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PHASE CONTRAST IMAGING AND
PREPARING A TEM THEREFOR

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This instant application claims the benefit of prior
U.S. Provisional Application Ser. No. 61/336,256 filed on
Jan. 19, 2010.

FIELD OF THE INVENTION

[0002] The invention relates in general to the field of trans-
mission electron microscopy, and in particular, to preparing a
transmission electron microscope (TEM) for phase contrast
imaging of phase objects using a hole-free thin film in a way
that facilitates the manufacturing, and alignment of a phase
plate.

BACKGROUND OF THE INVENTION

[0003] Zernike phase contrast imaging in a TEM increases
contrast of phase objects in comparison to traditional (bright
field) phase imaging, leading to decreased electron irradia-
tion dose for a desired signal-to-noise ratio. Many samples of
practical interest in TEM are sensitive to electron beam irra-
diation because their nature changes with increasing incident
electron dose, and care must be taken to avoid artefacts [2-4].
The radiation damage is of serious concern to biological
samples [4] as well as to characterization of small metal
particles [5].

[0004] Zernike phase contrastimaging is achieved by plac-
ing a Zernike phase plate (ZPP) in a diffraction plane (or a
plane conjugated with the diffraction plane) of a TEM to
provide different electron path lengths for electrons scattered
by the sample with respect to electrons that were not scat-
tered. This is performed by separating a beam of the electrons
into two components that will strike the ZPP at different
positions: unscattered beam strikes the phase plate at a centre
of'the ZPP, while the electron beams scattered by the sample
strike the ZPP outside the centre. The separation of scattered
and unscattered electrons is based on the angles at which they
emerge from the sample: the unscattered electrons travel on a
substantially direct path while the electrons scattered by the
sample travel at an angle relative to optical axis of the micro-
scope. This separation of the scattered and unscattered elec-
trons is provided by lens action of a lens focussing the unscat-
tered waves to a tiny point at the center of the ZPP where there
is ahole, while the remainder of the beams is spread across the
ZPP, and, passing through the phase plate, acquires a phase
offset with respect to the unscattered waves. Traditionally a
hole or a local electrostatic field is placed in the centre of the
ZPP and a phase shift difference (typically +m/2 rad) is
acquired between the electrons passing through the centre of
the ZPP and the beams passing outside the centre of the ZPP.
The phase shift difference is induced either by thickness of
the material (such as carbon) and its mean inner potential or
by an applied electrostatic field in vacuum near the centre of
the ZPP (referred to as Boersch or einzel lens). There are
many variants of Zernike phase contrast imaging referred to
as Hilbert, Chapman, Coherent Foucault imaging, etc. All of
these techniques use phase plates having the center hole, and
thus their phase plates are referred to herein as Zernike phase
plates.

[0005] There are several problems with ZPPs that have
been previously viewed as separate issues. ZPPs require a
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precise hole in a carbon film or a Boersch lens or einzel lens
to be fabricated at the ZPP centre; then they are very difficult
to align precisely on standard TEMs; and, in operation, can
suffer defects due to “charging”. Due to the strict fabrication
and positioning requirements they can also be expensive to
manufacture and install.

[0006] Presently, ZPPs are produced by micromachining a
substrate to define a Boersch or einzel lens or by using amor-
phous thin films with a hole of precise dimensions. In either
case a hole (thin film ZPP), or a hole and a complicated
electrode system (Boersch or einzel lens) is fabricated in a
suitable material. Fabrication of a precise hole or electrode
system a few hundred nanometers in lateral dimensions is
generally challenging, and is typically performed with a
focused ion beam or using micro-electro-mechanical fabrica-
tion methods. Both of these are expensive, as they require
expensive equipment, and typically require multiple fabrica-
tion steps. High precision markers are typically required on
the ZPP to permit alignment later on.

[0007] Boersch lens or einzel lens type ZPPs, also known as
electrostatic-type ZPPs, require a complicated electrode sys-
tem formed in a suitable thin film. Supporting these elec-
trodes in alignment about a central axis with small borehole
while ensuring adequate electrical isolation, and good
mechanical support with a structure that minimizes interfer-
ence with the electron beam in use, is challenging. These
ZPPs are currently formed by micromachining (e.g. using
micro-electro-mechanical systems) a substrate and deposi-
tion of conductors in a multi-step process.

[0008] For example, US2008/0035854 to Jin Jian et al.
teaches a particular ZPP having a small hole and a method for
microfabricating it. According to Jin Jian, phase plates are
fabricated by employing several combined microfabrication
techniques, including x-ray photolithography and electro-
plating or electroless plating.

[0009] The precise fabrication of holes in ZPPs (both thin
film and electrostatic types) usually requires a focused ion
beam (FIB). Unfortunately FIBs can lead to contamination of
the device and damage by gallium ions. It is the hole fabrica-
tion and the need for FIB instruments that prevents many
laboratories from pursuing phase contrast imaging.

[0010] Once produced, it is equally or more challenging to
install the ZPP within the TEM, such that the hole is centered
within the TEM so that in operation the unscattered beam
passes through the hole. Typically the ZPP is positioned with
piezoelectric transducers and/or sophisticated deflection
equipment. It is known in the art have to place a phase plate at
a back focal plane of a TEM. Unfortunately, in standard
TEMs, the back focal plane of the objective lens is located in
the polepiece gap, which is not wide. In some cases the
polepiece gap is a fraction of a centimeter. The polepiece gap
needs to accommodate the sample holder and the ZPP hard-
ware leaving a few millimetres at most to accommodate the
ZPP hardware. This is makes it all the more difficult to align
and limits the ZPP hardware that can be used for positioning
with respect to the electron beam.

