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Abstract
The merits of atom-probe tomography (APT) of inorganic materials are well

established, as described in this volume. However, one of the long-held aspirations of
atom-probe scientists, structural and chemical characterization of organic and biological
materials at near-atomic resolution, has yet to be fully realized. A few proof-of-concept
type investigations have shown that APT of organic materials is feasible, but a number
of challenges still exist with regard to specimen preparation and conversion of raw 
time-of-flight mass spectrometry data into a three-dimensional map of ions containing
structural and chemical information at an acceptable resolution. Recent research aided
by hardware improvements and specimen preparation advances has made some
progress toward this goal. This article reviews the historical developments in this field,
presents some recent results, and considers what life science researchers might expect
from this technology.
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this article) without the need for concen-
tration, crystallization, or staining. Three-
dimensional (3D) compositional mapping
may be obtained from complex structures
with high specificity on location. The spa-
tial resolution of the data could be better
than 0.5 nm. As a mass spectrometry-
based technique, APT has high sensitivity
(≈10 atomic parts per million) and high
detector efficiency (≈50%) for all elements
in the periodic table and molecular com-
ponents.

This is a powerful list of performance
specifications that would surely have an
important impact on imaging and analy-
sis of organic and biological materials. But
can it really be achieved? This article
explores this question, presents some his-
torical background for the work, and con-
cludes that useful results from APT of
organics is likely, although exactly how
good remains to be demonstrated.

Molecular Imaging in High Electric
Fields

The field-electron-emission microscope
(FEEM) and the field-ion microscope
(FIM) provide a simple and elegant way to
observe a metal surface in near atomic res-
olution. In these devices, electrons or ions
are projected almost radially from a
sharply curved surface of radius, R, to an
imaging detector a distance, D, from the
surface. The projection magnification, M ≈
D/R, for a given radius can be changed by
varying D. Magnification is achieved
without the aberrations of a lens system,
and these microscopes are immune to
vibration because of the typically high
projection magnification.

For many years, attempts were made to
use the FEEM to image organic molecules
by Müller1–3 and Melmed and Müller.4
These attempts were inspired by the sim-
plicity of the technique and the potential
for achieving high image contrast, magni-
fication, and resolution. By 1950, the
FEEM had demonstrated a usable magni-
fication of 106 and an image resolution bet-
ter than 2 nm. As a result, there was
growing optimism that individual mole-
cules might eventually be imaged.
Although striking images displaying the
correct symmetry of individual flaven-
trene and copper-phthalocyanine mole-
cules were observed, it soon became
apparent that identical FEEM patterns
were produced by many different mole-
cules.5–7 It is not known why these mole-
cules were chosen for this work, but it
may be because these molecules are pla-
nar, so they do not perturb the local field
much, and they can be sublimed in vac-
uum. Several theories were advanced to
explain the field-emission patterns.8–11

Introduction
Materials of all types are being studied

and developed at the atomic scale.
Materials scientists have a long history of
processing materials to obtain new struc-
tures and then characterizing these struc-
tures as a way to understand both the
processing and the properties. Similar
approaches are being applied to organic
and biological materials (i.e., nanobiol-
ogy), whether they are synthetically
processed or naturally processed.

An essential element of any such
endeavor is characterization capabilities.
Materials science researchers have had
microscopies for imaging and analysis at
the atomic scale for decades, including
transmission electron microscopy (TEM),
x-ray diffraction (XRD)/crystallography,
secondary ion mass spectroscopy (SIMS),
and scanning probe microscopies (SPMs).
These techniques do not, however, always
offer the same full set of benefits for
organic materials. For example, radiation
damage and other beam effects in organic

materials limit the spatial resolution
achieved in TEM to 1 to 2 nm, whereas 0.1
nm is possible in inorganic materials. XRD
offers high spatial resolution atomic struc-
ture under the special circumstances of a
crystallized specimen and large volume
(~10−2 mm3) that limit its applicability to a
small fraction of biological structures of
interest (e.g., less than 15% of technologi-
cally important proteins).

