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a b s t r a c t 

Off-axis electron holography allows both the amplitude and the phase shift of an electron wavefield 

propagating through a specimen in a transmission electron microscope to be recovered. The technique 

requires the use of an electron biprism to deflect an object wave and a reference wave to form an inter- 

ference pattern. Here, we introduce an approach based on semiconductor processing technology to fab- 

ricate fine electron biprisms with rectangular cross-sections. By performing electrostatic calculations and 

preliminary experiments, we demonstrate that such biprisms promise improved performance for electron 

holography experiments. 

© 2017 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Off-axis electron holography is a powerful technique that can

e used to record both the amplitude and the phase shift of an

lectron wavefield in the transmission electron microscope (TEM)

1] , as described in several books [ e.g., 2–4 ] and review papers

 e.g., 5,6 ]. The phase shift depends on both the electrostatic po-

ential and the vertical component of the magnetic vector poten-

ial within and around the specimen, according to the Aharonov–

ohm effect [7] . Most implementations of the technique rely on

he deflection of electrons that have passed through the specimen

owards a vacuum reference electron wave using a Möllenstedt–

üker electron biprism, which normally takes the form of a sub-

m-diameter metal or metal-coated quartz wire [8,9] that is lo-

ated close to a conjugate image plane in the microscope (in an

perture holder). As the biprism should not be placed exactly in

 conjugate image plane, suitable lens excitations are required for

lectron holography. The phase shift can be reconstructed from a
∗ Corresponding author at: School of Materials Science and Engineering, Nanyang 

echnological University, 50 Nanyang Avenue, Singapore 639798, Singapore. 

E-mail address: mduchamp@ntu.edu.sg (M. Duchamp). 

s  

i  

v

ttps://doi.org/10.1016/j.ultramic.2017.11.012 

304-3991/© 2017 The Authors. Published by Elsevier B.V. This is an open access article u
ecorded electron hologram and used to provide valuable informa-

ion about physical quantities such as the mean inner potential

f the specimen [10] , local variations in dopant potential in semi-

onductors [11] , elementary charge distributions [12] and magnetic

elds [6,13] . 

Despite considerable progress in many aspects of instrumenta-

ion for electron microscopy, little has been done to improve the

esign and manufacture of electron biprisms. In this paper, we

escribe a rectangular biprism geometry that can be realized us-

ng semiconductor device fabrication technology. By using this ap-

roach, the geometrical dimensions of the biprism and counter-

lectrodes can be chosen independently, subject to the resolution

f the processing steps (see Section 3.2 below). After presenting

ome general considerations about the relationship between the

esign of an electron biprism and a recorded electron hologram

n Section 2 , we describe our fabrication process and illustrate

ts implementation in a Philips CM20 field emission gun (FEG)

EM in Section 3 . We then present calculations of the electro-

tatic potential generated by the new rectangular electron biprism

n Section 4 and characterize it experimentally by recording both

acuum reference and sample electron holograms in Section 5 . 
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2. General considerations 

The phase resolution in a phase image recorded using off-axis

electron holography is related directly to the contrast of the holo-

graphic interference fringes, which is in turn determined primarily

by two competing factors: the transverse spatial coherence of the

electron source and the electron dose [14] . Improvements in phase

resolution have been achieved by using brighter electron sources

[15] and cylindrical illumination [16] , by improving microscope sta-

bility (thereby allowing longer exposure times) [17] and recently

by using direct electron detectors [18] . However, additional consid-

erations are related to the geometry and stability of the electron

biprism, whose design is traditionally based on a thin metal or

metal-coated quartz wire, which is located between two grounded

plates and has a voltage applied to it. 