[0011] The complications involved in this placement, as
well as the great precision required for alignment has led to
other suggestions that involve adding one or more transfer
lenses specifically for use in the phase contrast imaging
mode, such that a conjugate plane to the back focal plane is
produced downstream of the objective lens. Unfortunately
there are significant cost disadvantages to including the addi-
tional transfer lens, and this generally requires custom built
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designs, increasing dimensions of the TEM, and further sub-
stantially precludes enabling existing TEMs from using
phase contrast imaging by retrofit. The transfer lens also leads
to compromises in microscope performance in modes of
operation other than Zernike phase plate imaging.

[0012] Once assembled and centered, ZPPs have known
problems with respect to “charging”. Charging is an anoma-
lous phase contrast transfer function observed when in phase
contrast imaging mode. Jin Jian states that charging can be
eliminated by coating the through-hole of the phase plate with
a conductor. The anomalous phase contrast transfer function
has been attributed to such processes as evaporation of con-
taminants from the air due to electron-beam etching, as
reported in US Patent Application publication no. 2002/011,
566 to Nagayama et al. Nagayama et al. teach exposure of the
whole phase plate to an initial large dose of electrons, and/or
keeping the phase plate at a high temperature to reduce an
amount of evaporated materials on the phase plate.

[0013] There remains a need for a ZPP that is accessible
with lower cost fabrication techniques, and more easily
installed. Preferably the ZPP is suitable to implement and
operate in a standard TEM. Furthermore, there is a need for a
ZPP that is easily positioned for operation at a variety of
locations within the TEM, including at a selected area aper-
ture plane of the microscope which in some cases, is desir-
able.

SUMMARY OF THE INVENTION

[0014] Applicants have discovered that Zernike-like phase
contrast imaging is achieved by the charging of a suitable
hole-free thin film by the incident electron beam itself to
produce a suitable phase plate, and has further discovered that
a strong primary electron beam can be used to fabricate the
through bore in a hole-free thin film in situ to form a standard
Zernike phase plate (ZPP). These discoveries permit phase
contrast imaging requiring substantially no alignment, as no
holeis provided and as the charging is naturally localized near
the center of the phase plate in the former case, and in the
latter case, substantially no alignment is needed because the
hole is bored in situ and the center of the beam is the same for
the boring as it is for imaging at conditions identical or similar
to the imaging conditions. In both cases the electron beam
itself is used to prepare the hole-free thin film for imaging. As
both of these techniques obviate the need for precision posi-
tioning equipment and sophisticated fabrication of ZPP hard-
ware, the present invention enables simplified phase plate
positioning in any plane of the TEM conjugated with the back
focal plane (BFP). The use of the electron beam itself to
prepare the phase plate for imaging either by hole drilling or
by charging, removes the limitations of pre-fabricating a ZPP.
The in situ fabricated ZPP has the appropriate hole size for
ZPP imaging because the ZPP is prepared by the beam itself
during the hole boring. The simplified phase plate hardware
(the hole-free thin film) can be easily placed within the objec-
tive lens polepiece gap, for example directly in one of the
standard holes of the objective aperture strip in a standard
TEM.

[0015] Applicants have also discovered that there are
advantages to using a downstream lens to focus the sample. In
the context of the microscope optics used for Zernike phase
plate imaging there are several lenses for focusing the sample
to choose from. An advantage of using a downstream lens for
sample focusing (as opposed to use of objective lens that is
located before or upstream of the thin film) is the elimination
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of problems with a change of position of the back focal plane
(or conjugated plane) that happens when sample focus is
changed. The typical TEM lensing scheme uses an objective
lens for focusing on the sample. Focusing with the objective
lens that is upstream of the phase plate, results in movement
of'the back focal plane along the beam path. Consequently a
situation can arise when the back focal plane does not coin-
cide with the position of the phase plate along the beam path
and a condenser lens has to be adjusted to accommodate for a
change of cross-over position. The use of a post-phase-plate
lens is therefore significantly more convenient.

[0016] The applicant also noted that placing the phase plate
at a selected area aperture plane (SAA), that can be made
conjugate plane to the back focal plane, has practical advan-
tages over the set up with transfer lens[24] or the traditional
set up where ZPP is placed in the back focal plane of the
objective lens. The SAA of a TEM generally has more space
available for the ZPP than the back focal plane of the micro-
scope. At the SAA plane, the diffraction pattern can be either
demagnified or magnified or of the same size as at the back
focal plane of the objective lens.

[0017] A method is provided for phase contrast imaging
with a transmission electron microscope including an elec-
tron beam emitter and condenser lens, a sample holder, an
objective lens assembly, one or more intermediate lenses, and
an object plane. The method comprises placing a hole-free
thin film at a back focal plane of the objective lens assembly,
or at a plane conjugate thereto, preparing the hole-free thin
film for phase contrast imaging using the electron beam hav-
ing at least a component thereof focused to a point on the
hole-free thin film at a center of the electron beam, and
subsequently imaging a sample in the sample holder by
focusing scattered waves of the electron beam onto the point
on the hole-free thin film, while unscattered waves are dis-
tributed across the hole-free thin film to impart a phase offset
between the scattered and unscattered waves. Preparing the
hole-free thin film may involve using the charged beam to
modify electro-optical properties of the hole-free thin film to
increase the efficiency of phase transfer by charging, or using
the charged beam to bore a hole in the thin-film to produce, in
situ, a Zernike phase plate.

[0018] A method is provided for preparing a transmission
electron microscope for phase contrast imaging. This method
comprises placing a hole-free thin film at a back focal plane
(BFP) or a plane conjugate thereto and then focusing an
electron beam of the transmission electron microscope for
phase contrast imaging for an initial period of time during
which charging and dissipation rates on the thin film are not in
balance.