Thus, the prospect of compositional
imaging of biological materials at the
atomic scale and in three spatial dimen-
sions would seem to be self-evidently
important to achieve. Atom-probe tomog-
raphy (APT) has the potential to reach this
goal, while offering several important
advantages for organics analysis. The
minimum sample size could be very small
(zeptoliters). The time to data and time to
knowledge can be short (days). The speci-
men material could be extracted from a
native, likely frozen, environment (see
discussion of cryogenic methods later in
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Maps of the field-emission tunneling
 barrier subsequently confirmed that
 individual flaventrene and copper-
phthalocyanine molecules had not been
observed,12 but rather, the patterns dis-
play the symmetry of electron emission
from the molecule’s density of states in
these high-field surface conditions.

The low-temperature FIM provided
another opportunity for examining molec-
ular structure, but with greatly improved
image resolution (0.2 nm under optimum
conditions).13,14 However, the high electric
field strength, E, required for field-ion
imaging (≈ 20 V nm−1) proved to be a
major obstacle. The problem is
 exacerbated if large biological molecules
are deposited on a surface.15 Such mole-
cules behave as large, weakly bound
 protrusions that can experience an out-
wardly directed, electrostatic field stress,
σd = e0E2/2, that translates into a pressure
of about 1.8 × 109 Pa (2.6 × 105 psi), which
can distort, destroy, or even remove a mol-
ecule from a surface; e0 is the permittivity
in free space.

To shield a molecule from the effects of
the imaging field, ingenious schemes have
been developed for embedding deposited
molecules within a metallic matrix and
imaging as the matrix was exposed by
field evaporation.16–18 Unfortunately,
image contrast in the pseudomorphic tran-
sition layer that contained the molecules
prevented them from being recognized.

Imaging in the FEEM also was prob-
lematic because only transient images
could be recorded with a movie camera at
the earliest stages of image formation.19

The results were not convincing, although
a double-blind protocol was used to iden-
tify the images. Most images did not
reflect the known structure of the mole-
cules, and few were reproducible.

The imaging attempts were constrained
by an inability to confirm that biological
molecules had been deposited on the sur-
face. Subsequent protocols were devel-
oped using electron microscopy to
confirm the deposition.20–22 As a result of
these protocols, the 10-cm atom probe was
used to develop a nondestructive, tomo-
graphic reconstruction procedure.23–28

This was obtained as a blanket of vitreous
benzene ice that was field-desorbed from
the surface. Resolution is limited to ≈1 nm
by the size of the benzene molecule
(Figure 1).

Three-Dimensional Imaging with
Atom-Probe Tomography

The application of APT to the study of
biomolecular structure has been at the
proof-of-principle stage since the advent of
pulsed-voltage APT,30,31 but during the past

five years, an increased availability of
pulsed-laser APT (PLAP) has initiated 
a rebirth in these efforts.32–39 The introduc-
tory article by Seidman and Stiller provides
an overview of how FIM and APT work.
Complete reviews of FIM and APT are
available elsewhere.40,41

A number of examples exist that sug-
gest organic specimens can be fabricated
and remain sufficiently stable to allow
APT analysis. The ultimate structural con-
clusions that can be drawn from the infor-
mation content gathered via APT remains
an active area of research.38,42

All of the challenges identified in the
previous section remain or are exacer-
bated when attempting to perform
 voltage-pulsed APT on electrically insu-
lating materials. Before any data collection

can be attempted, prospective specimens
must be fashioned either into the shape of
a needle or as a thin coating at the apex
of a sharp needle, while preserving ade-
quate specimen conductivity to promote
a minimally attenuated and broadened
pulsed field at the apex.43 Beginning in the
mid-1980s, two groups (including one of
the authors, Nishikawa) became the first
to overcome these obstacles to investigate
electrically conducting polypyrrole
(PPy).30,31 Specimens were prepared by
electrochemically depositing thin films
onto sharp platinum tips. Since many bio-
molecules are simply biopolymers, they
share many similar structural and compo-
sitional traits with organic polymers.
Organic polymers have chemical struc-
tures that are comparatively simple and

Figure 1. (a) A 10-cm atom probe. (b) A ferritin monolayer on tungsten (where β ≈ 1.5 is
the image compression factor, and R is the apex radius of the tip). (c) A contour slice image
of a ferritin monolayer. (d) A tomographic reconstruction of a ferritin monolayer embedded
in vitreous benzene ice.29 Reprinted with permission from Cambridge University Press.
©2005, Microscopy Society of America.
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well known and are therefore reconcilable
with the observed mass spectra.
Validation of APT applicability to bioma-
terials is therefore more readily accom-
plished by successful analysis of organic
polymers. Conducting polymers have
desirable electrical transport characteris-
tics that aid the field evaporation process
and alleviate potential concerns related
to electrical conductivity for a proof-of-
 principle investigation.