The reason why a small biprism diameter is important results

from the following considerations. For a small, incoherent circular

electron source of uniform intensity, a measure of the size of the

lateral coherence patch x 1 is given by the equation 

x 1 = λ/α, (1)

where α is the angle subtended by the source and λ is the electron

wavelength [19] . The value of x 1 provides an approximate indica-

tion of the separation of two points, between which interference

effects are observable. The use of a large biprism diameter means

that the most coherent parts of the electron wave are absorbed by

the biprism and cannot be overlapped with each other, resulting in

lower hologram fringe contrast. The width of the overlap region is

given by the equation 

w hol = 

2 γ | b | f ob j 

| a + b | − 2 r f ob j 

a 
, (2)

where a and b are geometrical distances related to the position

of the biprism in the electron optical setup, f obj is the focal lens

of the imaging (objective) lens, γ is the deflection angle (which

is proportional to the voltage applied to the biprism) and r is the

radius of the biprism [20] . Eqs. (1) and (2) show how the radius

of the biprism affects the width of the overlap region w hol for a

given applied voltage and electron optical configuration and hence

the achievable interference fringe contrast for a given value of w hol .

The radius of the biprism can also have an influence on vignetting

effects (Eq. 12 in Ref. [21] ). 

To a first approximation, the electrostatic potential distribution

near a biprism can be approximated by the electrostatic potential

distribution of a cylindrical capacitor, which is described by the

equation 

 ( R ) = U f 

ln (R/ R a ) 

ln (r/ R a ) 
, (3)

where R is the position of the electron beam from the centre of

the biprism, r is the radius of the biprism, U f is the potential ap-

plied to the biprism and R a is the outer capacitor plate radius [8] .

However, such a plate capacitor does not provide a good model

for a realistic electron biprism, for which the position and geome-

try of the counter-electrode may not be well-defined. It is also not

suitable for calculating the potential for other biprism and counter-

electrode geometries. 

A technique that is commonly used to manufacture electron

biprisms involves manually drawing a thin glass fibre from a quartz

or silica rod above a hydrogen-oxygen flame [8] . The resulting

biprism typically has a surface roughness in the nm range and a

diameter of approximately 0.5 μm. However, the diameters of such

biprisms can vary by up to several hundred nm between succes-

sive preparations. Moreover, the conductivity of the glass filament

has to be improved by depositing a thin layer of metal, which can

then be sputtered off by the electron beam during use, leading to
he formation of dielectric patches that can charge up in the pres-

nce of the electron beam (affecting the interference pattern) or

o the disruption of the conductivity of the biprism, such that it

o longer functioning properly. Some of these drawbacks can be

voided by the use of a Wollaston Pt wire [22,23] . However, con-

amination of the wire due to its prolonged use may still require

ts replacement. At the highest accelerating voltage that we have

sed (300 kV), a biprism that has a circular cross-section is not al-

ays completely opaque to electrons. Furthermore, as a result of

he build-up of charge in its insulating core and poor conductiv-

ty of its coating, it can charge up during long (several hour) ob-

ervations, such that at the end of a working day its Fresnel im-

ge with no external bias applied reveals the presence of residual

harge (corresponding to a few volts of applied voltage). This effect

sually disappears overnight. Even though it does not affect elec-

ron holography observations that are carried out on timescales of

econds or minutes, it can result in irreproducible imaging condi-

ions. 

Although this technology for fabricating biprisms has domi-

ated the field of electron interferometry and holography, its use

s affected by the practical shortcomings described above. In order

o circumvent some of these problems, Ogai et al. reported the fab-

ication of Al filaments on Si nitride membranes using a focused

on beam [24] . However, the additional scattering of electrons by

he Si nitride membrane reduced the benefits of using thinner fil-

ments and the more controlled fabrication process. Nakamatsu

t al. reported the use of 80 nm-diameter filaments of diamond-

ike C bridged between two electrodes [25] and observed an in-

rease in fringe contrast when compared to the use of a conven-

ional biprism. However, the geometry of the filament was difficult

o control. Recently, the glass filament method was improved by

sing a computer-controlled fibre-pulling system, resulting in a re-

roducible biprism diameter of ∼400 nm [26] . 

The use of a rectangular biprism reduces many of these short-

omings, because (i) its longitudinal thickness can be made large

nough to be completely opaque to electrons, (ii) all of the biprism

s made from the same material, preventing its charging and con-

act potential differences between the electrodes that can lead

o charging of the wire, (iii) the use of highly-doped Si allows

ontamination to be removed using standard cleaning techniques,

eaning that its lifetime can be longer than that of a conven-

ional biprism, and (iv) many identical biprisms can be fabricated

ogether at the same time using standard semiconductor fabrica-

ion processes. 