[0019] A transmission electron microscope is provided
comprising an electron beam source, sample holder, objective
lens, and projection system, wherein a hole-free amorphous
or crystalline thin film is placed at a back focal plane or a
conjugate plane thereof, with the objective lens operated so
that an unscattered beam is focused on the back focal plane.
[0020] A method for transmission electron microscope
imaging is provided. This method comprises: inserting a
phase plate into the transmission electron microscope at a
back focal plane of the objective lens or a plane conjugate
thereto; if the phase plate has a hole or aperture, aligning the
hole with a center of an electron beam of the transmission
electron microscope; applying fields at objective lenses of the
transmission electron microscope to focus the electron beam
such that scattered waves from a sample in the transmission
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electron microscope travel throughout a centre of the phase
plate, and unscattered waves from the sample pass through
the remainder of the phase element; and subsequently imag-
ing a sample in the sample holder by focusing scattered waves
of'the charged beam onto the point on the hole-free thin film,
while unscattered waves are distributed across the hole-free
thin film to impart a phase offset between the scattered and
unscattered waves.

[0021] Further features of the invention will be described or
will become apparent in the course of the following detailed
description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] In order that the invention may be more clearly
understood, embodiments thereof will now be described in
detail by way of example, with reference to the accompanying
drawings, in which:

[0023] FIGS. 1a),b),c) are TEM images of substantially
amorphous elk fibrils: FIG. 1a) was obtained without a phase
plate using traditional phase imaging by applying a defocus,
and FIGS. 15), and 1¢) were obtained without defocus using
a phase plate consisting of a hole-free thin film formed
respectively of carbon and gold;

[0024] FIGS. 2a).b),c) are contrast transfer functions for
the TEM images of FIGS. 1a),b).c), respectively;

[0025] FIGS. 3a)-d) are experiments imaging multiwall
carbon nanotubes (MWCNT) with crystalline Pt/Ru nanopar-
ticles: FIG. 3a) was obtained without a phase plate using
traditional phase imaging by applying a defocus; FIG. 356)
was obtained using a carbon thin-film phase plate with FIB
prefabricated hole; and F1G. 3¢) shows contrast transfer func-
tions for the images in FIGS. 3a) and 35), respectively;
[0026] FIGS. 4a),b) are schematic cross-section and top
views of a thin film type ZPP;

[0027] FIG. 5 shows the imaging conditions at reciprocal
space plane for the image of FIG. 3b);

[0028] FIGS. 6a).b) relate to a hole drilling experiment:
FIG. 6a) is an image of an in-situ drilled hole in thin carbon
film; and FIG. 65) is a table listing typical hole drilling param-
eters; and

[0029] FIGS. 7a),b) schematically illustrate microscope
optics for transferring the back focal plane of the objective
lens to the selected area aperture plane by an objective
minilens, or for traditional imaging.

DESCRIPTION OF PREFERRED
EMBODIMENTS

[0030] A technique is provided for phase contrast imaging
involving preparing a hole-free thin film for TEM imaging
with the electron beam itself focused on a center of the
charged beam, which now does not have to be precisely
aligned. The preparation involves charging the hole-free thin
film, or boring a hole therethrough to produce a conventional
ZPP, that is uncharacteristically centered within the TEM
without equipment required for submicron alignment.

Charging of Hole-Free Thin Films

[0031] Several experiments were performed that demon-
strate that a hole-free thin film in use is subject to charging
that can produce a phase contrast transfer function (CTF)
suitable for phase contrast imaging. Because only the differ-
ence between the phase shift experienced by the scattered
beam with respect to the incident beam results in phase con-
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trast, the uniform films without a hole were not expected to
result in a phase contrast. It is a surprising and counterintui-
tive result that phase contrast imaging is provided with a
simple hole-free thin film. Herein hole-free thin films are
those that present no hole to the electron beam, even if at some
peripheral edge there may be one or more holes for purposes
of alignment or retention of the thin film within the TEM, for
example.

[0032] Amorphous thin films were deposited using a cryo-
pumped electron beam evaporator and ultra high purity car-
bon source. Respective thin films were formed by depositing
gold and aluminum from a resistively heated source in a
system with about 5x1077 torr background pressure. All films
were deposited directly on the respective selected area aper-
ture discs to ensure good electrical contact. The thin films
were held at room temperature at all times. The thin films
were deposited at a high rate (1 to 10 A/s) to ensure low
oxidation and contamination during film deposition. The film
thickness appropriate for 7t/2 phase shift at 200 kV was cali-
brated by double-biprism electron holography in a Hiatchi
HF 3300 TEM equipped with a cold field emission gun.
[0033] In all examples herein, a JEOL 2200 FS 200 kV
TEM/STEM equipped with a Schottky electron source, in-
column energy filter, and a Gatan Ultrascan™ 2kx2k slow
scan CCD camera, was used. A cryo polepiece was used
allowing for electron tomography experiments with £90° tilt
angle range. The vacuum in the TEM was 9x107% ton in the
vicinity of the sample and the microscope was dry pumped.
[0034] FIGS.1a),b) and ¢) are TEM images of substantially
amorphous elk fibrils, that are obtained without a traditional
ZPP. In FIG. 1a) traditional phase imaging (applying a defo-
cus) is used to produce a phase image. TEM images of the
same sample in identical operating mode and focus except
that hole-free thin films of carbon (FIG. 15)) and gold (FIG.
1¢)) are positioned at the selected area aperture (which is
conjugated with the back focal plane) and no defocus is
applied. It is noted that both FIG. 15) and FIG. 1¢) show
comparatively higher contrast than FIG. 1a).