Both investigations utilized similar 1D
atom probe instrumentation that allowed
for the analysis of approximately 1 to 2-nm
diameter regions of the specimen surface at
a depth rate of ~100 ion nm−1.31 The narrow
field-of-view of these instruments allowed
only for mass analysis without imaging;
however, parallel large field-of-view (100
nm2) FIM capability of the instrument
allowed for observation of the surface
structure when the specimens remained
viable at the fields necessary to perform
FIM. Even though these polymer films
were grown using very similar techniques,
differences in the polymer microstructure
are always possible.44 Besides real differ-
ences in microstructure, other differences
in mass spectra would be expected based
on differences in  analysis/instrumentation
conditions such as specimen temperature,
pulse fraction, and peak shape, which all
can affect ion distributions as observed in
other analyses.40

For PPy ((NC4H3)n), Maruyama et al.
observed mass peaks at 65, 140, and 210
Da and identified them as singly charged
PPy monomers, dimers, and trimers.30

Conversely, Nishikawa and Kato did not
observe PPy field evaporating as complete
molecular fragments.31 They found that
both ClO4-doped and BF4-doped poly-
mers exhibited mass peaks dominated by
singly and doubly charged carbon-, nitro-
gen-, and oxygen-containing fragments—
CO, COH, CNH, CNO, CO2, CO2H, and
C2H2. Hydrogen FIM of these tips
revealed disordered, distributed bright
spots that evolved in an orderly fashion
during field evaporation, indicative of the
disordered structure of PPy but also sug-
gestive of a stable specimen structure
under high field. Although each investiga-
tion resulted in a different mass finger-
print for PPy field-evaporation, together
they demonstrated that polymers could
be electrochemically deposited on ~100-
nm sharp metal carrier tips and success-
fully mass analyzed.

In time-of-flight mass spectrometry
of inorganics, where most ions are
monatomic, most peaks in the spectrum
can be uniquely identified or decomposed
into constituents. With organic materials,
most ions are polyatomic. This fact greatly

increases the complexity of peak identifi-
cation. Ambiguities in peak identification
are a common occurrence for organic
materials and are one of the challenges for
the technique.

Since these initial studies, little APT of
organic materials had been reported in the
literature, until recently.30–39 PLAP of bio-
molecules has invited renewed evaluation
because pulsed-laser evaporation dimin-
ishes the electrical conductivity require-
ment40 for the specimen. Unlike
pulsed-voltage evaporation, which has
been under active study for more than 40
years and whose properties are well estab-
lished,40,43 PLAP introduces a set of new
analysis conditions, whose effects on field
evaporation are still subject to some
debate. The laser pulse briefly raises the
specimen apex temperature (by about 100
K), which lowers the electrical field
required to create ions, and so characteris-
tics of the laser pulse (duration, wave-
length, spot size) influence the analysis
and require investigation.36,45–47 Since
organic molecules typically have struc-
tural phase transitions at temperatures far
below those of the inorganic materials
typically analyzed with PLAP, under-
standing the influence of these character-
istics is especially important here.

The challenge for APT applied to any
discipline has always been how to fashion
a material of interest into the form of a
~100 nm sharp needle. Because specimen
preparation is the first step for any analy-
sis by APT, it is worthwhile to review the
techniques appropriate for biomaterials.

Specimen Preparation is the Key
The most important step in microscopy,

though often the least glamorous, is
preparation of a high-quality specimen.
APT is no exception. You may see that the
applications that follow have all worked
around the specimen preparation chal-
lenge, but none has achieved a general
solution for organic and biological materi-
als. Most of the effort and complication in
specimen preparation today is due to a
lack of developed techniques and hard-
ware for the purpose. The situation is,
however, almost directly analogous to
preparation of specimens for TEM, and
efforts are under way to adapt these tech-
nologies directly for APT.

Two basic approaches to preparation of
organic specimens for APT must be recog-
nized: (1) a thin coating is applied to a pre-
formed needle of the right size; or (2) a
monolithic material is prepared into an
appropriate needle-shaped specimen.
Furthermore, a crucial distinction must be
made between specimen preparation at
room temperature and specimen prepara-

tion at cryogenic temperatures (~77 K).
The latter makes it possible to consider
virtually any organic material, but it
requires the most technique and hardware
development.