It should be noted that parameters such as the contrast in an

lectron hologram and the width of the interference region where

he object wave and reference wave overlap are highly depen-

ent on the electron optical configuration and stability of the TEM

hat is being used. Therefore, the characterization of an electron

iprism by recording electron holograms must be performed for

ach specific TEM on which it is mounted. In contrast, the accurate

odelling of electrostatic fields around a biprism, as described be-

ow, is independent of the TEM stability and the electron optical

onfiguration. 

. Fabrication and implementation of a rectangular biprism in 

 TEM 

.1. Concept of a rectangular biprism on a Si-on-insulator chip 

The rectangular electron biprism that we describe here is fabri-

ated from a Si-on-insulator (SOI) wafer, which comprises a con-

ucting doped single crystalline Si layer on a non-conducting

morphous SiO 2 layer on a Si substrate. The biprism, the counter-

lectrodes and all of the other required electrical lines are

atterned from the top Si layer using standard semiconductor
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Fig. 1. (a) Schematic drawing of a rectangular biprism between two electrodes. (b) Cross-section and (c) top view of a rectangular biprism with biprism-to-electrode spacing 

L 1 , width L 2 and length L 4 . The cross-section shows the inner electrode of height L 3 . (d) Top view and (e) tilted (52 °) view scanning electron micrographs of a rectangular 

biprism, for which L 1 = 2 μm, L 2 = 120 nm, L 3 = 750 nm and L 4 = 30 μm. The insets in (d) and (e) show higher magnification scanning electron micrographs of the 120 nm-wide 

biprism. 
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rocessing technology. The free-standing biprism and counter-

lectrodes are isolated electrically from each other by patterning

mpty trenches in the Si layer. By using this approach, both the

ectangular biprism and the counter-electrodes are all in the same

lane, as shown in Fig. 1 a. Moreover, independent control of all of

he dimensions is possible, including the parameters L 1 (biprism

o counter-electrode spacing), L 2 (biprism width), L 3 (biprism and

ounter-electrode height) and L 4 (biprism length), as shown in

ig. 1 b and c. The fabrication process allows biprism widths L 2 as

mall as ∼100 nm to be achieved. The thickness L 3 of the top Si

ayer, which is typically between 500 nm and a few μm, has a di-

ect influence on the minimum achievable value of L 2 . The thick-

ess of the SiO 2 isolating layer can also be chosen according to the

equirements for electrical isolation between the top Si layer and

he Si substrate. 

.2. Fabrication 

The first photolithographic step involves defining the biprism,

ounter-electrodes and electrical lines in the top Si layer. The sur-

ounding regions are removed by etching the top Si layer down to

he SiO 2 . The remaining top Si layer is then oxidized, in order to

rotect it during opening of the substrate. The second photolitho-

raphic step involves opening the back side of the substrate by

tching away the Si, making use of alignment marks in the top

i layer. The final step involves removing the sacrificial SiO 2 layer.

n this way, the rectangular biprism is left freely suspended and

xed at its ends, with a length that can be controlled between a

ew μm and more than 100 μm. The larger Young’s modulus of Si

ompared to that of glass and the shorter suspended length and

ross-sectional shape of the rectangular biprism contribute to its

mproved mechanical stability. 

Completed biprisms were checked using scanning electron mi-

roscopy (SEM). Fig. 1 d and e show top view secondary electron

mages of a representative biprism chip that has been cut from its

afer. The white spots, which are residues from the cutting pro-

ess, do not have a noticeable impact on the performance of the

evice. The dimensions of the device that is shown in Fig. 1 d and

 are L = 2 μm, L = 120 nm, L = 750 nm and L = 30 μm. 
1 2 3 4 
.3. Implementation in a Philips CM20 FEG TEM 

A dedicated chip holder was designed, machined and used to

est the biprism in the selected area (SA) aperture plane of a

hilips CM20 FEG TEM. The holder was designed to accommodate

 10 mm × 3 mm chip, which was fixed into the holder at one end

sing an M3 open screw and at the other end by four needles that

ere used to provide electrical connections to the device. A design

rawing of the holder is shown in Fig. 2 a. We did not encounter

ny major technical issues in the development of this aperture rod.