[0035] After inserting the hole-free thin film in the beam
path, the CTF changes with time for an initial period of about
1 min (gold) to about 15 min (carbon). After the initial period
the CTF is unchanged for an extended period of time. It was
after this period that the images of FIGS. 15),c) were taken.
The significance of using gold thin film material is that gold
films are believed to be good conductors and surface layers of
contaminants are rarely observed. Nonetheless surface con-
taminants provide one possible explanation for the CTF
observed, and may have a role in producing this phenomenon.
It is even possible that surface contaminants are the primary
reason for the consequent charging by the incident electron
beam due to secondary electron emission.

[0036] The change in defocus that appears to recur in all
comparisons of images taken using defocus and those taken
with various hole-free thin films, demonstrates that there is a
phenomenon (herein called ‘charging’) at work that changes
the CTF of the microscope, as if a defocus and an additional
phase shift at =0 were applied. Applicant concludes that
charging can be used productively to effect phase contrast
imaging on hole-free thin films, as demonstrated by FIG.
1b),c), or further as a correction in amorphous thin film ZPPs
(with hole), or other ZPPs that are subject to charging.
[0037] FIGS. 2a),b), and ¢) show phase contrast transfer
functions (CTF), i.e. the power spectra of the images of the
elk fibrils taken with defocus phase contrast (FIG. 1a)), a
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hole-free carbon thin film (FIG. 15)), and with a hole-free
gold thin film phase plate (FIG. 1¢)), respectively. Similarly,
FIG. 2a) is the CTF of the TEM with the phase plate retracted
from the electron beam, and a defocus of about 1000 nm
applied.

[0038] The CTFs (FIG. 2) depict the modulation of the
contrast transfer from phase to amplitude (phase-amplitude
mixing). The bright bands near the centres of the CTFs
(marked by arrows) represent a transfer band near g=0. The
presence of this band demonstrates that the technique pro-
vides improved contrast transfer at low spatial frequencies,
resulting in enhancement of image contrast. The amount of
contrast enhancement can be quantified, and it is about two to
three times greater when using hole-free thin films, compared
to images taken with defocus only. The deviations of the CTF
from circular shape at high spatial frequencies (further from
the origin of the graph) in FIG. 2 (as well as in FIG. 3¢) (no
ZPP) and FIG. 34d) (traditional ZPP)) may be due to sample
drift, and/or that charging may not exhibit radial symmetry
possibly due to defects in the film or from non-radial symme-
try beam current distribution at the back focal plane. The
effect is similar to astigmatism and affects high spatial fre-
quencies rather than low spatial frequencies.

[0039] Applicants have produced and tested single-layer
thin films that are 7/2-thick carbon and tested uniform alumi-
num film and gold film of thickness far exceeding 7/2. Even
relatively thick gold films exhibit CTF changes that we
attribute to charging.

Charging of ZPPs

[0040] Furthermore, it is shown that prior art ZPPs with a
through hole are subject to charging. Applicants have tested
ZPPswhere a hole was fabricated in a single-layer carbon and
3-layer carbon-chromium-carbon stacked thin film.

[0041] The ZPPs in these experiments were made either of
electron-beam evaporated carbon or a multilayer consisting
of carbon, chromium and carbon inducing %4 phase shift in
each layer, (totaling 3/2w for the multilayer). The chromium
layer is intended to increase conductivity of the ZPP to reduce
charging. In both cases the technique described above was
used for deposition. In general, thin film ZPPs can be formed
of carbon with a hole about 0.1 um to about 2 um in diameter.
For the present experiments with pre-fabricated hole in the
ZPP (the traditional set up) the hole diameter in our ZPPs was
between 100 nm and about 1.5 pm. The desired dimensions of
the ZPP hardware depend on the focal length fof'the objective
lens and the illumination condition of the TEM.

[0042] FIG. 4 is a schematic illustration of the multi-layer
ZPP in accordance with an embodiment of the invention. FIG.
4a) shows a cross-section of a three-layer ZPP. The 3-layer
ZPP was fabricated in a multiple step process. First a self-
supporting carbon film r/2-thick was deposited onto a frame
of'selected area aperture, then a chromium film 7/2-thick was
deposited onto said carbon film and a large hole was drilled
using a focused ion beam. Then a carbon film 7/2-thick cov-
ering the large hole in chromium+carbon bilayer was floated
onto the bilayer. A hole was bored in the single carbon film in
the centre of the large hole in the single carbon film in the
centre of the large hole in the bilayer using the focused ion
beam and a hole was bored in the 3-layer film at a location
distant from the carbon single layer.

[0043] FIG. 4b) is a schematic illustration of a top view of
the traditional ZPP inuse, showing the geometrical condition
at the back focal plane. The unscattered beam passes through
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the centre of the ZPP, whereas scattered beams pass outside
the centre of the ZPP. The radial distance r varies inversely to
the scattering vector ¢, which in turn corresponds to a spatial
frequency transferred by the TEM, because ZPP hardware is
placed in the back focal plane of the TEM objective lens or
plane a conjugate thereto. The radial distance at the ZPP plane
and the scattering vector are related by the effective camera
length, determined by the optical parameters, such as focal
length of lens above the ZPP, at the plane of the ZPP.

[0044] FIG. 3a) is a TEM image of multiwall carbon nano-
tubes (MWCNT) with crystalline Pt/Ru nanoparticles
imaged by phase imaging by defocusing. FIG. 35) shows the
same sample imaged using ZPP (7t/2 thick carbon) with a FIB
prefabricated hole. FIG. 3¢) shows a CTF from the support
film area marked by a pale square in FIG. 3a), and FIG. 3d)
shows a CTF from the support film area marked by the pale
square in FIG. 3b).

