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Abstract A Boersch electrostatic phase plate (BEPP) used in a transmission electron
microscope (TEM) system can provide tuneable phase shifts and over-
come the low contrast problem for biological imaging. Theoretically, a
pure phase image with a high phase contrast can be obtained using a
BEPP. However, a currently available TEM system utilizing a BEPP can-
not achieve sufficiently high phase efficiency for biological imaging, ow-
ing to the practical conditions. The low phase efficiency is a result of the
blocking of partial unscattered electrons by BEPP, and the contribution
of absorption contrast. The fraction of blocked unscattered beam is re-
lated to BEPP dimensions and to divergence of the illumination system of
the TEM. These practical issues are discussed in this paper. Phase images
of biological samples (negatively stained ferritin) obtained by utilizing a
BEPP are reported, and the phase contrast was found to be enhanced by a
factor of ∼1.5, based on the calculation using the Rose contrast criterion.
The low gain in phase contrast is consistent with the expectation from
the current TEM/BEPP system. A new generation of phase TEM utilizing
BEPP and designed for biological imaging with a high phase efficiency is
proposed.
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Introduction
One of the bottlenecks for biological imaging in a trans-
mission electron microscope (TEM) is low contrast due to
the weak interactions of the incident beam with materials
composed of light elements. Development of electron phase
plates to construct a phase contrast TEM in analogy with
a phase contrast optical microscope has become an urgent
research topic for biological imaging. Nagayama and Danev
have successfully demonstrated the contrast improvement
with the Zernike phase plate made of carbon film [1–3].
However, the phase shift provided by this thin-film-type
phase plate cannot be tuned and its application is hence
limited. Alternatively, a Boersch electrostatic phase plate

(BEPP) (also called Zernike electrostatic phase plate, ZEPP)
would have more benefits. Originally proposed by Boersch
[3], and later discussed by Matsumoto and Tonomura [4],
BEPPs can provide tuneable phase shifts, and have been ex-
plored intensively in recent years [5–8]. The figure of merit
for a tuneable phase plate is not only that the phase contrast
images can be recorded, but also that the complete exit wave
can possibly be reconstructed.

Another obstacle in biological imaging is the radiation
damage to the samples, and low-dose image technique is
therefore needed for imaging some biological samples. The
TEM instrument equipped with Zernike phase plate in terms
of low-dose imaging performance has been evaluated by
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Malac et al. [8]. It has been shown that a TEM equipped
with a Zernike phase plate (or BEPP) to vary the phase plate
thickness (for example, by changing the electrostatic bias of
the phase plate) can benefit low-dose microscopy for appli-
cation of biological samples [8].

The original proposed geometry of BEPP is a ring sup-
ported with a straight cantilever [4]. The BEPP has a
five-layered structure that builds an electrostatic field in the
center of the ring to modify the phase shift of the incident
electron beam [4]. The amount of phase shift is controlled by
the voltage applied to the two outer electrodes. For biological
imaging in a TEM utilizing a BEPP, however, many theoret-
ical and practical issues would need to be considered. This
paper aims at discussing these issues and provides an over-
all consideration of a phase TEM equipped with a BEPP for
biological imaging with high efficiency of transfer of object
phase into image contrast. The biological samples of nega-
tively stained ferritin were used in this work for compar-
ing the results obtained by using our BEPP and by using a
carbon-film-type phase plate, which was achieved by Danev
and Nagayama [1]. Furthermore, Fe in the core of ferritin
may contribute to the expected ‘absorption’ contrast, and
thus can be used to demonstrate the mixed contrast of ‘ab-
sorption’ and ‘phase’ contrast from BEPP. The mixture of the
two contrasts will be discussed.

In this paper, the following is reported. First, we provide
a brief contrast theory for weak objects in order to under-
stand the differences between the theoretical and the prac-
tical conditions. Second, a suitable design of a BEPP for bi-
ological imaging is presented, and the background of such a
design is discussed. Third, we report on the first successful
case of phase TEM images of biological samples (negatively
stained ferritin) obtained by using a BEPP, and study its gain
of phase contrast and phase efficiency. Finally, an effective
phase TEM design utilizing a BEPP for biological imaging is
suggested.