or columns from other TEM manufacturers, the implementation

f such a biprism simply requires the development of a new aper-

ure rod and possibly a new aperture drive mechanism. The in-

et in Fig. 2 a shows a bright-field micrograph of the biprism in-

erted in the SA aperture plane of the microscope. Fig. 2 b shows a

acuum reference electron hologram recorded using a 3 s exposure

ime with a 27 V bias applied to the biprism shown in Fig. 1 d and

. The hologram shown in Fig. 2 b has as an overlap width of 45 nm,

n interference fringe spacing of 0.2 nm and an interference fringe

ontrast of 16% measured by dividing the difference between the

aximum and minimum intensity of the interference fringes by

he sum of the maximum and minimum intensity at the centre of

he hologram. 

. Electrostatic calculations 

.1. Analytical calculations 

We first present two-dimensional analytical calculations of the

lectrostatic potential for a biprism that is infinitely long in the

irection parallel to its axis, with counter-electrodes that take the

orm of infinite planes. In order to model the rectangular shape of

he biprism, we extended a method that had previously been used

o approximate a cylindrical wire by a collection of line charges

27] . We begin with an analytical expression for the potential of

n infinitely long wire between two parallel planes [28] . A rectan-

ular lattice of such wires is assumed, with the positions and mag-

itudes of the surface charge densities chosen in such a way that

he potential at intermediate points is constant. In this way, one
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Fig. 2. (a) Model of an aperture rod that was designed to accommodate an electrically contacted chip containing the biprism in the selected area (SA) plane of the micro- 

scope. The inset shows an image of the biprism recorded in focus in the SA plane of a Philips CM20 FEG TEM. (b) Vacuum reference off-axis electron hologram recorded at 

200 kV in a Philips CM20 FEG TEM with 27 V applied to the rectangular biprism shown in Fig. 1 d and e under standard imaging conditions. The exposure time was 3 s and 

the scale bar is 5 nm. The scale bar in the inset is 30 μm. 

Fig. 3. Two-dimensional analytical electrostatic calculations performed for a rectangular biprism geometry for electrodes that are infinitely long perpendicular to the elec- 

tron beam direction with a bias of 100 V applied between the biprism and the counter-electrodes. (a) Equipotential contours calculated for a 750 nm-high, 120 nm-wide 

rectangular biprism located 2 μm from each counter-electrode with an applied bias of 100 V. The spacing of the contour lines is 20 V. The dashed arrows mark the electron 

beam trajectories considered in (b). (b) Line profiles showing the electrostatic potential experienced by an electron beam travelling at distances of 0.5 and 1 μm from the 

biprism marked in (a). The line profile has been displaced vertically downwards for clarity. (c,d) Deflections experienced by a 200 kV electron beam for different rectangular 

biprism geometries that have heights ( L 3 ) of between 750 and 50 0 0 nm, biprism-to-electrode spacings ( L 1 ) of 2–20 μm and biprism widths ( L 2 ) of (c) 120 and (d) 250 nm. 
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of the equipotential lines that encloses all of the charged lines ap-

proximates the desired rectangular cross-section very closely, with

the calculation improving as the number of charged lines is in-

creased. An advantage of this model is that the electron optical

phase shift and the deflection of the incident electron beam can

be expressed in analytical form in the high energy approximation

[29,30] . 

Fig. 3 shows the result of analytical calculations performed for

a potential of 100 V at the surface of the biprism shown in Fig. 1 d

and e, with the counter-electrodes at 0 V. Fig. 3 a shows equipoten-

tial contours in the vacuum region around the biprism. The con-

tours are clearly elongated in the electron beam direction. Fig. 3 b

shows the magnitude of the electrostatic potential calculated along

the trajectory of an electron beam that travels at a distance of 0.5

or 1 μm from the biprism wire (assuming that is not deflected). It

should be noted that only the electric field in the transverse di-

rection contributes to the deflection of the electron beam. Fig. 3 c

and d show the influence of the height of the biprism on the de-
ection angle experienced by an incident electron. For simplicity,

