of the first kind, which is defined for
0<m<1

Just as for isolated charges,” the electron optical phase shift
of a charged ring can only be calculated if another charged ring of
opposite charge is present, as convergence of the integral is then
ensured by charge neutrality. In the phase object approximation,
the phase shift is proportional to the projected electrostatic poten-
tial. The z coordinate is therefore not significant, but only the dif-
ferent radii matter. Unfortunately, the function K makes it difficult
to obtain an analytical result for the phase shift by direct evaluation
of the integral. Instead, numerical evaluation of the coordinate-
dependent part can be carried out using Mathematica,”” as shown
in Fig. 2.

This numerical result suggests a way to find an analytical
counterpart, based on the idea that the two-dimensional projected
potential (and hence the electron optical phase shift) satisfies
Poisson’s equation®*~*°

1
V2e(x, y) = —Cg p op(x, ¥), 3)

where Cp is an interaction constant that takes a value of
7.3rad/(Vum) for 200keV electrons and 10.1rad/(Vum) for
80 keV electrons. Furthermore, p(x, y, z) is the charge density and
op(x, y) is the projected charge density, given by the expression

00

op(x, y) = J px, y, 2)dz. (4)

By applying the Gauss theorem, we can infer that the phase
inside a charged ring is constant, whereas outside the ring it is
equal to that obtained if the charge were concentrated at the center

FIG. 2. Trend of the electron optical phase shift of two opposite line charges at
radii 1 and 2, shown in arbitrary units.
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of the ring, in the form

o(r) = —Cg

2 2
1 x+y>. 5)

1
4re Q o8 < R2

According to this equation, the phase inside the ring is constant
and equal to 0.

For two oppositely charged rings with radii R; and R, > Ry,
with the positive charge on the inner ring R;, the phase shift is
given by the expressions

o(r)=0 for r>R,, (6)
1 r?
o(r) = —Cg——Qlog - for R <r <Ry, (7)
4re 5
()——CLQI R—% for 0<r<R (8)
o= Eare, 8 RZ © 1'

These equations are consistent with the numerical results
reported in Fig. 2. As a result of the projection of the charge
described by Eq. (4), this result holds not only for a charged ring but
also for the cylindrical charge distribution shown in Fig. 1(d). If the
region between the charged rings is shielded by an opaque aperture,
then this setup acts as a Zernike phase plate, with a phase difference
that can be varied by changing the charge on the coaxial cylinders.

I1l. SPECIMEN PREPARATION

In order to test this proposal, we fabricated Janus bimetallic
cylinders and measured their phase shifts with respect to nearby
holes of nearly equal diameter. We recorded Fraunhofer images of
each pair of holes, from which the phase shift of the drift tube with
respect to the nearby hole could be measured in the form of a
lateral displacement of the interference fringes with respect to the
diffraction envelope.”” This effect was enhanced by optimizing the
radii of the holes and their separations.'””’

An estimate of the phase difference can be obtained by assum-
ing that the potential inside a cylinder of height h is constant and
equal to the contact potential difference V¢ between the two dis-
similar metals, in our case Pt and Al, which is ~ 1 V.?**’ The cor-
responding phase difference is given by the expression'”*%

¢ = CeVch. ©)

The expected phase shift is 27 for a tube length h ~ 0.86 um for
200 keV electrons.

As the contact potential is affected greatly by the state of the
surfaces and the purity of the materials, we chose to make a series
of Janus bimetallic cylinders with nominal heights of 0, 0.5, 0.75,
2.5, and 4 um, the first of which served as a reference. We used
focused ion beam (FIB) techniques in an FEI strata DB235M
equipped with a Ga* liquid metal ion source (LMIS) operated at
30 keV to realize toroidal versions of bimetallic wires. The starting
point was a commercial PELCO ultra-low-stress silicon nitride
support film with nine 100 x 100 um windows and a membrane
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FIG. 3. Schematic diagram of the cross-sectional structures of the cylinders
and adjacent holes.

thickness of 200 nm. The frame supporting the membranes was a
standard 3-mm-diameter round silicon frame of thickness 200 ym.
We evaporated ~ 50 nm of Al onto each side of the membrane.
Pairs of circular holes, with a pillar on one hole in each pair, were
then fabricated in four steps to realize the cross-sectional structures
shown in Fig. 3. First, Pt-C cylinders were deposited by FIB-induced
deposition (FIBID) using a Pt-organic precursor gas [trimethylme-
thylcyclopentadienylplatinum (IV), (CH;)3CH3CsH4Pt, vaporized
by heating to 44 °C]. The ion beam current used during deposition
was ~ 50 pA. For each cylinder, the ion beam was scanned during
gas injection over a ring-shaped area with an inner radius of
1.15.um and an outer radius of 1.5 um. Five pillars of varying height
were deposited. The total scan time was ~ 1 min for the shortest
pillar and ~ 9 min for the tallest pillar [Fig. 4(e)]. A distance of at

FIG. 4. SEM tilted and top views of the double circular aperture structures. One
aperture in each pair takes the form of a FIBID-fabricated Al-covered Pt-C tube
(beam energy 30 keV, beam current 50 pA during deposition and 100 pA during
milling). Several representative values of tube height are shown. The scale bar
in each image is 2um. The measured pillar heights are (a) 0 (i.e., no pillar
structure), (b) (0.4 + 0.1) um, (c) (0.7 + 0.1) um, (d) (2.2 & 0.1) um, and (e)
(3.3 + 0.1) um.