Design of a Boersch electrostatic phase
plate for biological imaging
Among the reported work on fabrication of BEPPs [5–7],
phase contrast enhancement has only been successfully pre-
sented by Huang et al. on a bi-layer structure of amorphous
SiO2 and SiONx [5]. However, the observed gain of contrast
was much lower than the theoretical expectation, due to
the contribution of absorption contrast as suggested in their
report.

In reality, a phase plate provides not only the phase con-
trast in an image, but also a mixture of ‘phase’ contrast and
‘absorption’ contrast [9]. Two types of contrast are involved
in imaging in a TEM: (i) amplitude contrast (or ‘absorp-
tion’ contrast), which is accomplished by preventing some
of the scattered electron from reaching the image plane and
(ii) phase contrast, which is accomplished by introducing
a path difference between the scattered and unscattered
waves before allowing them to interfere. These two types

of contrast would both need to be taken into consideration
while designing a BEPP for biological imaging. It is favorable
for the BEPP to enhance the phase contrast but lower the
absorption contrast.

(a) Simplified theory of phase contrast and
absorption contrast associated with a Boersch
electrostatic phase plate

A brief review of contrast theory for weak objects (with light
elements) is given here in order to understand the differ-
ences between the theoretical and the practical situations of
a TEM system with a BEPP. Although there are some the-
oretical discussions and calculations of phase contrast with
phase plates [1,10], the rather simplified theory is only appli-
cable to very thin objects composed of light elements. It was
noted that both carbon-film-based [1,10] and Boersch-type
[9] phase plates reduce the number of electrons available for
coherent phase imaging. This effect may give rise to ‘absorp-
tion’ contrast, and is discussed in our previous report [9].

In the case of a light and thin object, the exit wave can be
approximated [11]:

ψe = exp[−σV ′(r)t] exp[iσV (r)t] ∼= 1 − σV ′(r)t + iσV (r)t

(1)

where the first term represents the object which is illumi-
nated with a uniform and parallel source, V(r) is the real
potential which is responsible for the phase change and V′(r)
is the imaginary part of potential, responsible for the ‘ab-
sorption’; σ is the interaction constant where σ = 2πλm/h2,
t is the thickness of the thin slice, λ is the wavelength of
the incident electron and m is the mass of the electron. The
V(r) and V′(r) terms have Fourier components of Vg and V′

g,
respectively.

Vo and Vo
′ give the mean values of the real potential V(r)

and the imaginary potential V′(r), which are related to the
mean refractivity and absorption of the thin slice, respec-
tively [9]. In the back focal plane, the electron wave is

ψd = �(ψe) = δ − �(σV ′(r)t) + i�(σV (r)t)

= [δ − σV ′
o t + iσVot]g=0 − σt

∑
g �=0

V ′
g + iσt

∑
g �=0

Vg . (2)

An unscattered beam produces a very sharp spot under a
perfectly parallel and uniform illumination incident electron
beam. As the electron beam passes through the lens, the in-
tensity of the bright-field image, I(r), is determined by the
interference between the unscattered wave (g = 0) and the
higher order scattered wave (g �= 0) that is phase shifted by
the lens aberration:

I (r) = 1 − 2σV ′(r)t ⊗ �[A(g) cos χ(g)] + 2σV (r)t

⊗�[A(g) sin χ(g)] (3)

where ⊗ indicates the operation of convolution, A(g) is the
virtual aperture and χ(g) is the lens aberration function
contributed by spherical aberration and defocus. The first,
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second and third terms represent the uniform background,
the ‘absorption’ image and the phase image, respectively. If
the size of a phase plate can be made to be infinitely small
so as to alter only the phase of the central unscattered wave
(g = 0) by π/2 in Eq. (2), the image intensity would become