[0045] The defocus for the image acquired without ZPP in
FIG. 3a) and the corresponding CTF in FIG. 3¢) was about
1000 nm. The (FIG. 35) image was obtained by setting a
Gaussian focus before the ZPP was inserted, followed by
insertion of amorphous carbon thin film ZPP. The focus of
objective lens (OL) and objective minilens were not changed,
and care was taken to ensure that the ZPP was in the SAA
plane, and thus was conjugated with the back focal plane of
the OL (as depicted in FIG. 7). A change of defocus with
insertion of ZPP induced Fresnel fringes (profile shown in
inset graph of FIG. 35)). Consequently it was concluded that
the contrast fast oscillations in the contrast transfer function
(CTF)in F1G. 3d) are associated with the ZPP, rather than any
change of the lens of the microscope. A change of apparent
defocus is therefore evident when a ZPP with a hole is
inserted into the TEM. Such a spontaneous change in focus is
consistent with charging of the ZPP hardware.

[0046] FIG. 3¢) shows the CTF of the TEM image using
defocus, while FIG. 3d shows a CTF of a microscope with
FIB-prefabricated hole in a carbon thin film ZPP. The band
marked by an arrow in FIG. 3d can not be attributed to
defocus, lens spherical aberration, or presence of 7t/2 phase
shift from the ZPP. The CTF shown in FIG. 3d), cannot be
fitted to the expected CTF using the defocus z and spherical
aberration Cs. In particular, the transfer band marked by an
arrow in FIG. 3d) distinguishes the measured CTF from the
CTF of a microscope equipped with an ideal 7t/2-thick ZPP.
This might be attributed to contamination buildup and hole
drilling in the ZPP material, and charging of the ZPP. Our
measurement of thickness of a ZPP film by energy-filtering
TEM after extensive use, rules out contamination and hole
drilling under the used conditions. From our observation of
the CTF, a bright field image of the ZPP, and point projection
holograms of the ZPP under electron beam irradiation, the
most likely explanation appears to be charging of the carbon
film of the ZPP.

[0047] FIG. 5 shows the imaging conditions at reciprocal
space plane for the image shown in FIG. 35). The FIB fabri-
cated hole is marked by a circle in the upper left corner while
Bragg reflections originating from 0.34 nm lattice of
MWCNT are marked by an arrow. In this case (FIG. 36) and
FIG. 5) the ZPP hardware was placed in selected area aperture
plane and objective minilens was used to transfer the back
focal plane of the objective lens to the selected area aperture
plane that was conjugate with the back focal plane of the
objective lens. FIG. 5 shows that the diameter of the ZPP hole
was about 500 nm, and the angular width of the incident
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electron beam used in these experiments. The Bragg spots
marked by an arrow originate from 0.34 nm spacing of mul-
tiwall carbon nanotube allowing us to accurately calibrate the
imaging conditions in reciprocal space. The convergence
angle of the incident Kohler illumination is about 40 prad and
the cut-on angle of the ZPP hole is about 100 prad corre-
sponding to phase shifting of spatial frequencies above 0.4
nm~" or 24 nm in real space.

[0048] Consequently, Applicant concludes that this new
knowledge can be productively applied in transmission elec-
tron microscopy as follows: a method of preparing a trans-
mission electron microscope for phase contrast imaging may
involve placing a hole-free thin film at a back focal plane
(BFP) or a plane conjugate thereto; focusing an electron beam
of the transmission electron microscope for phase contrast
imaging for an initial period of time during which charging
and dissipation rates on the thin film are not in balance; and
then performing phase contrast imaging once the charging
and dissipation rates stabilize. It is possible that during the
initial period the CTF changes involves changes in surface
contamination layer thickness induced by the incident elec-
tron beam, in addition to the charging. A TEM is provided
comprising an electron beam source, sample region, objective
lens, and projection system wherein a hole-free amorphous or
crystalline thin film is placed at a back focal plane or a
conjugate plane thereof with the objective lens operated so
that a scattered wave and unscattered wave are focused on
different areas at the back focal plane.

[0049] In the foregoing examples, we focused on amor-
phous thin-film type ZPPs, but the implications of charging to
electrostatic-type ZPPs can be used to generate a control
signal to the einzel or Boersch lens to compensate for the
charging. The smaller area of electrostatic-type ZPPs suscep-
tible to charging, the broken radial symmetry of the ZPP
caused by the structure of the ZPP, the large thickness of the
conducting electrodes of the Boersch lens and the significant
thickness of Boersch lens, which tends to stop primary elec-
trons, are all factors that will change the charge balance in the
device, in comparison with film type ZPPs.

[0050] Without wanting to be limited by the following
theory in all aspects of this invention, applicant considers the
charging to likely be produced by secondary emission of
electrons. Emission of secondary electrons (SE) induced by
an incident (primary) electron beam is a well established fact
responsible for SE images in scanning electron microscope
(SEM) and SE mode of scanning TEM (STEM) [17,18]. The
number of SEs emitted per an incident primary electron (the
SE yield) varies with incident energy, incident angle and
irradiated material but is always non-zero [18]. The emission
of SEs results in positive charge buildup on the irradiated
object [19,20] such as Zernike phase plate (ZPP), the sample
itself, an aperture, or polepiece and beam liner ina TEM. The
positive charge is compensated by induced current flowing
from a ground electrode and driven by a positive potential
developed due to SE emission. Eventually a steady state
develops, and the emitted SEs are fully compensated by
induced current from ground electrode. The period it takes for
a steady state to develop as well as the steady state itself can
be affected by possible surface contaminants layers. A beam-
induced surface contamination build up produces phase shift
in addition to the charging. It is important to note that the
steady state requires a gradient of electrostatic potential con-
tinuously driving the electric current from the ground elec-
trode to the area where SEs are generated by an incident
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primary beam [19,20]. The steady state can develop rapidly
with small gradient of electrostatic field in good conductors,
while a footprint of a charged area can remain for appreciable
period of time after the primary beam was removed in poorer
conductors [21,22].

