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INCOHERENT TRANSMISSION ELECTRON
MICROSCOPY

CLAIM FOR PRIORITY

This application claims priority under 35 U.S.C. §119(e) to
Provisional Application No. 61/352,243, filed Jun. 7, 2010,
and is a continuation-in-part of U.S. patent application Ser.
No. 13/024,961, filed Feb. 10, 2011, which claims priority
under 35 U.S.C. §119(e) to Provisional Application No.
61/303,260, filed Feb. 10, 2010, and Provisional Application
No. 61/352,243, filed Jun. 7, 2010, all of which are incorpo-
rated herein by reference in their entireties.

TECHNICAL FIELD

This application relates to incoherent electron microscopy.

BACKGROUND

There are applications in which it is desirable to use elec-
tron microscopy to resolve a single point-like object in a
specimen. The single point-like object may be, for example, a
single atom or a cluster of atoms on an amorphous substrate.
Electron microscopy could theoretically be used to sequence
bases of a nucleic acid, for example, such as the bases of a
strand of deoxyribonucleic acid (DNA).

Scanning transmission electron microscopy (STEM),
which raster scans an electron beam across a specimen, can be
used to resolve single point-like objects in an image. How-
ever, STEM typically suffers from a slow scanning time,
which causes poor throughput. For example, STEM may
involve scanning for a time on the order of 1 us to 10 us per
pixel of the image. This scanning time may be inadequate
where sequential resolution of numerous single point-like
objects is desired. STEM throughput may be inadequate, for
example, for sequencing a full human genome in a practical
amount of time.

Transmission electron microscopy (TEM), unlike STEM,
images the specimen in parallel. But TEM imaging can be
problematic when trying to resolve single point-like objects
because the phase-contrast information is typically not
directly interpretable for this purpose. For example, a light
area in a TEM image could represent either an atom or the
absence of an atom. Accordingly, although TEM may have
good throughput, it does not typically yield the desired infor-
mation about the specimen.

Thus, it is desirable to have electron microscopy that can
reliably resolve point-like objects. It is further desirable for
such electron microscopy to have substantially high through-
put. Moreover, it is desirable for such electron microscopy to
be provided at an affordable cost.

SUMMARY

In one embodiment, a transmission electron microscope
comprises an electron beam source to generate an electron
beam. Beam optics are provided to converge the electron
beam. The microscope further comprises a specimen holder
to hold a specimen in the path of the electron beam. A detector
is provided to detect the electron beam transmitted through
the specimen. The transmission electron microscope of this
embodiment is adapted to operate in an incoherent mode.

In another embodiment, a transmission electron micro-
scope comprises an electron beam source to generate an elec-
tron beam. Beam optics are provided to converge the electron
beam. The beam optics define an optic axis of the microscope
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along which there is substantial cylindrical symmetry of the
beam optics. The microscope further comprises a specimen
holder to hold a specimen in the path of the electron beam. A
detector is provided to detect the electron beam transmitted
through the specimen. The transmission electron microscope
of this embodiment is adapted to operate in an incoherent
mode.

In yet another embodiment, a transmission electron micro-
scope comprises an electron beam source to generate an elec-
tron beam. Beam optics are provided to converge the electron
beam. The microscope further comprises an aberration cor-
rector to correct the electron beam for at least a spherical
aberration. A specimen holder is provided to hold a specimen
in the path of the electron beam. The microscope also com-
prises a detector to detect the electron beam transmitted
through the specimen. The transmission electron microscope
of this embodiment is adapted to operate in an incoherent
mode.

In still another embodiment, an electron beam component
assembly for a transmission electron microscope comprises
an electron beam source to generate an electron beam. The
microscope further comprises an aberration corrector to cor-
rect the electron beam for at least a spherical aberration. A
detector is provided to detect the electron beam after the
electron beam has been transmitted through a specimen. The
electron beam component assembly of this embodiment is
adapted to operate in an incoherent mode in which a zero
beam of the electron beam is not detected.

In yet another embodiment, a method of locating a
sequence of objects on a molecule comprises generating an
electron beam, converging the electron beam, and operating
the electron beam in an incoherent mode. A specimen is held
in the path of the electron beam. The electron beam that is
transmitted through the specimen is detected to locate a
sequence of objects on a molecule.

It is to be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory only and are not restrictive of the inven-
tion, as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of this specification, illustrate several
embodiments and aspects of the transmission electron micro-
scopes described herein and, together with the description,
serve to explain the principles of the invention.

FIG. 1 is a schematic diagram of an exemplary embodi-
ment of an aberration-correcting ADF-TEM column.