J. Appl. Phys. 130, 024507 (2021); doi: 10.1063/5.0050055
Published under an exclusive license by AIP Publishing

130, 024507-3


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

least 35 um was maintained between pillars and no more than three
pillars were deposited on each window. In the second step, a bimetal-
lic structure was created by depositing ~ 100 nm of Al over the
entire sample using thermal evaporation. In the final step, a double
aperture was formed by creating pairs of holes with radii of 1.2 um
using FIB milling, one through each tube and one adjacent to it. The
distance between the centers of the adjacent holes was approximately
twice the diameter of each hole. Here, the ion beam current was
increased to ~ 100 pA. It was found to be necessary to deposit a
further ~ 150nm of Au onto the “lower” side of the membrane
using sputter coating, in order to make the support completely
opaque to electrons at 200 keV.

Figure 4 shows scanning electron microscopy (SEM) images
recorded in tilted and top view configurations. A reference struc-
ture of two holes without a fabricated pillar structure is shown in
Fig. 4(a). The tilted views shown in Figs. 4(b)-4(e) allow the pillar
heights to be measured. The nominal values of the heights of the
pillars shown are 0.5, 0.75, 2.5, and 4um, while the measured
heights from the SEM tilted views are (0.4 4+ 0.1)um,
(0.7 + 0.1) um, (2.2 £+ 0.1) um, and 3.3 £+ 0.1 um, respectively.

IV. EXPERIMENTAL RESULTS

Experiments were carried out at 80 and 200 keV on a Talos
F200S G2 TEM in low magnification, low angle diffraction mode
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(camera length 1.4km). Results obtained from the structures
shown in Fig. 4 are reported in Fig. 5. Values of the phase differ-
ence were measured by performing fits to the data based on the
formula

J3(xD)
(xD)?

Ix)=1b [1 + ucos(xd + Ag)], (10)

which was derived by considering Fraunhofer images of two circu-
lar apertures.”” The multiplicative factor is the Fourier transform of
a circular aperture (i.e., an Airy disk), while the interference term
in square brackets includes a damping factor u, which accounts for
partial coherence effects resulting from the finite dimensions of the
electron source (i.e., spatial coherence).”” J; is a Bessel function of
the first kind, b is a fitting parameter that allows a non-normalized
intensity profile to be fitted, A¢ is the phase difference between the
apertures, and D and d are coefficients that are proportional to the
aperture diameter and separation, respectively. As a result of the
high coherence of the Schottky field emission gun, the influence of
spatial coherence was found to be less than 10% of the overall
intensity. The values of phase difference between the two apertures,
which were obtained modulo 27 from the fitting procedure, are
reported in Fig. 5 on the right of each line scan plot. The
Fraunhofer images and the corresponding line scans show that the

80kV

200kV

n 0.22m

80kV

Intensity (A.u.)

-200 -100 0 100 200

,\ { \ 1.54n 1.57n 1.81m 200KV
20 100 0 0 20 - i E

Distance in Pixels

FIG. 5. TEM images and diffraction patterns of the double apertures shown in Fig. 4: (a) Reference, (b) 0.4, (c) 0.7, (d) 2.2, (€) 3.3 um. The first row shows data collected
at 80 keV, while the second row shows data collected at 200 keV. Line scans of the diffraction patterns are shown in the lower two rows, with markers representing experi-
mental data points and solid black lines fits. The direction of the line scan is marked by an arrow in each diffraction pattern. The phase differences (modulo 27) obtained

from fits to Eq. (10) are indicated in the upper right comer of each line scan.
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pattern changes with pillar height due to changes in the phase dif-
ference between the holes. For the double aperture with the small-
est cylinder [Fig. 5(b)], the phase difference is almost 7 at both
accelerating voltages. A similar structure in the intensity profile can
be observed for the double aperture with a pillar height of
~2.2um [Fig. 5(d)] at 80keV, but not at 200 keV, which instead
shows marked asymmetry, suggesting that the phase difference
between the two holes is neither 0 nor 27.

The shape of each line scan plot shows that at both accelerat-
ing voltages the reference (with no pillar on either of the holes) is
slightly asymmetrical. Fits of the data to Eq. (10) indicate that at
both accelerating voltages the phase difference is almost — 7. This
unexpected effect, in the absence of a pillar, probably results from
the metal-insulating structure of the holes, as well as some asym-
metry between them resulting from the fabrication process. Similar
behavior was recently observed in another paper with circularly
symmetrical structures built on a silicon nitride supporting layer.””
Metal deposition reduced charging effects but did not completely
remove them.