[0051] Thepresenceofa SE emission-induced electrostatic
potential described above leads to an electrostatic phase shift
(EPS) of the primary electrons in addition to phase shift
induced by the mean inner potential (MIP) of the ZPP film
including surface contaminants [23] or the electrostatic phase
shift in electrostatic-type ZPPs. The electrostatic potential,
and consequently the EPS, can be significant, even for mod-
erate charge densities resulting from SE emission [20].
[0052] Whatever the origins of the charging, a model of the
effect of static charge on an object (such as the ZPP) in the
back focal plane on the contrast transfer function may be
used. These models may not be accurate, and empirical and/or
semi-empirical procedures may be chosen to compute the
desired field strengths of electrostatic-type ZPPs, or to com-
pute a desired thickness for an amorphous thin film ZPP
suited to desired operating conditions within a TEM, or con-
versely for selecting operating conditions for an amorphous
thin film ZPP of a given thickness, with or without a hole of a
given size. Particularly the condenser settings can be con-
trolled to empirically optimize the contrast directly observed
on a digital camera located at the image plane of the micro-
scope.

[0053] Charging of various objects in the beam path can
have profound effect on the electron optics of a TEM. All
objects that emit SE upon incidence of a primary electron are
subject to some degree of charge redistribution leading to an
electrostatic potential. In case of broad beam illumination at
asample plane of a TEM, the effect of the electrostatic poten-
tial (bias) due to SE emission adds a constant phase shift
across the entire illuminated area leading to no observable
effect (it is the square of the amplitude that forms an image, a
constant phase shift is therefore not observed). For most
biological samples the scattering is very weak and diffuse (as
opposed to strong Bragg reflections observed in crystals)
leading to smooth (i.e. not a step function) current density
profile at the back focal plane where the ZPP is placed. In case
there is a time-dependent component in the bias, a beehive
effect [28] can be observed.

[0054] Whenabias is non-uniform (and even more so when
it acts in reciprocal space) such as in the back focal plane of a
lens, the charging may strongly affect the resulting image,
which would explain the demonstrated phase contrast imag-
ing on a hole-free ZPP. In particular, a spatial frequency-
dependent phase shift, as found in a charging ZPP, can
entirely dominate the contrast formation mechanism in a
TEM.

[0055] Inthecase of Zernike phase plates, an object located
in high current density area in the back focal plane ofa TEM,
it is considered possible that charging can be sufficient to
generate a potential leading to significant alternation of elec-
tro-optical properties of the phase plate. For our particular
example the calculated charge-induced phase shift near =0
the phase shift exceeds the /2 by nearly an order of magni-
tude. The applicant concludes from the profiles of the CTF in
FIGS. 2b) and 2¢) and FIG. 3d) that using a thin-film ZPP, the
phase shift due to charging can entirely mask the n/2 shift
desirable for Zernike contrast in TEM [23].

[0056] It is common practice in TEM and SEM to coat a
sample with thin film of carbon or other material to reduce
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charging of a non-conducting sample. It should be empha-
sized that the carbon or similar coating only reduces the
charging, but does not eliminate the SE and charging, as
readily witnessed by ability to obtain SE images from carbon-
coated samples in STEM and SEM.

[0057] Charging can be readily observed when the micro-
scope optics is set up for point projection holography; a cross
over is formed at a small distance above the sample and
defocused image of the sample is projected onto a screen.
Although uniform (long-range) and time independent charge
induced phase shift would be as difficult to detect in point
projection set up as it is in off-axis holography and in
BFTEM, instabilities in charging can be readily observed in
point projection holography up as they induce minor sample
jumps (for large instabilities). The charging of an object at an
image plane (sample) due to SE emission can be responsible
for apparent increase of mean inner potential of nanoparticles
with decreasing particle size [32].

[0058] To image an object at low irradiation dose it is most
important to correctly transfer the lowest spatial frequencies
[16],1.e. near g=0. Adjusting the phase shift of the direct beam
(near q=0) to a phase shift 7/2+nm (n is an integer) with
respect to (elastically) scattered beams should increase con-
trast and therefore decrease the irradiation dose needed for
desired signal-to-noise ratio in the final image. Since the SE
emission and charging and the resulting phase shift is propor-
tional to beam current density J(r) in the back focal plane, it
can be in principle optimized by adjusting the condenser
setting while observing contrast in the image.

[0059] Inaccordance with an embodiment of the invention,
a method is provided for TEM imaging. The method involves
inserting a ZPP (of any type) into a TEM at a back focal plane
of the objective lens or a plane conjugate thereto; applying
objective lens fields to focus an electron beam such that
unscattered waves travel through a localized region of the
ZPP (referred to as the centre of the ZPP), and scattered waves
pass through a region surrounding the centre of the ZPP; and
adjusting condenser settings of the TEM to optimize contrast
within the image. For example, a suitable thin (carbon) film
can be placed in one of the standard objective aperture discs,
inserted in the beam path at a nearly arbitrary position in the
direction perpendicular to the electron beam, and then current
density can be adjusted by adjusting the condenser lens to
improve contrast and the CTF. The contrast and CTF may be
observed as an intensity profile of image and simultaneously
as a live fast Fourier transform (FFT) of the image respec-
tively. This is an important advantage in terms of aligning and
positioning the thin film in the TEM.