I (r) = 1 − 2σV (r)t ⊗ �[A(g) cos χ(g)] + 2σV ′(r)t

⊗�[A(g) sin χ(g)]. (4)

Most biological microscopy is limited to a resolution far
poorer than 1 nm due to radiation damage and staining ef-
fects. Within this resolution (g < 1 nm−1), the lens aber-
ration (Cs) may be ignored. For the application of a phase
plate, the object is imaged at a Gaussian focus (�f ∼ 0), i.e.
cos χ ∼ 1 and sin χ ∼ 0. Equations (3) and (4) can therefore
be simplified to Eqs (5) and (6), respectively:

I (r) = 1 − 2σV ′(r)t ⊗ �[A(g)] (5)

I (r) = 1 − 2σV (r)t ⊗ �[A(g)]. (6)

Equation (5) is a pure ‘absorption’ image, which predicts an
image showing dark contrast in regions of large ‘mass thick-
ness’, while Eq. (6) is a pure phase contrast image, which
reflects the projected potential of the sample. Similar to the
absorption image, the phase contrast image shows dark con-
trast in regions of high potential. In general, the real part of
the potential V(r) is about 10 times larger than the imaginary
part of the potential V′(r) [9,12–15]. Therefore, roughly 10
times contrast enhancement is expected in a perfect system
utilizing a perfect phase plate.

It should be noted, however, that the equations derived
above are valid only under the following assumptions:

(i) The BEPP is a two-dimensional device, and is in-
finitely small, so that only the phases of unscattered
beams are altered by the electrostatic field produced
by the phase plate.

(ii) The phase plate does not exclude any components of
the exit wave given in Eq. (2), and 100% of transmis-
sion beams pass through the central hole of the phase
plate.

(iii) The incident beams are perfectly coherent, parallel
and form a uniform illumination source, so that the
unscattered beams localize to become a very sharp
spot at the center of the back focal plane.

These assumptions, however, do not correspond to the
real conditions of a currently available TEM system adopt-
ing a BEPP. Here are the facts:

(b) Practical issues concerning the Boersch
electrostatic phase plate

The rule of cut-off frequency

Practically, the size of the phase plate cannot be made to be
infinitely small. Therefore, not only the unscattered beams
are phase shifted, but partial scattered beams in the low-
frequency range may also enter the central hole of the phase

Fig. 1. Schematic of a new Boersch electrostatic phase plate (BEPP)
design: a long straight narrow cantilever (<80 μm in length) with a
fiver-layered structure, which has a small central hole in the middle
of the cantilever. The inset shows the tilted view of the central hole
(with diameter <1 μm) where the five-layered structure is revealed:
the insulating layers are demonstrated in dark blue, and the metal
layers are shown in light blue.

plate, be phase shifted and complicate the phase contrast im-
age. It has been proposed that the phase contrast may de-
pend on the cut-off frequency, gc, of the phase plate which
is reciprocally proportional to the size of object [1]. To see a
noticeable phase contrast, the rule of cut-off frequency re-
quires that the size of object, S, must be smaller than 1/gc.
The cut-off frequency is determined by

gc = r

λ f
(7)

where r represents the distance from the center to the edge
of the phase plate, λ is the electron wavelength and f is the
focal length.

As shown in Fig. 1, a new and simple design of a BEPP
is reported here. Compared with the conventional ring de-
sign of a BEPP, our present phase plate design is a straight
narrow cantilever with a width of ∼2.0 μm, which has a
small central hole with a diameter of ∼0.8 μm. In this work,
the TEM had a focal length of 2.7 mm and was operated at
100 keV and r was 1.0 μm (half width of the cantilever),
giving the cut-off frequency in this work:

gc = r

λ f
= 1 × 10−6

(0.037 × 10−10) × (2.7 × 10−3)
= 0.1 nm−1.

The reciprocal of gc is 10 nm, which corresponds to the upper
limit of the sample size to be imaged. It has roughly the same
dimension as the objects (negatively stain ferritin) studied in
this work.