FIG. 2 is a schematic diagram of an exemplary embodi-
ment of an implementation of an incoherent illumination
mode using an incoherent electron source.

FIGS. 3a and 3b are schematic diagrams of exemplary
embodiments of electron beam trajectories through a set of
condenser lenses, showing different amounts of demagnifi-
cation.

FIG. 4 is a schematic diagram of an exemplary embodi-
ment of a reference version of a TEM.

FIG. 5 is a schematic diagram of an exemplary embodi-
ment of a dark-field version of the TEM illustrated in FIG. 4.

FIG. 6 is a schematic diagram of an exemplary embodi-
ment of an implementation in which image constituents from
a tilted and scanned electron beam are summed.

FIG. 7 illustrates an exemplary embodiment of a variation
of'the TEM illustrated in FIG. 6 with an annular aperture.

FIG. 8 illustrates an exemplary embodiment of a dark-field
variation of the tilted-beam version of FIG. 6.
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FIG. 9 is a set of plots illustrating a generalized version of
the manner in which amplitude contrast is summed while
phase contrast is decreased to improve the image of an object
being identified in the specimen.

FIGS. 10a and 106 are images and histograms of two
examples of amplitude signals received by a transmission
electron microscope along a preselected direction.

FIGS.11,12,13,14,15,16,and 17 are schematic diagrams
of various exemplary embodiments of implementation of
incoherent superposition.

DETAILED DESCRIPTION

A transmission electron microscope (TEM) is able to
image a specimen in parallel, thereby theoretically offering
rapid and efficient throughput. As explained above, however,
TEM imaging can be problematic when trying to resolve
single point-like objects because the phase-contrast informa-
tion in the image is typically not directly interpretable for this
purpose. This problem may arise, for example, when trying to
image single atoms or clusters of atoms in aperiodic arrange-
ments on a specimen.

The TEM may be adapted to operate in an incoherent
illumination mode. In this mode, the coherence of illumina-
tion of the TEM is either substantially mitigated or eliminated
completely. Incoherence means that different sets of electrons
impinging on the specimen are incoherent in relation to one
another. In one embodiment, the TEM is implemented with a
substantially incoherent electron source. For example, the
electron beam source may be adapted to generate an electron
beam having an energy spread of less than about 1 eV. Alter-
natively or in addition, the TEM may produce electron beams
that are incoherent in relation to one another at different
times. For example, the TEM may differently shift or scan the
electron beam over time. In yet another example, the TEM
spreads the energy of the electrons in the beam over different
predefined ranges of energies over time.

By using incoherent illumination, the contrast between
single heavy atoms or clusters of atoms and a relatively light
atom substrate of the specimen can be improved while, simul-
taneously, more current can potentially be directed onto the
sample. Incoherent sources can often achieve higher current
in exchange for coherence. The contrast improvement arises
from the fact that the contrast due to the heavy atom does not
depend on interference of a coherent electron wave whereas
the details of speckle contrast from the specimen do. Each
electron wave that contributes to the image will therefore add
intensity at the heavy atom position but average out intensity
in the speckle contrast. This improvement may be particularly
suited for a system that needs higher data throughput and less
expensive electron sources. In other words, the incoherent
illumination mode may enable higher throughput, less expen-
sive sources, and better contrast.

The incoherence provides a contrast mechanism that
allows direct interpretability of the resulting images. Under
incoherent illumination conditions, phase contrast is reduced
whereas amplitude contrast is increased by the mechanism of
superposition: the randomness of image features in phase
contrast signals interferes destructively whereas the scatter-
ing from point-like objects interferes constructively. In the
aggregate, the scattering information from the point-like
objects is retained while the phase contrast information from
the amorphous substrate is intentionally washed out. Incoher-
ent illumination may also increase microscope throughput, at
least in part due to an increased electron dose from incoherent
illumination as compared with coherent illumination.
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TEM imaging may be adapted to operate in a “bright field”
mode in which a central beam (referred to as a “zero beam™)
of electrons in the electron beam of the microscope is trans-
mitted through the TEM column. Alternatively, TEM imag-
ing may be adapted to operate in a “dark field” mode in which
the central beam is blocked. Indeed, the dark-field mode may
be implemented as a primary or dedicated image mode for the
TEM. The dark-field mode can produce an image with mono-
tonic contrast change with increasing atomic number, which
allows direct interpretability of the image to determine rela-
tive atomic weights. For example, dark-field imaging can be
used to obtain chemically sensitive projections of single
atoms, clusters of atoms, or nanostructures. However, the
dark-field mode may decrease the data throughput of imaging
due to reduced electron dose, which taken alone may be
undesirable. Thus, dark-field imaging techniques based on
coherent illumination and suffering from spherical or other
aberration may be undesirably slow compared to incoherent
illumination.

