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A series of recent instrumental advances have facilitated the application of atom probe
tomography (APT) to the characterization of an increasingly wide range of materials
and devices. Whereas APT was previously mostly limited to the analysis of alloys,
advances in areas such as laser pulsing and detectors have enabled characterization
of semiconductors and brittle materials. Most recently, ultraviolet laser pulsing has
facilitated the analysis of materials previously considered not viable for the atom probe,
such as minerals and large bandgap insulator materials. The development of in situ gas
reaction cells fully integrated in atom probe instruments has enabled the characterization
of surface reactions of materials exposed to highly controlled environments. Finally,

current work toward an integrated cryo-transfer system is anticipated to create new

directions for APT research.

Introduction

The last decade has seen an unprecedented proliferation of
the microscopy technique of atom probe tomography (APT).
It is now considered an indispensable materials character-
ization tool in materials research labs around the world.
A cursory survey of the literature shows that between 2005 and
2014, there was a tripling of the annual number of publica-
tions reporting work underpinned by APT characterization.
Furthermore, over this same period, the yearly citation rate
of APT-related articles increased by a factor of seven. This
is a simple metric; however, it is indicative of the rapidly
increasing impact of APT on an increasingly broad range of
materials research.!

A number of factors have contrived to realize this increasing
interest in the technique. However, key advances in instru-
mentation have been at the vanguard of what has been
described as the “second revolution of atom probe.” Novel
instrument design underpinned by maturation of electronics,
computing, and laser technologies have led to instruments
with increasing capabilities, and in turn, have rapidly widened
the scope of applications.

Key advances in instrumental design
The key instrument advances that contributed to the initial
renaissance in APT have been covered in more detail in previ-
ous reviews** and recent books.’”7 However, given their endur-
ing influence, they are introduced here in brief.

The advent of laser pulsing in the commercial atom probe
is possibly the technique’s most influential instrumental advance-
ment in the last decade. It has been the key to opening up APT
to a much broader range of applications. Laser-pulsing tech-
nology has continued to develop, and in the process, has made
the atom probe into an increasingly powerful characterization
tool.

The overwhelming majority of atom probe instruments
today are based on a local electrode geometry.® In this con-
figuration, the specimen is aligned in very close proximity
to the counter electrode such that ions field-evaporated from
the tip apex are projected directly through an aperture in the
electrode and onto the position-sensitive detectors (PSDs).
This design reduces the voltage required for the field evapora-
tion of atoms and provides improved mass resolution and a
wider field-of-view. Lower voltages also enable a significant
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increase in pulse repetition, and hence the rate of data that can
be acquired.

The evolution of PSDs has been equally important not
only for increasing the size of specimen volumes that can
be sampled, but also, critically, to improve the accuracy of
compositional analysis. PSDs for APT must be designed to
meet a series of challenging criteria, including the capacity for
highly accurate time and position measurements and capabil-
ity to decipher multiple-hit events, which is closely related to
minimizing dead times, the duration after each detected event
for which the PSD is rendered inactive to the detection of sub-
sequent incident ions. A microchannel plate coupled to a fast
readout delay-line detector has proven to be the best approach
to meet these requirements and has become the current stan-
dard in atom probe instruments.” This technology continues
to develop, and in particular, the introduction of larger PSDs
for a much wider field-of-view has been significant not only
for the amount of data that can be captured, but also for the
increasing size of nanostructural features that can be imaged
in their entirely.

Development of the reflectron lens is another compelling
innovation, now incorporated in the majority of atom probe
instruments. The reflectron is a time-focusing lens, effectively
an electrostatic mirror extending or reducing ion trajectories
to compensate for small variations in the energy acquired by
each ion in the field evaporation process.'*!! Reflectron-fitted
instruments operated in a high-voltage pulsing mode provide
the highest mass resolution achievable by commercial atom
probes. This capability has become critical to the analy-
sis of complicated materials systems, such as

expanded its application to new areas of research, particularly
to the characterization of less conductive materials. It also
has the added benefit of reducing the necessary strength
of the applied electric field, thus increasing the viability
of brittle specimens or those featuring interfaces otherwise
prone to fracturing due to field-induced stress during analysis.
A compelling example is the groundbreaking characterization
of the interface bonding between bone tissue and a titanium
implant, shown in Figure 1.'5 APT highlighted the direct con-
tact between the titanium oxide surface of the implant and
calcium of the bone mineral, supporting the theory of osseo-
integration, atomic-scale continuum of bone mineral between
the implant and the bone.