Equation (7) suggests that the size of the phase plate (r)
shall be as small as possible in order to be workable for large
objects. Nevertheless, the size of the phase plate cannot be
infinitely small due to some practical problems. These prob-
lems are discussed in the following.
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Fig. 2. Optical geometry and the location of the phase plate in a TEM system. The black solid lines represent the electron beam from parallel
illumination; the dashed lines represent the electron beams from Gaussian illumination (beam divergence). The red lines represent the
scattered electron beams. (a) The ideal system with a parallel/uniform illumination in which all the central diffracted beams pass through the
central hole of the phase plate and are altered with a constant phase shift; (b) the back focal plane is located at the bottom electrode of the
phase plate with a small central hole and partial unscattered beams are blocked by the phase plate; (c) the back focal plane is located at the
central electrode of the phase plate with a small central hole and partial unscattered beams are blocked by the phase plate; (d) the back focal
plane is located at the top electrode of the phase plate with a small central hole and partial unscattered beams interact with the insulating
layers and cause charging effect.

Reduction in the efficiency of the phase contrast

The phase contrast theory for the phase plate always as-
sumes that the sample is illuminated with parallel and uni-
form electron beams which lead transmission (unscattered)
beams to become a sharp delta point in the back focal plane,
as described in Eq. (2). Under these perfect conditions, the
central diffracted beams completely fall inside the central
hole of the BEPP, and are altered with a constant phase shift,
as schematically shown in Fig. 2a.

In a real system, however, the condition is not as per-
fect as the one demonstrated in Fig. 2a, and there are sev-

eral practical situations making the condition of Eq. (2)
invalid.

1. Geometry of a BEPP

A BEPP is not a two-dimensional device, but rather a three-
dimensional one. The height of our phase plate is ∼1.4 μm.
In our present system set-up, the z-height of the BEPP can
be controlled by a piezo-driver. The relative positions of the
BEPP and the focal plane are controlled by the combination
of condenser/objective lenses and the piezo-driver.
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Figure 2b, c and d show that the back focal plane is lo-
cated at the bottom electrode, the central electrode and the
top electrode of the BEPP, respectively. The traces of elec-
tron beams for parallel illumination are given as solid lines
in these figures. As the size of the central hole of the BEPP
is reduced, only partial transmission beams are subjected to
phase shift in the cases shown in Fig. 2b and c, where the
unscattered beams are focused at the bottom and the central
electrode, respectively. In the case shown in Fig. 2d, the un-
scattered electrons after the focal plane interacted with the
insulating layers of the BEPP, causing charging effects and
resulting in blurring of images.

Assuming that only a fraction, η, of unscattered electrons
pass through the central hole of the phase plate, the pure
phase image intensity in Eq. (6) would become

I (r) = η2 − 2ησV (r)t ⊗ �[A(g)]. (8)

The first term presents the uniform background and the sec-
ond term gives the phase contrast. The phase contrast is re-
duced linearly by a fraction of η, where η < 1. In Eq. (8), the
intensity of a uniform background is reduced by a factor of
η2 as compared with the case given in Eq. (6). The parameter
η is related to the efficiency of the phase contrast. On reduc-
ing the dimension of the central hole of the phase plate, the
exposure time would need to be increased to gain the phase
signal against the noise. Equation (8) should be modified to
include a noise term, �:

I (r) = η2 − 2ησV (r)t ⊗ �[A(g)] + �. (9)

To an extreme, all the useful signals would be lost if the size
of the phase plate is shrunk to delta point size.