Inorderto improve speed, TEM imaging may be adapted to
correct for aberrations. Aberrations can be detected and a
computer can be used to analyze the aberrations and apply
compensating signals to aberration-producing lens elements.
The aberration correction can provide increased throughput
of imaging. Such increased throughput may be especially
advantageous in using TEM for DNA sequencing. The high
throughput may allow the microscope to be used in sequenc-
ing a full human genome substantially quickly. For example,
the microscope may be adapted to sequence a full human
genome in from about 200 hours to about 0.01 minutes, such
as about 20 hours. In an especially high-throughput version,
the microscope may be used in sequencing a full human
genome in from about 10 hours to about 1 minute. The term
“DNA,” as used herein, includes for convenience a wide
range of relevant specimens, including oligonucleotides and
polynucleotides, and to DNA or RNA of genomic, recombi-
nant, or synthetic origin, which may be single- or double-
stranded, and represent the sense or antisense strands, or to
any DNA-like or RNA-like material or other polymers, such
as proteins, natural, recombinant, or synthetic in origin, and
which may contain any nucleic acid, including variants such
as 5-Methyl Cytosine and other epigenetically modified
bases, artificially modified bases, and individual amino acids,
both natural and artificial.

In one version, aberration correction is implemented in a
TEM that is adapted to operate in the dark-field mode. As
described in copending U.S. patent application Ser. No.
13/024,961 to Own et al., titled “Aberration-Correcting Dark-
Field Electron Microscopy” and hereby incorporated by ref-
erence in its entirety, a combination of aberration correction
and dark-field mode may be especially advantageous when
the aberration correction is implemented wholly or in part
using “charge-on-axis” elements. “Charge-on-axis” refers to
one or more elements placed approximately at the zero beam
of'the microscope. In a bright-field mode, in contrast, the zero
beam would not be blocked by any such elements.

Reference will now be made in detail to exemplary
embodiments of TEMs, which are illustrated in the accom-
panying drawings. Wherever possible, the same reference
numbers will be used throughout the drawings to refer to the
same or similar parts.

In an exemplary embodiment of a TEM, an electron gun
together with condenser lenses and a pre-field of an objective
lens form a patch of electron illumination on a specimen. The
atoms of the specimen scatter the incident electrons, with the
heavier atoms scattering the electrons to higher angles. The
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post-sample field of the objective lens creates a diffraction
pattern in a back-focal plane of the objective lens.

In one version of an approximately cylindrically symmet-
ric system, the TEM may have an annular aperture. In this
case, an aperture containing a central beam stop may be
mounted in or near the back-focal plane (or a plane conjugate
to it). The central beam stop may have the shape of a circular
disc. The beam stop limits the scattered electrons to an angu-
lar range denoted here as ¢, which defines an annulus
between an inner angle ¢, and outer angle ¢,. These angles
may be, for example, in the case of imaging clusters of atoms,
from about 0.1 mrad to about 10 mrad for ¢, and from about
1 mrad to about 20 mrad for ¢,. In the case of imaging single
atoms, these angles may be, for example, from about 5 mrad
to about 20 mrad for ¢,, and at least about 20 mrad for ¢,. An
example of a suitable range for ¢, is from about 20 mrad to
about 50 mrad. Thus, an example of a suitable range for ¢ , for
imaging single atoms may be from about 15 mrad to about 50
mrad. Electrons passing through this annular aperture are
ultimately collected on a detector, generating an image of the
specimen. In other words, the rays passing through the annu-
lar aperture are ultimately the source of the information
gleaned from the specimen. At higher angles less intensity
may be received at the detector, since the image intensity may
drop off approximately with r*, where r is the distance in
image plane 100 from optic axis 130.

Alternatively to a cylindrically symmetric system, the cen-
tral beam stop may have a non-circular shape. For example,
the central beam stop may have the shape of a square, hexa-
gon, or another polygon. The inner edge of the aperture may
also have a non-circular shape. Thus, the annular opening
may have non-circular edges. Such a non-circular annular
opening may result in less contrast than a circular annular
opening.