Organic materials typically must be
 stabilized against deformation and vapor-
ization during preparation and subse-
quent analysis in vacuum. They also must
be protected from environmental degra-
dation, such as frost buildup, during
 handling. Chemical stabilization using
cross-linking agents, such as osmium, can
be effective, but it also may alter the
 structure of the specimen and is therefore
undesirable. Cooling the specimen
 accomplishes stabilizations with little 
or no  alteration of the structure, so cryo-
genic specimen preparation is the most
general path forward for certain specimen
types.48 This seems especially true for  
site- specific specimen preparation of bio-
logical materials.

Polymeric or other organic coatings on
a carrier needle must adhere adequately
to the surface if they are to withstand the
high stresses in APT. Coating layers must
be thick (~5 nm or greater) to ensure that
the data recorded can be distinguished
from thin contamination layers on the car-
rier needle.

Since polymer films or multi-component
epoxies are cured at room temperature,
polymers are a logical choice to use as
room-temperature embedments for bio-
molecules; however, the mass spectrum
from a polymeric embedment can be com-
plex, as illustrated in Figure 2. Frozen
water as an embedment is desirable
because it has a simple, well-understood
mass spectrum,49,50 and it is known and
trusted in the life-science community as an
embedding material.

Cryofixation is a well-established group
of techniques that includes plunge freez-
ing, high-pressure freezing, and slam
freezing. All of the requirements for cryo-
preparation and cryo-transfer have been
mastered independently for many biolog-
ical materials for TEM analysis.48 In TEM,
frozen specimens are often created in a
geometry directly suitable for analysis. All
that is required is careful transfer of the
specimen from the cryofixation environ-
ment into the microscope without con-
tamination by frost, while maintaining a
suitable temperature. These techniques
must and will be adapted to APT, and
while some success has been achieved in
this regard,51 no general cryofixation
method has been identified that allows for
the cryofixation of APT specimens in a
geometry that is suitable for analysis.
Consequently, a number of additional
cryo-transfer steps are likely required to
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Figure 2. Mass spectrum for poly(3-dodecylthiophene). These materials field evaporate in a
reproducible manner, although the details of the mass spectrum may not be fully
understood. (a) Dip-deposition. Coating and evaporation are uniform, as evident both by
scanning electron microscopy (inset top right) and by the three-dimensional image that
shows the spatial distribution of events at the detector when viewed down the analysis
direction (inset top left). Blue dots represent CHn molecular ions; black dots represent C2Hn
molecular ions; and gray dots represent C3Hn molecular ions. (b) Electrospray deposition.
Many large peaks are observed, and an extremely nonuniform deposition is evident by
scanning electron microscopy (inset top right). Spatial distributions of small fragments
(alkanes) and large fragments (quadra-alkylthiophenes) are displayed as red and blue dots,
respectively (inset top left). Used with permission from Reference 35.

facilitate the specimen transfer among the
various instruments required for speci-
men shaping and characterization (i.e.,
plunge freezing with cryo-transfer to a
cryo-focused ion beam (FIB) microscope
for specimen shaping, cryo-transfer to a
cryo-TEM to pre-screen and characterize
prospective APT specimens, and cryo-
transfer to a cryo-APT for analysis). Rapid
freezing techniques that form vitreous
water ice in surface layers greater than
about 100-nm thick may be directly
adapted from existing methods used for
TEM preparation. The success of FIB lift-
out for site-specific specimen preparation
of inorganic materials makes cryo-FIB lift-
out a logical choice for site-specific speci-

men preparation of biological materials;
however, the general cryo-FIB lift-out
technique requires significant develop-
ment, but recent progress in cryo-FIB for
TEM preparation is encouraging.52