2. Illumination: beam divergency

Practically, the electron beams may not be ideally parallel
and form a uniform illumination source. The efficiency of
the phase contrast is thus further worsened due to the effect
of beam divergence. A reasonable assumption for the beam
function B(r) is a Gaussian. The exit wave shown in Eq. (1)
therefore becomes

ψe
∼= B(r)[1 − σV ′(r)t + iσV (r)t]. (10)

In the back focal plane, the electron wave would be

ψd(g) = �(B(r)) ⊗ [δ − σ�(V ′(r))t + iσ�(V (r))t]. (11)

In the back focal plane, both unscattered and scattered
beams are broadened by the Fourier transform of B(r),
which is also a Gaussian. The broadening effect is larger for
an LaB6 electron gun (used in the JEOL 2000FX TEM for this
work) compared to a field emission gun. The traces of elec-
tron beams for Gaussian illumination are given as dashed
lines in Fig. 2b, c and d. As shown in these figures, the beam
divergence effect that resulted from non-parallel illumina-
tion would further reduce the amounts of unscattered beams
passing through the central hole of a BEPP.

Figure 3 shows a diffraction pattern recorded without any
sample in the beam path. The exposure time was 0.5 s and
the condenser lens aperture was the smallest (20 μm). Since
there was no sample in the beam path, the diffraction spot
mainly resulted from the unscattered beams. The phase plate
was inserted as a calibration reference. The diameter of the
central hole was 0.8 μm and the diameter of the unscattered
beam was calibrated to be 1.5 μm. The fraction η of unscat-
tered beams passing through the central hole was calculated
to be ∼10% (0.1).

3. Mixing of phase and absorption contrast

Practically, the size of a phase plate cannot be infinitely
small. The partial scattered beam was also prevented by the
cantilever of the phase plate from forming an image. The im-
age recorded using the BEPP contained a mixture of ‘phase’
and ‘absorption’ contrast. The image intensity can therefore
be rewritten as

I (r) = η2 − 2σV ′(r)t ⊗ �[A(g)] − 2ησV (r) ⊗ �[A(g)].
(12)

The intensity of ‘absorption’ image given in the second

term in Eq. (12) (also in Eq. (5)) is based on the assump-
tion of coherent imaging. However, Spence pointed out that
the ‘absorption’ image is more proper to be treated as an in-
coherent imaging [11]. Within the resolution of ∼1 nm for
biological samples, the mean absorptive potential of V ′

o is the
most important and interesting term. The mean absorptive
potential V ′

o associated with the BEPP is aperture dependent
[9], and is proportional to the integral of differential elastic
(dσel/d�) and inelastic (dσel/d�) scattering cross sections:

V ′
o (θ1, θ2) ∼

∫ θ2

θ1

⌊
dσel

d�
+ dσin

d�

⌋
2π sin θdθ. (13)

θ1 and θ2 are the angles related to the size of the inner
(r1) and outer (r2) radius of the phase plate. In our phase
plate, r1 is 0.4 μm and r2 is half the width of the cantilever
(1.0 μm):

θ2 = r2

f
and θ1 = r1

f
. (14)

Incoherent imaging of the ‘absorption’ contrast may be
treated by a method similar to that for high-angle annular
dark field (HAADF), which is different from what has been
done for coherent imaging such as by the multi-slice algo-
rithm. An intact contrast theory of BEPP to include ‘absorp-
tion’ and ‘phase’ imaging will be discussed and quantified in
a later work.

Summarizing the above discussions, a central hole in a
BEPP cannot be too large in order to meet the criterion
of cut-off frequency for observing larger biological samples,
while it cannot be too small, either, in order for sufficient
amounts of unscattered electrons to pass through and be
phase shifted. The size of the whole phase plate should be
as small as possible in order to reduce the contribution from
absorption contrast. Therefore, a BEPP design of a narrow
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Fig. 3. The diffraction pattern taken without any sample in the beam path. The phase plate was inserted, and the central hole (0.8 μm in
diameter) of the phase plate was used for calibration of the size of central diffraction spot (1.5 μm in diameter).

strip with a central hole with a proper size would be better
than a BEPP designed in the shape of a ring.