An exemplary embodiment of the structural configuration
ofa TEM is described below. This example of the TEM has an
electron optical column that includes an electron source, con-
denser lenses, a specimen holder, an objective lens, and a
detector. In certain embodiments of the TEM, the electron
source may be a thermionic source, such as a tungsten (W) or
lanthanum hexaboride (LaB,) source. These sources may
provide a substantially large current, which may be advanta-
geous in allowing shorter exposures for each image and hence
higher throughput. These examples of electron sources may
also provide substantially incoherent illumination, as
explained in more detail below.

The electron source may be followed by condenser lenses
to form a beam that will be incident on the sample. The
condenser lenses may consist of, for example, two, three, or
four lenses. The condenser lenses may be magnetic or elec-
trostatic. The electrons scattered from the specimen are then
imaged through an optical system.

The electromagnetic lenses can also include additional
correcting elements. Furthermore, there is an opportunity for
standard magnifying lenses to be included in the TEM. These
magnifying lenses are followed by an electron detector. The
electron detector may have one of many forms that are known
to one of ordinary skill in the art.

In a dark-field mode, the optical system may accomplish at
least two additional functions. First, the optical system may
block out the central scattered beam to implement the ADF
mode. Second, the optical system may correct aberrations.
The combination of these two features can be particularly
advantageous. As part of the aberration-correcting system, a
charge-inducing component may be positioned at least par-
tially on the optic axis of the ADF-TEM column (or a more
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conventional multipole-based aberration corrector), either
before, in, or after the objective lens in relation to the beam
path.

The TEM may also include a system to correct for parasitic
aberrations, in contrast to spherical aberrations, whether
parasitic aberrations are cylindrically symmetric aberrations
or not. Parasitic aberrations may be caused, for example, by
the optical elements having been machined in such a way as
to be very slightly off-axis or very slightly non-round.

In one example, a standard aberration corrector fora TEM
may include a Nion Co. quadrupole-octupole corrector or
CEOS Co. sextupole or quadrupole-octupole corrector. An
annular aperture may be provided either in the incoming
illumination of the sample (such as for a STEM mode of an
ADF-TEM) or in the outgoing scattered beam (such as for a
dark-field TEM mode).

The aberration-correcting TEM may additionally include a
mechanism for diagnosing the aberrations. Conventional
approaches for diagnosing aberrations typically assume that a
bright-field image is available. One novel method for TEM is
to acquire images as a function of illumination tilt and defo-
cus, and to extract the blurring effect of the tilt and defocus.
The blurring gives a value for the defocus and astigmatism at
avariety of angles. This process can provide sufficient data to
numerically compute an aberration function for the imaging
system. A sample used for these purposes may contain single
atoms or clusters of atoms, or may be another kind of sample
made forthe purpose of diagnosing aberrations. For example,
the sample may be the specimen that is ultimately the subject
of interest for study. Alternatively, the sample may be a
sample used solely for calibration of the aberration-correct-
ing TEM.

A particularly useful application of the TEM is to analyze
a DNA sample in order to determine the sequence of its base
pairs. In one version, a single strand of DNA is stretched using
techniques that have been described in PCT Publication No.
WO 2009/046445 dated Sep. 4, 2009, entitled “Sequencing
Nucleic Acid Polymers with Electron Microscopy,” and filed
as International Application No. PCT/US2008/078986 on
Jun. 10, 2008 (this PCT publication is hereby incorporated by
reference in its entirety). A particular set of bases has been
labeled with a label that contains at least one heavy scatterer,
such as a single heavy atom or a cluster of atoms. Examples of
such labels include osmium, triosmium, and platinum.

FIG. 1 is a schematic diagram of an exemplary embodi-
ment of an aberration-correcting ADF-TEM column 10. Col-
umn 10 has an electron source 20, one or more condenser
lenses 30, specimen 40, objective lens 50, annular aperture
60, one or more projecting lenses 70, and detector 80. An
aberration corrector may be incorporated in objective lens 50.
Image plane 100 is shown in the figure. Electron source 20
and condenser lenses 30 are configured to provide a variety of
illumination conditions. For example, electron source 20 and/
or condenser lenses 30 may be adapted to provide a high-
current, incoherent illumination mode.

TEM column 10 is connected to a power source that pro-
vides power to components of column 10, such as electron
source 20, lenses 30, 50, and 70, and detector 80, as well as a
stage that holds and moves specimen 40. Column 10 may
have a total power consumption of less than about 800 W. In
a low-power embodiment, such as where column 10 is min-
iaturized, column 10 may even have a power consumption of
less than about 300 W, such as from about 10 W to about 100
W. Electron source 20 may be adapted to generate an electron
beam with a current of less than about 100 mA. In an espe-
cially low-current version, electron source 20 may even be