Local-electrode geometries have opened
up a host of strategies that require protru-
sions on the order of 10 to 100 micrometers
in height. One novel instrument devel-
oped by Nishikawa, the scanning atom
probe (SAP), utilizes a local electrode cou-
pled with an extended tip, allowing for
pre-APT scanning tunneling microscopy
(STM) and atomic force microscopy (AFM)
measurements to discover protrusions
suitable for subsequent analysis.53–55 Two
successful specimen preparation strategies

used by the SAP include (1) taking a thin
polymer film, peeling it from a substrate
using tweezers, and analyzing protrusions
as they exist on the edges; and (2) tacking
small clumps of tangled nanowires with
epoxy and analyzing individual
nanowires.32 Another proposed strategy,
compatible with a local electrode, suggests
forming molds of polymer microtips (100
micrometer tall micro-needles), which
might allow for analysis of the polymer
itself or organic molecules embedded
within the microtip-shaped polymer
matrix.56 Finally, strategies incorporating
lift-out specimen preparation originally
developed for TEM allow for analysis of
specimens originally deposited onto flat
substrates.57 These specimens are typically
lifted out and attached to microtips,
enabling an economical utilization of
preparation time, though macroscopic
needles also may be used.

Survey of APT Mass Analysis
Results

This section surveys the most fully
developed analyses to date performed on
organic materials using APT.

Poly(3-alkylthiophene)s
Poly(3-alkylthiophene)s (P3ATs) con-

tain a polythiophene backbone, making
them conducting polymers with alkane
side chains attached to every thiophene
ring, rendering these materials soluble in a
host of organic solvents and enhancing
their processibility.44 These two con-
stituent types were analyzed separately:
polythiophene44 at room temperature
with a 1D SAP,32 and alkane segments
with both laser- and voltage-pulsing
modes at cryogenic temperatures on a
commercial 3D local-electrode atom probe
(LEAP).33 Multiple specimens consisting
of the P3AT varieties most commonly
studied and considered for electronic
devices, poly(3-hexylthiophene), poly(3-
octylthiophene), and poly(3-dodecyltio-
phene), were deposited onto sharp
aluminum carriers, analyzed using a
LEAP tomograph under a variety of
analysis conditions, and prepared via dip-
deposition and electrospray ionization
(ESI)-deposition techniques.34,39

Dip-deposited films exhibited only low-
mass alkane fragments with no mass
peaks beyond ~100 Da, Figure 2. By mak-
ing a rudimentary set of chemical assign-
ments for sulfur- and carbon-containing
mass peaks, subtle variations in relative
peak intensities were shown to match
roughly the underlying stoichiometry of
the different polymers. Ion images for these
films revealed extremely uniform distri-
butions of all ion fragments compatible
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with the smooth film surfaces seen in
scanning electron microscopy (SEM)
images of the same tips, Figure 2. Many
tips without deposits were analyzed and
exhibited mass spectra from surface con-
tamination that strongly resembled that of
the dip-deposited films. The strongest
peaks in the polymer mass spectra, 29, 15,
28, and 44 Da, respectively, were often
observed with similar relative intensities
during the first 1–2 nm of material
removed from clean carrier tips.
Therefore, care was taken to distinguish
possible surface contamination from the
bulk of the polymer in all cases.

ESI-deposited films exhibited unique
mass fingerprints dependent on the side
chain length. Essentially, three types of
fragments were identified, Figure 2b: (1)
alkane fragments with variable hydrogen
content were the most intense peaks in the
15 to 100 Da range (similar to dip-
deposited specimens mentioned previ-
ously); (2) quadra-thiophene peaks with
variable alkane content prevalent in the
>300 Da range had a relative intensity that
was repeatably dependent on P3AT type;
and (3) the appearance of di-thiophene
fragments at >190 Da, which were only
observed after exposure to high laser-
pulse energies, were indicative of subtle
structural changes induced by this ther-
mal history. Ion images of the tip surface
(red and blue inset, Figure 2b) reflect the
rough topology of the tip surface also
observed in the SEM image of the same tip
(gray scale inset, Figure 2b).

The feasibility of P3ATs as a matrix for
embedding other molecules of interest
was also considered. Because P3ATs can
be doped with C60, making them conduc-
tive, and because both are soluble in the
same solvents, dip-co-deposited films
were prepared.35,36 These deposits exhibit
the same mass spectra as those reported
for undoped dip-deposited films men-
tioned earlier.35,36 New peaks at 720 and
360 Da (and elsewhere) were identified as
C60

+ and C60
++, respectively. At elevated

laser pulse energies, no intact C60 mole-
cules were observed but were replaced by
intensified C10

+ and C18
+ ion fragment

peaks. Ion imaging revealed phase-sepa-
rated regions rich in P3AT and C60 remi-
niscent of a morphology common in
many polymer-blended structures.