Experiment
In this work, BEPPs were fabricated using nano-electro-
mechanical system (NEMS) techniques on silicon substrates.
As schematically shown in Fig. 1, the long cantilever has five
layers: conducting, insulating, conducting, insulating and
conducting, each with a thickness of ∼100–200 nm. The in-
sulating layers were constructed from Si3N4, through phys-
ical and chemical vapor deposition (PVD and CVD) tech-
niques, while the conducting layers were sputter coated with
Au and had an ∼20 nm protecting metal layer covering the
whole structure to avoid radiation damage [16]. The BEPP
pattern was defined by the lithography method. A dual-
beam focused ion beam system (FEI Nova 600) was used to
mill the central hole on the cantilever. The detailed fabrica-
tion process of a BEPP will be reported in a separate paper.

Figure 4a shows the SEM image of a BEPP, where a long
cantilever ∼2.0 μm in width and 80 μm in length is sus-
pended across an 80 μm empty hole. Figure 4b shows the
central hole (∼800 nm in diameter) in the middle of the
cantilever, and the cross section of the hole is shown in
the inset. The five-layered structure is clearly observable in
the SEM image.

A TEM (JEOL 2000FX) equipped with a LaB6 electron gun
was used in this work. A preloading chamber specifically
made for loading and precisely controlling the position of

the BEPP was installed on this TEM system. The distribution
of the electrostatic field produced by a BEPP can be found
in the report by Haung et al. [5]. The biological samples used
for this study are negatively stained ferritin corresponding to
∼12 nm object size. The images were taken while the TEM
was operated at 100 keV.

Results and discussion

Ferritin images

The images recorded with zero and π/2 phase shift for a neg-
atively stained ferritin are shown in Fig. 5. All these images
were recorded at zero focus to eliminate the effect of the
contrast contributed from underfocusing. Figure 5a shows
an image of a negatively stained ferritin recorded without
insertion of the phase plate; Fig. 5b was recorded with the
phase plate inserted and with zero phase shift, while Fig. 5c
was taken with the phase plate in and phase shift at π/2.
Some charging effects were noticed in the images when uti-
lizing the phase plate. As shown in Fig. 5b and c, the charg-
ing effect blurs the detail of the supporting carbon film and
introduces slight distortion in the diagonal direction (top/left
to bottom/right). The charging effects can be reduced by in-
creasing the thickness of the outer conducting layer of the
BEPP.

Figure 5d presents the intensity profile across the fer-
ritin. The difference between the green and the red lines
represents the gain of phase contrast, while the difference

 at A
cadem

ia S
inicaLife S

cience Library on M
ay 24, 2011

jm
icro.oxfordjournals.org

D
ow

nloaded from
 

http://jmicro.oxfordjournals.org/


J. Shiue et al. Phase TEM for biological imaging utilizing a Boersch electrostatic phase plate 143

Fig. 4. SEM images of a BEPP: (a) a long cantilever ∼2.0 μm in width and 80 μm in length. The cantilever is suspended across am empty
circular space with a diameter of ∼80 μm; (b) a central hole (∼800 nm in diameter) in the middle of the cantilever. The inset shows the cross
section of the hole.

Fig. 5. Images of a negatively stained ferritin: (a) recorded without insertion of a BEPP; (b) recorded with a BEPP inserted and zero phase
shift and (c) recorded with a BEPP inserted and phase shift at π/2. (d) The intensity profile across the ferritin.

between the blue and the red lines corresponds to the con-
tribution of absorption contrast.

The phase shift produced by the Boersch phase plate is a
function of the applied voltage on the electrodes of the phase
plate. The phase shift was calibrated by fitting the power
spectra of recorded images at a higher defocus value with
calculated contrast transfer functions (CTFs). The power

spectra obtained by Fourier transforms from the two images
recorded at zero and π/2 phase shifts are used to demon-
strate the phase shift effect from the BEPP, as shown in
Fig. 6. The left portion of Fig. 6 represents the power spec-
trum at zero phase shift, while the right portion of the fig-
ure demonstrates the power spectrum at a phase shift of
π/2; both spectra were obtained from images recorded at a
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Fig. 6. The power spectra obtained from images recorded at a high
defocus value, −1240 nm. The left portion represents the phase shift
at 0, and the right portion represents the phase shift at π/2.

high defocus value of –1240 nm. The maxima of the squared
modulus of the CTF are represented by the bright rings in the
power spectrum [6]. It is clearly shown at the crossing of the
two portions in Fig. 6 that the rings were shifted, indicating
that the phase shift indeed occurred.