he transverse electric field was integrated in the electron beam

irection at a given distance from the biprism (again neglecting

ts transverse displacement). The deflection angle was then deter-

ined for a 200 kV electron beam. The three geometrical parame-

ers that were used to specify the two-dimensional biprism geom-

try were varied and the deflection angle was plotted as a function

f biprism-to-electrode spacing. Fig. 3 c and d show the results of

hese calculations for biprism widths L 2 of 120 and 250 nm, re-

pectively and for different biprism heights L 3 . The figures show

hat the width of the biprism has little influence on the deflec-

ion angle. In contrast, the influence of the height of the biprism

s significant and results in a linear increase in deflection angle

f approximately 0.15 mrad for each μm of height for a biprism

o counter-electrode distance of 2 μm. An increase in biprism-to-

lectrode spacing decreases the deflection angle. In order to com-

are the results with those for a cylindrical biprism geometry,

e performed similar calculations for the classical configuration
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Fig. 4. Boundary element calculations calculations of the electric field for a rectangular biprism geometry for a 100 V bias applied between the biprism and the counter- 

electrodes for L 1 = 2 μm, L 2 = 120 nm, L 3 = 750 nm and L 4 = 30 μm. (a) Transverse electric field E y integrated in the electron beam direction. The black areas are the counter- 

electrodes. The red areas are the biprism and the electrical connections to it, all of which are at a bias of 100 V with respect to the counter-electrodes. The arrows mark the 

positions of the line profiles plotted in (b). (b) Line profiles of the transverse electric field E y integrated in the electron beam direction shown in (a), displayed along the 

lines marked by arrows. (c,d) Cross-sectional two-dimensional calculations of the electric field in the electron beam direction z at the centre of the biprism (corresponding 

to the line at x = 0 marked in (a)) for (c) the transverse field E y and (d) the vertical field E z . Note the different horizontal and vertical scale bars. The dashed arrows mark 

the electron beam trajectories. 

Fig. 5. Deflections experienced by the electron beam at 200 kV for different rectan- 

gular biprism geometries obtained from boundary element calculations for a 100 V 

bias applied between the biprism and the counter-electrodes, for heights ( L 3 ) of be- 

tween 750 and 50 0 0 nm, biprism-to-electrode spacings ( L 1 ) of 2–20 μm and biprism 

widths ( L 2 ) of (a) 120 and (b) 250 nm. 
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ith a biprism-to-electrode spacing of 2 mm and obtained deflec-

ion angles of between 0.1 and 0.15 mrad for biprism diameters of

00 nm to 1.5 μm, respectively. These deflection angles calculated

or a conventional biprism should be compared with the value of

.38 mrad obtained for the biprism shown in Fig. 1 d and e, which
uggest that larger deflection angles can be obtained by using the

resent biprism design. 

.2. Numerical calculations 

Boundary element method (BEM) calculations were used

o simulate the electrostatic potential of a real device, with

00 V applied between the rectangular biprism and the counter-

lectrodes, using the program Coulomb from the company IES

Integrated Engineering Software; https://www.integratedsoft.com/ 

roduct/coulomb/ ). A mesh was generated with a higher density of

lements only where needed and a coarser mesh was used where

he element density was not as critical. The geometry used in the

alculation included the contacts to the biprism and the counter-

lectrodes, which produce fringing fields. Fig. 4 a shows a projec-

ion of the transverse electric field in the electron beam direction.

he integrated transverse electric field is homogeneous along the

ength of the biprism, e xcept near its ends. Fig. 4 b shows plots of

he integrated transverse electric field at four different distances

long the length of the biprism. The plots suggest that approxi-

ately 80% of the length of the biprism has a constant integrated

ransverse electric field and can be used to record off-axis elec-

ron holograms experimentally. Fig. 4 c and d show cross-sections

f the transverse and vertical electric field amplitudes in the cen-

ral plane of the biprism. The plots show the distribution of the

ringing field around the biprism and the counter-electrodes. 