Recently, remarkable advances in the analysis of insulating
materials have been achieved by a move to laser pulsing
at ultraviolet (UV) wavelengths, in the range of 340—400
nm. Working at these wavelengths has directly enabled the
characterization of bulk insulating oxides,'®!” mineral and
geological materials,'®!" and biological materials.!*?* UV
laser pulsing continues to enable APT applications that would
have been unthinkable a decade ago.

Several articles have been published that comment on the
broadening of APT applications using UV laser pulsing.?'"?*
However, the precise origins of the benefits of pulsing at these
wavelengths remain a topic of current investigation. The drive
to utilize shorter wavelengths was initially motivated by the
notion that analyzing wide bandgap (WBG) materials neces-
sitates a photon energy larger than the bandgap to create free
carriers inside the materials and induce field evaporation by

superalloys and steels, to distinguish individ-
ual elements represented by closely occurring @
peaks when these elements have similar mass
and various isotopes detected as higher charge-
state ions.

These advances, each highly effective in
their own right, have proven highly comple-
mentary and are most effective when combined
together. Take, for example, the atom-by-atom
imaging of an entire metal oxide semiconductor
field-effect transistor.'? This was only enabled
by wide field-of-view detectors with increased
collection rates and multi-hit analysis capabili- Implant
ties in a system underpinned by laser pulsing
to affect field evaporation for the analysis.

The rest of this review focuses on a few of

[b]

Implant

Bone tissue

the more recent advances in instrumentation, il
including the further development of laser-pulsing
technologies, the wider adoption of in situ reac- Figure 1. Scanning electron microscope (SEM) images of in vivo healing and of the tip
tion cells. and work toward cryogenic transfer geometry together with the atom probe tomography (APT) analysis for bonding between
> . . a titanium implant and human bone tissue. (a) Backscattered SEM image of the implant
of the specimen directly into the atom probe. in bone. The arrow indicates the interface between the implant and the surrounding bone
tissue from where the APT specimen was extracted. (b) SEM image of the sharpened APT

UItravioIet |aser pulsing specimen tip, together with the APT reconstruction, in which the Ti-containing ions are

R R . . displayed in dark green, Ca-containing ions are gray, and C-containing ions are brown.
The implementation of laser pulsing to assist Reproduced with permission from Reference 15. © 2014 American Chemical Society.

with field evaporation in APT'>'* greatly
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either a thermal® or a resonant process.”® Nevertheless, it is
also well documented that WBG materials, with a bandgap
of 7-8 eV, such as MgO, Al,O,, and SiO,, have been readily
analyzed using a lower photon energy of 3.2 eV.

In the case of semiconductors and insulators, the thermal
energy supplied to the specimen cannot alone explain the facili-
tation of field evaporation. The physics is more complicated
and must also take into account the effect of the intense electric
field applied to the specimen. Recently, Kelly et al. ascribed
two mechanisms to this process.?® The first, surface absorp-
tion, is induced by a combination of surface defects, such as
those that might be created during focused ion beam (FIB)-
based specimen preparation,'” and a high external electrostatic
field that bends the electronic band structure, thus altering the
optical properties of the specimen.?” The other mechanism is
absorption in the volume of the specimen, which is enhanced
through the excitation of resonant wave modes.?

It has been shown that the laser efficiency for APT analy-
sis of WBG materials strongly depends on the electrostatic
field applied to the sample.?”’” Many papers have reported the
systematic deviation from stoichiometry of APT composition
measurements of semiconductors and oxides when varying the
applied laser conditions.”*° Essentially, these studies demon-
strate that electric fields can strongly affect the composition
measurements. When the wavelength is shifted to the UV
range, it becomes possible to explore a larger range of field
values and hence to find optimal conditions for composition
measurements. This is an advantage to gain further insights
into the mechanisms behind field evaporation in these systems,
to optimize experimental conditions to improve the accuracy
of composition measurements, and to continue to open APT to
an increasingly broader spectrum of materials.