An ideal embedding matrix for APT
would provide minimal overlap of ion
mass fragments with those originating
from embedded molecules in order to
avoid additional ambiguities in the chem-
ical identifications. P3ATs generally do not
fulfill this requirement because a large
number of mass peaks are observed dur-
ing analysis, except in the case where the

embedded molecules occupy a unique
region of the mass spectrum as C60 mole-
cules do when the laser-pulse energy is
sufficiently low. This study also suggests
that ion fragments, from both the matrix
and the embedded molecules, might be
manipulated by an appropriate choice of
laser-pulse energy that minimizes any
overlaps in the mass spectrum.

Self-Assembled Monolayers
Self-assembled monolayers (SAMs) can

be considered both as surface-modifying
agents, enabling more advanced speci-
men preparation strategies for APT, and
as a class of materials. These materials
happen to be self-assembled structures
but also serve as a way to chemically con-
trol surfaces. Thus, this single demonstra-
tion overlaps two classes of materials and
represents structures and surfaces
approximating those found in biology,
such as cell membranes and surfaces.
Results of SAM deposits on field-formed
metal tips have been reported for both
pulsed-voltage38 and pulsed-laser
modes.39 Independent of the field-evapo-
ration method, each shows an evolution
of alkane ion fragments up to the sulfur-
metal interface, similar to those for
octadecanethiol bulk and P3AT deposits
described previously. These measure-
ments demonstrate typical APT imaging
capability, revealing a uniform structure
parallel to the surface and expected com-
position variation and interfacial infor-
mation normal to the surface.

Amino Acids
APT mass analysis of amino acids has

been attempted by depositing molecules
among clumps of single-walled carbon

nanotubes (SWCNTs),58 grown by the
high-pressure carbon mono-oxide process
(HiPCO).59 Densely packed SWCNT
fibers enable production of specimens
with ample quantities of biomolecules
drawn in via capillary action that avoid
catalytic modification due to contact with
a metal carrier. A ball of tangled long
SWCNT fibers, several tens of microme-
ters in diameter, was silver pasted onto a
tungsten tip and then dipped in a solution
of sample molecules of glycine, cysteine,
leucine, or methionine.60

These amino acids were chosen because
of their relative chemical simplicity:
glycine was specifically chosen because it
is the smallest amino acid and hopefully
produced a simple and predictable mass
spectrum; leucine is structurally similar
with the addition of a hydrocarbon side
chain; methionine and cysteine are sulfur
containing. It was hoped that the analysis
of these amino acids would provide a
guideline for the analysis of larger mole-
cules. It was also expected that glycine
molecules would be dissociated into its
major groups. However, the mass spec-
trum obtained from glycine was not as
simple as hoped because of mass over-
laps, such as C3

++ and H2O+, Figure 3.59

Applications Prospects
While the spectrum of applications will

continue to evolve, a few examples of how
APT may be used to study biological
materials are listed. In many cases, biosci-
entists or polymer scientists know the
global structure and nominal composition
of biological materials or polymers,
respectively. The challenges involve learn-
ing about small-scale structures, such as
that which occur at internal interfaces.

Figure 3. Mass spectrum from glycine on single-walled carbon nanotubes obtained in a
scanning atom probe. Used with permission from Reference 60.
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These examples might include a phase
boundary in a block copolymer, the sur-
face of an inorganic nanoparticle function-
alized for use in medicine, the growth
patterns in biomineral composites such as
bone or seashell, or the layers of organic
light-emitting diodes. Indeed, the exact
composition and structure of many bio-
logical structures such as the intracellular
matrix at the subnanometer scale 
are likely to hold many important sur-
prises. How does this differ between
healthy cells and cancerous cells? One
thing is almost always true in microscopy:
ignorance is bliss, and knowledge is an
opportunity.

An extreme example for APT applica-
tion to organics would make use of the 3D
positioning of the molecular ions to deter-
mine structural information about bio-
molecules. For example, the conformation
of a protein molecule in ice might, in prin-
ciple, be determined from very small vol-
umes (zeptoliters) of molecules in
solution. This could obviate the need for
crystallization and might enable confor-
mation determination for membrane pro-
teins. It would also open up the prospect
of analyzing proteins in their natural envi-
ronment with or without small molecule
drugs attached. These are lofty goals that
may not be readily achievable, but they
are nonetheless suggested by compara-
ble success with inorganic materials.
Significant developments in techniques
and instrumentation will, however, need
to occur first.