In Situ Drilling

[0060] Another way that a hole-free thin film can be pre-
pared for phase contrast imaging, in situ in a TEM, is for the
electron beam to be focused on the thin film while no sample
is placed in the beam, and operated at a high beam current so
as to bore a hole in the thin film, to effectively form a standard
ZPP. The intense electron beam naturally defines the center of
the TEM, the position of the hole produced will therefore be
aligned with the electron beam during operation. Further-
more, under suitable conditions, the hole size can be well
matched to the incident beam angular width and the position
of'the hole is determined by the position of the incident beam
in the reciprocal (q) space. In fact, the match of the fidelity of
the optical conditions, such as appropriate hole size (cut-on
spatial frequency q) to beam convergence angle and position-
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ing, can exceed fabrication limits of focused ion beam tech-
niques for producing thin-film ZPPs. This is an important
advantage in terms of aligning and positioning the thin film in
the TEM. The possibility to fabricate the hole in situ elimi-
nates the need for focused ion beam boring, a fabrication step
that is known to induce a Ga-ion contamination of the ZPP.
No precision hardware is needed for positioning the ZPP
device relative to the incident beam.

[0061] There are several physical mechanisms that may
contribute to drilling of a hole under an intense electron beam
[2] such as: radiolysis, electron stimulated desorption and
electron beam sputtering or electron beam induced film etch-
ing by residual water vapor in the column. It appears that
electron beam sputtering, which involves momentum transfer
from the incident electron to the sample (or thin film) atoms,
is the most suitable for practical reasons [27] providing a the
ZPP film is suitably selected that is subject to electron beam
sputtering. A suitable material that is subject to electron beam
sputtering has to have a sputtering threshold below the inci-
dent electron energy (200 keV in our case) and a sputtering
cross-section sufficiently high to drill a hole within a reason-
able time through the entire film thickness. Most light ele-
ments with atomic number less than about 20 have sputtering
thresholds below 300 kV and are therefore suitable material
for in situ fabricated ZPP in standard TEMs. For example
amorphous carbon has a sputtering threshold around 100 kV
and an electron sputtering cross-section in the order of 0=8x
1072 cm? at 200 keV incident electron energy. [27] The
removal rate of the material from the ZPP film can be calcu-
lated [27] according to the equation R=0dJ/e, where R is the
removal rate of the film material in monolayers per second, J
is the incident current density (constant over the drilled area)
and e is the electron charge in Coulombs. For typical condi-
tions that may be suitable for hole fabrication the incident
current I=1 nA, desired hole diameter d,=500 nm leading to
J=5x10> A/cm? at the back focal plane of the objective lens,
and film thickness t=22 nm (about m/2 at 200 kV) the hole
drilling time is about 30 to 60 s. The rate of material removal
is additionally affected by the presence of water vapour that
enhances drilling rate, or by presence of contaminants that
reduce the rate of drilling. Since the current used for typical
low dose imaging is significantly lower than the above-men-
tioned value (typically below 0.1 nA), the in situ drilled hole
can be used for at least 5 minutes to 10 minutes if all the
incident current was further expanding the hole size. How-
ever, during the imaging (after a hole was drilled through the
thin film), a significant fraction (over 90% for typical TEM
sample) of the beam current passes through the hole in the
ZPP film rather than sputtering the ZPP film further. With this
in mind, the in situ drilled ZPP device can be used for several
hours without significant change.

[0062] To demonstrate the possibility of hole drilling, sev-
eral experiments were performed. FIG. 6a) shows an image of
an in situ drilled hole in a thin carbon film having a -500 nm
hole drilled by a 200 keV LaB; instrument (JEOL 2010). The
carbon film was placed at the sample plane in this experiment.
A standard positioning mechanism (usually used at the
selected area aperture or objective aperture) such as stepper
motor driven selected area aperture mechanism in a
JEOL2200 FS or manually positioned aperture assemblies in
older microscopes provide sufficient drift stability for long
term (hours) operation of the ZPP with typical dimensions of
ZPP hole (200 nm to a few micrometers).
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[0063] FIG. 6b)is a graph and table showing typical values
of boring at a sample plane of a carbon thin film.

[0064] Following the method described above, the hole
diameter (i.e. cut-on angle) will match the angular width of
the incident illumination. Since the sample is not present in
the beam path during the hole drilling step, the hole should be
an accurate representation of the incident illumination shape
in reciprocal (q) space. When a sample is inserted in the beam,
the electrons scattered outside the angular width of the inci-
dent beam will be phase shifted by the in situ drilled ZPP
device.

[0065] A typical sequence for phase contrastimaging using
an in situ drilled amorphous thin film is as follows: align
microscope and set microscope magnification; set the con-
denser lens for desired imaging condition, such as Kohler
illumination, and desired current density; find a hole in the
sample, and align the hole in the sample with the electron
beam while passing through a hole in the sample; insert a ZPP
film in the back focal plane or in a conjugate plane thereof:
wait to for the incident beam to drill a hole in the ZPP film;
move the sample from the hole to an area of interest, and start
imaging the sample.

Positioning of Hole-Free Thin Film or ZPP

[0066] As noted above, Applicant has found advantages in
placing a ZPP or hole-free thin film at conjugate plane to the
back focal plane produced by a cross-over induced by an
objective minilens after the objective lens. In accordance with
the prior art, the ZPP is usually placed in the back focal plane
(BFP) of the objective lens or a special transfer lens is incor-
porated in the microscope column to accommodate the ZPP.
FIG. 7 shows ray path diagrams for a TEM having a ZPP or
hole-free thin film at the SAA. In FIG. 7a) the objective
minilens (OM) is turned ON for phase contrast imaging, and
in FIG. 7b) the objective minilens turned OFF to realize a
standard phase contrast, or diffraction contrast imaging
mode.