In situ reaction cells
Efforts to incorporate additional capabilities into the vac-
uum chambers are also progressing. These are centered on
the development of reaction cell systems fully

which has driven much of the developments to date. However,
as the operating capabilities of both cells and APT instruments
grow, this scope now also covers engineering alloys used in
demanding environments, such as titanium alloys and nickel
superalloys for gas-turbine engines.

Reaction cell development has its roots in the binary Pt-
alloy surface segregation studies of Tsong et al.,’! who used a
1D atom probe equipped with a heating loop to rapidly heat
samples. Heating a sample within the analysis chamber has also
been extensively employed to study low pressure (~10* mbar or
100 Pa) surface restructuring reactions by a combination of
field ion microscopy and a 1D atom probe.*> However, disrupt-
ing the analysis chamber vacuum for dedicated experiments is
not desirable for APT.

Bagot et al.** first proposed the idea of incorporating a sepa-
rate reaction cell still contained within the overall vacuum
system. This featured a cell mounted onto the buffer chamber
of'an Oxford Nanoscience 3DAP instrument, equipped with
its own isolated vacuum pumping system and the potential to
expose a single sample to a range of gases from a linked gas-
dosing rig at up to 100 mbar/600°C (10* Pa/873K). This pro-
vided a range of insights into surface segregation in Pt-group
alloys, showing the very sensitive nature of this phenomenon
to alloy composition, surface crystallography, exposure tem-
perature, and gas type.’**

A number of research groups are currently developing
in situ reaction cells for modern atom probe systems. A detailed
schematic of one of the forerunners and how it is incorporated
into the atom probe vacuum system is presented in Figure 2.3
Current developments are focused on increasing heat transfer
to the sample tip in order to extend operating temperatures,
widening the relevance of cells to materials science. In paral-
lel, recent progress in operating at pressures up to 1 bar (10° Pa)
has been achieved. Figure 3 shows details of preliminary
experiments using the cell developed by Dumpala et al.*
These examples demonstrate that it is possible to distinguish

integrated into the atom probe instrument. Such
reaction cells are devised for exposing atom
probe samples to carefully controlled environ-
ments. Most of these systems heat the samples
to elevated temperatures under gaseous environ-
ments. After an initial surface cleaning through
field evaporation in the atom probe, samples are
transferred under vacuum to the in situ reaction
cell. Following treatment, they are subsequently
moved back to the analysis chamber for post-

APT buffer

chamber

treatment examination. It remains important that
samples are as clean as practically possible
before such experiments; field evaporation only
removes atoms from the tip, and any contami-
nants present on the shank may diffuse toward the
tip during a subsequent reaction cell exposure.
Experiments of this type have particular rel-

Turbo pump

Figure 2. Schematic for an integrated high-temperature environmental cell for atom
probe tomography (APT) studies of gas-surface reactions. Inset is a photo of the actual
instrumentation. Reproduced with permission from Reference 36. © 2014 Elsevier.

evance to heterogeneous catalysis applications,
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Figure 3. Atom maps of (a) an Al and (b) a Pt-Rh-Ir tip
following oxidation in a reaction cell-equipped local electrode
atom probe (LEAP) for 30 min in 2 x 10* Pa O, at 450°C. Note the
thicker Al,O, layer compared with the Rh-rich oxide, in agreement
with known thermodynamics. (c) Proxigram generated from

an oxide-metal interface in a Pt-Rh-Ir alloy following oxidation
in a reaction cell-equipped LEAP 3000 HR instrument for 30 min
in 2 x 10* Pa O, at 450°C. Depletion of Rh is apparent directly
below the oxide. Adapted with permission from Reference 36.
© 2014 Elsevier.

between differences in oxidation levels down to the nanoscale
for brief oxygen exposures in Al and Pt alloys; the alumi-
num sample revealed a relatively thicker (Al,O;) layer com-
pared with the Rh-rich oxide on Pt-Rh-Ir, in agreement with

known thermodynamics. These initial stages of reaction between
gases and the alloy surface are poorly understood at present,
despite their importance in catalysis and corrosion protection.