Summary
Atom-probe tomography (APT) on

organic materials is far more complex
than for inorganic materials. Its practical
value has yet to be fully demonstrated.
Reproducible mass spectra have been
obtained on synthetic polymers but not
yet on organic biological materials.

Continued advances in specimen prepa-
ration remains key to realizing real appli-
cations. Avenues for room- temperature
specimen preparation will continue to be
an active area of research with the devel-
opment of strategies such as polymer
embedding showing some promise, but
complications arising from mass spectrum
overlaps and complexity may limit its gen-
eral application. Development of cryo-
prep methods may eliminate most of the
mass spectrum overlap issues, but much
work remains to be done in order to trans-
fer developed methodology from electron
microscopy to APT. Ultimately, the
prospects and timeline for investigating
nanobiology with APT may depend on
developing methods that enable cryo-FIB
lift-out for site- specific specimen prepara-

tion of biological materials embedded
within a frozen water matrix.
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Preferential Growth of Metallic
SWNTs Achieved

One obstacle to the implementation of
single-walled carbon nanotubes (SWNTs)
in electronic devices is that their synthesis
results in a mixture of conducting and
semiconducting species. Progress has
been made in separating SWNTs based
on their conductivities, which is deter-
mined by chirality. Some progress has
been made in controlling SWNT structure
during growth (e.g., semiconducting
SWNTs are produced preferentially by
plasma-enhanced chemical vapor deposi-
tion), demonstrating that somewhat dif-
ferent mechanisms lead to different chi-
ralities. Recently, A.R. Harutyunyan and
co-researchers at the Honda Research In -
sti tute, Columbus, Ohio, in collaboration
with T.M. Paronyan of the Uni ver sity of
Louisville, S.M. Kim of Purdue Uni -
versity, and their colleagues, were able to
increase the fraction of CNTs with metal-
lic conductivity grown from Fe nano -
catalysts from 33% to a maximum of 91%
by varying the conditions under which
the catalyst was annealed. 

As reported in the October 2 issue of
Science (DOI: 10.1126/science.1177599;

p. 116), Harutyunyan and co-researchers
annealed in situ Fe nanocatalysts deposited
onto a flat SiO2/Si support, using an ambi-
ent atmosphere of He or Ar, and varying
ratios of H2 and H2O. Using methane as
the carbon source, SWNT synthesis was
performed at 860°C. The researchers
observed with scanning electron micro s -
copy that increasing the concentration of
reductive species (Ar:H2 was increased
from 9:1 to 8:2 at 840 Torr with ~3.5 mTorr
H2O) during catalyst conditioning resulted
in higher densities of SWNTs on the sub-
strate. This led them to perform a system-
atic study of SWNT growth on catalysts
annealed in situ under varying ambient
conditions. The ratio of metallic to semi-
conducting tubes was obtained by measur-
ing the SWNT’s Raman breathing modes,
specifically, R = Imet/Isem, where Imet and
Isem are the integrated intensities of the
metallic and semiconducting SWNTs,
respectively. The researchers observed an
increase in R by (1) replacing Ar with He;
(2) increasing the H2 content in the Ar-H2
atmosphere; and (3) increasing the anneal-
ing time from 1 minute to 10 minutes.
A very high R value of 20.2, which corre-
sponds to over 90% metallic SWNTS, was

obtained with a He:H2 ratio of 8:2 and an
annealing duration of 10 minutes. 

The researchers verified their Raman-
spectra analysis by measuring field-effect
transistor performance for 47 individual
SWNTs and characterizing them accord-
ing to their source–drain current. Another
set of experiments demonstrated that the
catalyst annealed in the presence of H2O
in the ambient atmosphere together with
He promotes the growth of metallic tubes
whereas semiconducting tubes are
favored by catalysts annealed with an
ambient atmosphere of H2O and Ar. The
researchers also investigated the mecha-
nism of tube formation with in situ trans-
mission electron microscopy of the Fe
nanocatalysts under varying gaseous
environments in analogy with the SWNT-
synthesis conditions. Differences in both
morphology and coarsening behavior of
the nanocatalyst were observed. 