The total deflection angles were again calculated by integrat-

ng the transverse electric field in the electron beam direction (ne-

lecting the transverse displacement of the electron beam) for an

ccelerating voltage of 200 kV, as shown in Fig. 5 . They can be

ompared directly with the deflection angles reported in Fig. 3 c

nd d, as all of the parameters are identical between the two cal-

ulations, apart from the finite length of the biprism and the fi-

ite length and height of the electrodes. A larger biprism again

esults in a slightly smaller deflection angle. The deflection angles

https://www.integratedsoft.com/product/coulomb/
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Fig. 6. (a,b) Off-axis electron holograms recorded for biprism voltages of 15 and 25 V, respectively, with a voltage applied between the rectangular biprism and two counter- 

electrodes, recorded at 200 kV in a Philips CM20 FEG TEM with the biprism close to the SA aperture image plane. The biprism is shown in Fig. 1 . The scale bar is 5 nm. (c) 

Interference fringe contrast, interference fringe spacing and overlap width plotted as a function of applied voltage. (d) Line profiles showing the intensity perpendicular to 

the biprism in the holograms shown in (a) and (b). 

Fig. 7. (a,b) Off-axis electron holograms recorded for biprism voltages of 15 and 25 V, respectively, with a voltage applied between the rectangular biprism and one of the 

two counter-electrodes, with the second counter-electrode at the same voltage as the biprism. The holograms were recorded at 200 kV in a Philips CM20 FEG TEM with the 

biprism close to the SA aperture image plane. The biprism is shown in Fig. 1 . The scale bar is 5 nm. (c) Interference fringe contrast, interference fringe spacing and overlap 

width plotted as function of the voltage applied between the rectangular biprism and one of the two counter-electrodes, with the second counter-electrode at the same 

voltage as the biprism. (d) Line profiles showing the intensity perpendicular to the biprism in the holograms shown in (b) and (c). 
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Fig. 8. Off-axis electron holograms recorded at 200 kV in a Philips CM20 FEG TEM for a 27 V bias applied between the biprism and the counter-electrodes for acquisition 

times of (a) 3, (b) 16 and (c) 25 s. The biprism is shown in Fig. 1 d. (d) Interference fringe contrast plotted as a function of exposure time. (e) Line profiles showing the 

intensity perpendicular to the biprism close to the middle of the holograms shown in (a-c) for acquisition times of 3 s (top), 16 s (middle) and 25 s (bottom). The curves 

have been shifted downwards vertically for better visibility. 
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3  
re slightly lower than those calculated using the analytical expres-

ions, as a result of the more confined field in the beam direction

ue to the finite height of the counter-electrodes in the numerical

alculation. Larger deflection angles can again be obtained by in-

reasing the biprism height or decreasing the biprism-to-electrode

pacing. Although both options are technically possible, increasing

he biprism height requires overgrowth of epitaxial doped Si onto

he top Si surface, which is more time-consuming than changing

he biprism-to-electrode spacing during patterning of the top Si

ayer. 

. Preliminary experiments in a Philips CM20 FEG TEM 

Our biprism structures were fabricated from a SOI wafer with

 standard 750 nm-thick top SiO 2 layer. We chose a biprism-to-

lectrode spacing of 2 μm to perform preliminary electron hologra-

hy experiments, as described below. 

.1. Conventional biprism configuration 

In Section 3.3 , we described the experimental setup used to in-

roduce an electrically contacted biprism system in the SA aper-

ure plane of a CM20 FEG TEM. In this section, we varied the

oltage applied to the biprism and kept the counter-electrodes at

round potential. For each applied voltage, we recorded an off-axis

lectron hologram from vacuum alone and measured the overlap

idth, interference fringe spacing and interference fringe contrast.

ig. 6 c shows these parameters plotted as a function of applied

oltage for the biprism shown in Fig. 1 d and e. The behaviour of

he rectangular biprism can be seen to follow the typical charac-

eristics of cylindrical biprisms, with a linear increase in overlap

idth and a decrease in interference fringe spacing and interfer-

nce fringe contrast with applied voltage. In the present setup, the

aximum voltage that could be applied to the biprism was lim-

ted by the small biprism-to-electrode spacing of 2 μm, as shad-
wing by the counter-electrodes then became a problem at higher

pplied voltages. This limitation can easily be overcome by using a

arger biprism-to-electrode spacing. For an applied voltage of 27 V,

n overlap width of 45 nm, an interference fringe spacing of 0.2 nm

nd an interference fringe contrast of 16% were measured. These

alues are better than those previously reported under similar ex-

erimental conditions for a 0.5 nm interference fringe spacing and

 35 nm overlap width [31] . Representative off-axis electron holo-

rams recorded from vacuum alone are shown in Fig. 6 a and b for

iprism voltages of 15 and 25 V, respectively. Corresponding line

rofiles are shown in Fig. 6 d. 