Contrast analysis

The gain of the phase contrast in ferritin images, as shown in
Fig. 5, is quantified here. The image contrast can be quanti-
fied using the Rose contrast criterion [17,18] which consid-
ers the signal-to-noise ratio. The contrast, C, in the ferritin
image is given by [5,18]

C = I1 − I2√
σ2

1 + σ2
2

(15)

where I1 represents the averaged peak intensity in the fer-
ritin image and I2 represents the lowest intensity in the fer-
ritin, as shown in Fig. 5d. σ1 and σ2 are the intensity variants
of these two intensities, respectively. The ratio of contrast,
CR, is given by C at phase = π/2 divided by C at phase = 0,
i.e.

C R =
(I1 − I2)phase=π/2

(
σ2

1 + σ2
2

)1/2

phase=0

(I1 − I2)phase=0

(
σ2

1 + σ2
2

)1/2

phase=π/2

. (16)

The CR is ∼1.5 based on the calculation from Eq. (16). This
value, while it is relatively low, corresponds to the practical
conditions as discussed in the above sections.

In a perfect system, ∼10 times contrast enhancement is
expected while utilizing a phase plate, as discussed in the
theory section. In reality, however, the phase contrast is su-
perimposed on the absorption contrast. To reveal the en-
hancement of the phase contrast, the gain in the phase

contrast must therefore overcome the noise and the ‘absorp-
tion’ contrast.

As stated above, the electron beams are not ideally paral-
lel in the present case; therefore, a BEPP is expected to block
some unscatterred beams due to beam divergence. There-
fore only ∼10% unscattered beam (calculated from the im-
age shown in Fig. 3) actually passed through the central hole
of the BEPP. This effect greatly reduced the efficiency of the
phase contrast [i.e. the term (I1 − I2) at phase = π/2 in
Eq. (16) was reduced by this effect].

Since the unscattered beams and scattered beams are both
partially blocked by the BEPP, the contribution from absorp-
tion contrast in the image was inevitable. The increase in
the absorption contrast (i.e. increasing the term (I1 − I2) at
phase = 0 in Eq. (16)) further reduces the contrast enhance-
ment. Therefore, CR is expected to have a low value.

Conclusion
In conclusion, a TEM system with a currently available setup
would provide a low efficiency in transfer of object phase to
image intensity owing to the practical limitations of BEPP
geometry, positioning and the illumination system used in
the TEM. The theoretical and practical issues relating to the
phase efficiency are discussed, and a real case of phase imag-
ing negatively stained ferritin using a TEM with a BEPP is re-
ported. The phase contrast was enhanced by a factor of ∼1.5
as quantified by the Rose contrast criterion. Such a low gain
of phase contrast is consistent with our expectations from
the present TEM/BEPP system.

An effective phase TEM for biological imaging utilizing
a BEPP, therefore, should consist of the following compo-
nents:

(i) A uniform/parallel illumination, in order to make
the central diffracted spot sufficiently small. This can
be achieved by modifying the TEM illuminating and
lense system.

(ii) A reliable electrostatic phase plate, with a proper size
of the central hole, which is small enough (<1 μm,
or depending on the focal length of the TEM) for ob-
serving larger biological samples and large enough for
sufficient numbers of unscattered electrons to pass
through. The overall dimension of the phase plate
(the cantilever) should be as small as possible to limit
the contribution from absorption contrast.

(iii) A precisely controlled phase plate positioning system,
which can position the phase plate at the exact back
focal plane without tilting.
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