We plotted the total phase difference as a function of cylinder
height. The total phase difference was calculated by adding an
integer multiple of 277 to each phase difference value obtained from
the fitting procedure so that Ag,,, = Agg, + n 2x. The value of n
for each pillar height was chosen to be the rounded-off integer
result of the division h iy /hor. We estimated an initial plausible
value of h,, for each accelerating voltage from the trend of the
fitted phase difference reported in Fig. 5. In Fig. 5(c), the phase dif-
ference at 80 keV should have already surpassed 27 since that cal-
culated from the fit is 0.227, while it is close to being reached at
200 keV. The two first guesses were therefore hj_gorev = 0.6 um
and hyp_200kev = 0.8um. We then fitted the linear function

=
10 + .
e
e
8+ -,
®eT
g
341
2 -
® 380kV
0+ : : : : : [ | .200 kv
0.0 05 1.0 15 20 25 3.0

Pillar height (um)

FIG. 6. Total phase difference plotted as a function of pillar height at 200 keV
(blue squares) and 80 keV (red circles). We added suitable multiples of 2z to
the experimental phase differences obtained from fitting the data. We fitted our
data with a linear fitting function, which first allows us to estimate the height cor-
responding to a 2z phase shift and then provides an approximate value of the
contact potential.
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A@yor = Bhypiner to the data and tried other values of hy, to mini-
mize y? (evaluated using Pearson’s y? test’”’). The physical
meaning of § can be understood when we compare the linear
fitting function to Eq. (9) so that B = CgVcexp. The results are
shown in Fig. 6. However, it is important to note that the result is
not unequivocal, since we have a small number of data points.

The angular coefficient for the linear fit with the smallest
value of y2 is Bayorev = (2.40 + 0.06) /ﬁ for the 200keV series,
while Bggrey = (3.13 £ 0.03) 7~ at 80keV. The ratio between the
two angular coefficients is 13 = ,,f‘i"o‘;—“f/ ~ 1.3, which is consistent
with  the ratio between the interaction  constants
re, = % = 1.3836. From the two angular coefficients, it is also
possible to estimate the pillar height corresponding to a full 27
phase shift, where hy; g :2’7” so that for 200keV electrons the
resulting pillar height is ~ 0.83 um, while for 80 keV electrons the
pillar height is ~ 0.64 um. By comparing h,, resulting from fitting
the 200 keV data to the expected value [~ 0.86um, as estimated
from Eq. (9)], it can be seen that the two values are in agreement
within a small margin of error. We can then determine an approxi-
mate value for the potential difference experienced by the electrons
when they travel through the pillar to be V¢ . =~ 1.04 V.

V. CONCLUSIONS

The fitted values of the phase difference shown in Fig. 5 are
consistent with the generation of constant phase shifts by Janus
bimetallic cylindrical structures that behave as drift tubes. More
systematic experiments are required in the future to assess the
influence on the phase shift of experimental parameters associated
with the fabrication process, as well as possible effects of electron
beam induced charging of both the structures and their supports.
When improved control of the phase shift is achieved, it may be
possible to use structures such as Zernike phase plates in transmis-
sion electron microscopy, as they are more compact than tunable
drift tube devices and therefore promise to allow a greater number
of spatial frequencies to contribute to phase contrast images.

Beyond their use as Zernike phase plates, we foresee the appli-
cation of such bimetallic devices for different forms of electron
beam shaping. For example, they could be used to replace electro-
static elements in applications such as spiral phase plates,”*™**
Hilbert phase plates, and electrostatic orbital angular momentum
sorters.””*” They could also be used to replace electrostatic phase
plates for conformal mapping operations.”’ A two-dimensional
array of such cylinders could be used to produce an arbitrary phase
landscape without the problems that come with using material-
based holograms. A similar concept was recently proposed for pixe-
lated programmable phase plates.’** When using bimetallic cylin-
ders, the loss of in situ programmability would be compensated by
the ability to fabricate a greater number of pixels per unit area. It is
possible to reduce by a factor of 2 the radial dimension of the bime-
tallic hollow cylinder. When coupled with the lack of necessity of
bringing contact lines to each pixel, this results in a greater pixel
density with respect to the corresponding tunable device. A clear
advantage should be the possibility to better reproduce a desired
phase profile. Apart from a loss of intensity from the increase in
pixel density, the main limiting factors would be the width of the
cylinder walls, which cannot be reduced using the present

J. Appl. Phys. 130, 024507 (2021); doi: 10.1063/5.0050055
Published under an exclusive license by AIP Publishing

130, 024507-5


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

technique, as well as the decoherence effect (now at 10%), which
would affect the beam more strongly when using a smaller hole.

Whereas the former applications belong to the emerging and
promising field of structured electron beams, phase plates also play
an outstanding role in the field of electron microscopy, as pointed
out in a recent review paper by Malac et al.”> As pointed out in
Sec. I, phase plates substantially improve the experimental observa-
tion of biological samples, which are radiation sensitive and/or
provide very weak contrast, thereby allowing for the elimination of
staining by heavy metals. In addition to huge potential in life
science applications, materials science and applied physics future
applications include the investigation of long-range magnetic and
electric fields and semiconductor devices. In the case of magnetic
materials, the in focus observation of both the magnetic field and
the sample microstructure allows improved correlation between
them, as well as the potential to image dynamic phenomena.
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