.2. Single-electrode biprism configuration 

An additional feature of our biprism design is the possibil-

ty to independently assign different potentials to the counter-

lectrodes and the biprism. A similar study to that performed in

ection 5.1 was carried out with one counter-electrode kept at the

iprism potential. In this case, one side of the biprism setup does

ot deflect the electron beam, while the other side deflects the

eam as in a usual biprism system. For this configuration, the max-

mum voltage that could be applied to the system was greater than

5 V before shadowing by the counter-electrode became a prob-

em. Fig. 7 c shows the overlap width, interference fringe spacing

nd interference fringe contrast plotted as function of applied volt-

ge. A hologram recorded with 35 V applied between the biprism

nd only one electrode results in a similar image to that obtained

reviously with 17 V applied between the biprism and both elec-

rodes, i.e. , 38 and 0.32 nm for the interference width and inter-

erence fringe spacing, respectively. It is interesting to note the

nterference fringe contrast is 40% with two electrodes grounded,

ut only 30% when one electrode is kept at the biprism potential.

epresentative off-axis electron holograms recorded from vacuum

lone are shown in Fig. 7 a and b for biprism voltages of 20 and

0 V, respectively. Corresponding line profiles are shown in Fig. 7 d.
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Fig. 9. (a) Off-axis electron hologram of an MoS 2 multilayer flake recorded at 200 kV in a Philips CM20 FEG TEM with 27 V applied to the rectangular biprism, with a 

vacuum reference electron hologram shown in the inset. The biprism is shown in Fig. 1 . (b,c) Reconstructed amplitude and phase images, respectively. The scale bar is 5 nm. 
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5.3. Stability 

As mentioned above, the phase resolution can be improved by

increasing the biprism stability during the recording of an off-axis

electron hologram, as any instability in the biprism results in a loss

of interference fringe contrast. Figs. 8 a–c show three electron holo-

grams recorded using acquisition times of 3, 16 and 25 s with 27 V

applied to the biprism and both counter-electrodes kept at ground

potential. The variation in fringe contrast over time, which is a

measure of the stability of both the microscope and the biprism,

is shown in Fig. 8 d. Corresponding line profiles of the holographic

fringes are shown in Fig. 8 e. The contrast only decreases from 15%

to 14% for exposure times of up to 25 s, confirming the stability of

the rectangular biprism system. 

5.4. Preliminary results on an MoS 2 specimen using a rectangular 

biprism 

Fig. 9 a shows a representative off-axis electron hologram of the

edge of a few-monolayer-thick MoS 2 flake recorded using the rect-

angular biprism shown in Fig. 1 . The corresponding reconstructed

amplitude and phase are shown in Fig. 9 b and c. The phase image

demonstrates that the rectangular biprism can be applied success-

fully to study samples of current interest [10] . 

6. Outlook 

In this paper, we have described the design of an electron

biprism that has a rectangular cross-section and counter-electrodes

in the same plane and its successful fabrication using semiconduc-

tor device processing technology. The flexibility of the fabrication

process provides significant freedom in choosing the biprism di-

mensions, including the biprism-to-electrode spacing, the biprism

width, the biprism height and the biprism length. Electrostatic cal-

culations have been performed to understand the influence of the

biprism geometry on the deflection of the electron beam. The per-

formance of the biprism in the SA aperture plane of a CM20 FEG

TEM has been demonstrated. In addition to its flexibility, the tech-

nology that we describe promises to provide easy (and ultimately

cheap) access to both conventional and more complicated elec-

trode geometries for a wide range of interferometry experiments

in the TEM. 
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