[0067] As shown in FIG. 7a), a TEM equipped with an
objective minilens, permits placement of the ZPP or hole-free
thin film at a selected-area aperture (SAA) plane, such that the
BFP is transferred to the SAA plane by suitable excitation of
the objective minilens [23] making it convenient to install the
ZPP or hole-free thin film. Blue crossover corresponds to
diffraction pattern and red cross over corresponds to an image
plane. The intermediate lens (post ZPP lens) is then used to
focus the sample while the objective lens and objective
minilens and condenser lens system stay unchanged.

[0068] The physical space available at the SAA plane is
significantly larger than the space available at the back focal
plane of the OL.: the space at the SAA plane can be easily 10
mm along the beam path as well as in the plane perpendicular
to the electron beam. Thus the use of objective minilens (OM)
brings additional degrees of freedom to ensure that the ZPP
hardware is in a plane accurately conjugated to BFP of the
objective lens. In the case of a ZPP placed directly in the back
focal plane, only the sample height and the focal length of the
OL can be varied. When the OM is used an additional vari-
able, the focal length of the OM can be used to optimize the
electro-optical conditions.

[0069] An important advantage can be obtained by focus-
ing with a lens below the ZPP or hole-free thin film, since any
lens below the ZPP device does not affect the position of the
back focal plane at the ZPP device. In the traditional operation
the position of the conjugate plane of the objective lens moves
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along the optical axis as the objective lens (or objective
minilens) is focused on the sample. The movement of the
diffraction plane along optical axis can result in a change of
alignment of the ZPP or hole-free thin film with respect to the
conjugate of the BFP. Using condenser lenses to focus the
back focal plane onto the ZPP device results in limited control
over illumination conditions.

[0070] Applicants have demonstrated that a hole-free thin
film can be prepared for phase contrast imaging in situ within
a TEM. Phase plates with prefabricated holes, with in situ
fabricated holes, and without any hole are subject to charging
that provides a contrast transfer function that can be leveraged
for phase contrast imaging. Additionally the hole-free thin
film may be bored in situ to produce a standard thin-film type
ZPP, without the difficulties associated with fabrication and
alignment in the prior art.

[0071] Other advantages that are inherent to the structure
are obvious to one skilled in the art. The embodiments are
described herein illustratively and are not meant to limit the
scope of the invention as claimed. Variations of the foregoing
embodiments will be evident to a person of ordinary skill and
are intended by the inventor to be encompassed by the fol-
lowing claims.
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1. A method of phase contrast imaging with a transmission
electron microscope TEM including an electron beam emitter
and condenser lens, a sample holder, an objective lens assem-
bly, one or more intermediate lenses, and an object plane,
wherein the method comprises:
placing a hole-free thin film at a back focal plane of the
objective lens assembly, or at a plane conjugate thereto;

preparing the hole-free thin film for phase contrast imaging
using the electron beam having at least a component
thereof focused to a small area on the hole-free thin film
at a center of the electron beam; and

subsequently imaging a sample in the sample holder by

focusing unscattered waves of the electron beam onto a
small area on the hole-free thin film, while scattered
waves are distributed across the hole-free thin film to
impart a phase offset between the scattered and unscat-
tered waves.

2. The method of claim 1 wherein preparing the hole-free
thin film comprises using the electron beam to modify elec-
tro-optical properties of the hole-free thin film to increase the
efficiency of phase transfer by the TEM by charging.

3. The method of claim 1 wherein preparing the hole-free
thin film comprises using the electron beam to bore a hole in
the thin-film to produce, in situ, a Zernike phase plate.
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4. The method of claim 1 wherein the electron beam emitter
and condenser emit incident electron energy between 100 eV
and 1 MeV and the thin film has a thickness selected to apply
a phase delay of w/2+nm, where n is an integer.
5. The method of claim 1 wherein preparing the hole-free
thin film comprises using the electron beam to modify elec-
tro-optical properties of the Zernike phase plate to increase
the efficiency of phase transfer by the TEM by charging.
6. The method of claim 1 wherein the transmission electron
microscope is a transmission electron microscope, wherein
the electron beam is Kohler illumination having a conver-
gence angle of up to about 1 mrad.
7. A method of preparing a transmission electron micro-
scope for phase contrast imaging comprising:
placing a hole-free thin film at a back focal plane (BFP) or
a plane conjugate thereto; and then

focusing an electron beam of the transmission electron
microscope for phase contrast imaging for an initial
period of time during which charging and dissipation
rates on the thin film are not in balance.
8. A transmission electron microscope comprising an elec-
tron beam source, sample holder, objective lens, and projec-
tion system, wherein a hole-free amorphous or crystalline
thin film is placed at a back focal plane or a conjugate plane
thereof, with the objective lens operated so that an unscattered
beam is focused on the back focal plane.
9. A method for transmission electron microscope imag-
ing, comprising:
inserting a phase plate into the transmission electron
microscope at a back focal plane of the objective lens or
a plane conjugate thereto;

if the phase plate has a hole or aperture, aligning the hole
with a center of an electron beam of the transmission
electron microscope;
applying fields at objective lenses of the transmission elec-
tron microscope to focus the electron beam such that
scattered waves from a sample in the transmission elec-
tron microscope travel throughout a centre of the phase
plate, and unscattered waves from the sample pass
through the remainder of the phase plate; and

adjusting condenser settings of the TEM to improve con-
trast within the image.

10. The method of claim 9 wherein the phase plate is an
electrostatic lens type ZPP.

11. The method of claim 9 wherein the phase plate is a thin
film type ZPP.

12. The method of claim 9 wherein the phase plate is a thin
film type ZPP with a hole bored in situ.

13. The method of claim 9 wherein the phase plate is a
hole-free thin film.

14. The method of claim 9 further comprising using a lens
downstream from ZPP to focus the sample.
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