The researchers said that “these cata-
lyst rearrangements demonstrate that
there are correlations between catalyst
morphology and resulting nanotube elec-
tronic structure and indicate that chiral-
selective growth may be possible.”

STEVEN TROHALAKI

Quasicrystalline Order Revealed 
in Nanoparticle Superlattices

Quasicrystals are a class of materials
that show sharp diffraction peaks despite
presenting forbidden symmetry opera-
tions in classical crystallography. D.V.
Talapin and M.I. Bodnarchuk from the
University of Chicago; E.V. Shevchenko
from Argonne National Laboratory; and
X. Ye, J. Chen, and C.B. Murray from the
University of Pennsylvania, have reported
in the October 15 issue of Nature (DOI:
10.1038/nature08439; p. 964) that different
binary nanoparticle colloidal systems can
self-assemble into 12-fold rotational quasi -
crystalline order. According to the
researchers, the compositional flexibility
demonstrated that quasicrystal ordering
could be a relatively common phenome-
non in nanocrystal solids, with suitable
size ratios between particles. 

The researchers obtained the quasicrys-
talline nanoparticle assemblies by evapo-
rating relatively concentrated colloidal
solutions of 13.4-nm Fe2O3 and 5.0-nm Au
monodisperse nanoparticles capped with
oleic acid and dodecanethiol molecules,
respectively, in tetracloroethylene at 50°C
under reduced pressure (~3.2 kPa) on a
carbon-coated transmission electron
microscopy grid or a silicon nitride mem-
brane tilted by 60° or 70°. The researchers
used the surfactant molecules to introduce
short-range steric repulsion that counter-
balanced the van der Waals forces and pre-
vented uncontrollable aggregation of
nanocrystals in the colloidal solution. They
observed that during this process the
nanocrystals self-assembled in AlB2- and
CaB6-type phases, and on the (32.4.3.4)
Archimedean tiling structure, depending
on the Fe2O3-to-Au nanoparticle ratio. This
structure is formed by five planar polygons
(three triangles and two squares) sharing a
common vertex in such a way that they fill
the plane with no overlaps and no gaps,
depending on the Fe. The nomenclature of
these structures lists in order the polygons
that meet at each vertex using integers that
correspond to the numbers of sides of the
polygons. So, the (32.4.3.4) structure con-
sists of two triangles sharing a common
edge, surrounded by two squares at each
side of the triangles, and filling the empty
space by another triangle, all of them

sharing a common vertex. In proximity to
the (32.4.3.4) phase in the binary phase dia-
gram of these nanoparticles, the re searchers
observed reproducible formation of a type
of binary superstructure without transla-
tional symmetry. They observed that these
structures showed sharp electron diffraction
patterns revealing dodecagonal rotational
symmetry, a symmetry operation forbidden
in periodic structures. The researchers iden-
tified these self-assembled nanoparticle
superstructures as dodecagonal quasicrys-
tals (DDQC), a phase that formed also from
colloidal solutions containing 12.6-nm
Fe3O4 and 4.7-nm Au nanocrystals, and
9-nm PbS and 3-nm Pd nanocrystals, with
size ratios between particles of ~0.43.

The researchers said that the space-filling
factor had a significant effect on the relative
stabilities of binary nanoparticle phases,
and the quasi-periodicity could be a result
of maximizing the entropy of arrangement
of square and  triangular “tiles.” They con-
sider that the discontinuity in the entropy
density corresponding to the DDQC state
might provide a mechanism for locking the
quasicrystalline state over a range of nano -
crystal concentration ratios. The researchers
think that these studies will provide insight
into the formation of the quasicrystal phase
in atomic systems, and can be used as a
convenient platform for detailed investiga-
tion of quasi crystal properties.

JOAN J. CARVAJAL

Addendum
David N. Seidman and Krystyna Stiller,

Guest Editors of the theme “A Renaissance in
Atom-Probe Tomography” (MRS Bulletin,
October 2009), note that in 1973, J.A. Panitz
invented the 10-cm atom probe (discussed on
p. 745)—now called the imaging atom
probe—which is the progenitor of all atom-
probe tomographs, citing the following refer-
ences: J.A. Panitz, Rev. Sci. Instrum. 44, 1034
(1973) and J.A. Panitz, “Field Desorption
Spectrometer,” U.S. Patent 3868507 (1975).
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