Cryogenic transfer

A further parallel theme has emerged: utilizing reaction
cells that combine heating with the capability for cryogenic
quenching. This has been driven by one of the ultimate chal-
lenges for advanced microscopy, the unambiguous detection
of hydrogen. Unlike hydrogen, APT can accurately character-
ize the distribution of deuterium atoms within a material.*7-*
However, any experiment of this kind is complicated by the
fact that deuterium atoms in alloys such as steel can diffuse
over significant distances even at room temperature. Hence
it is critical that after the specimen has been charged with
deuterium, it should be rapidly cooled to cryogenic levels
(i.e., below 100K) and then held at this temperature while it
is transferred to the analysis chamber within the atom probe.
Takahashi et al.* recently demonstrated this and successfully
analyzed deuterium-charged steel specimens using APT. This
is exemplified in Figure 4, in which the distribution of deute-
rium atoms in a TiC steel is strongly correlated to the presence
of titanium carbides, confirming their potential to act as trap-
ping sites within the microstructure.

That work utilized a reaction cell attached to an atom
probe instrument, such that the specimen was charged with
deuterium and rapidly cooled, all in situ. Current research
is also dedicated to the development of a cryo-transfer sys-
tem in an atom probe to enable it to directly accept cryo-
genic specimens. However, there are numerous challenges
still to be overcome. Strategies are being developed that
either directly freeze the specimen into the required shape,
or alternatively, utilize instrumental advances in cryogenic
FIB instruments to fabricate appropriate geometries. Once
fabricated, the specimen is prone to the formation of ice crys-
tals and to attracting foreign contaminants. Hence the next
significant challenge is transporting the sample between the
specimen preparation instrumentation (e.g., a cryogenic FIB
stage) and the atom probe, which requires maintaining both
cryogenic temperatures and high-vacuum conditions.* This
can be achieved either by attaching additional chambers
(with insulated sample transfer rods) to the atom probe
vacuum chamber, or by sample shuttling systems, whereby
a docking station is required for the accompanying hand-held
cryo-vacuum chamber. These allow for the study of environ-
mentally sensitive materials by avoiding oxidation or hydra-
tion modifications, since the high-vacuum transfer between,
for example, a cryo-FIB/scanning electron microscope and
the atom probe protects the exposed samples from destructive
or phase-altering interactions.

The capacity to transfer rapidly quenched-in microstruc-
tures offers potential new insights into phases within materials
at the very early stages of their formation. For example, appli-
cations include aluminum-based alloys used in the automobile
industry that are designed for natural aging, where the alloy
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may represent a suitable matrix material for the
analysis of soft organic materials, for nanopar-
ticles, and for studying fine chemical gradients
within frozen fluids.*#

25 nm * 25 nm = 110 nm

10 nm * 10 nm = 10 nm

Summary

This article offers a brief overview of recent
advances in atom probe technology through the
continued enhancement of components funda-
mental to the instrument itself, as well as the
emerging trend of the development of “add-
on” modules. The instrumentation advances,
described herein, represent significant improve-
ments in APT analysis. It should also be noted
that significant projects are ongoing into the
development of instruments directly combin-
ing atom probe with the capabilities of other

Figure 4. Three-dimensional elemental maps of (a) uncharged and (b) deuterium-charged
TiC steel specimens with annealing. The bold arrow indicates the analysis direction in both (a)
and (b). The arrow heads in (b) indicate smaller carbides with no associated deuterium atoms.
Individual larger plate-shaped carbides acting as trapping sites are shown in two perspectives,
as indicated by the arrows. Reproduced with permission from Reference 39. © 2010 Elsevier.

strengthens while being stored due to ambient-temperature
bulk-diffusion processes.*! Similarly, amorphous phases that
first form within certain bulk metallic glasses can be highly
thermodynamically unstable, since energetically favorable
crystalline phases have not yet had time to form.*

The capacity to maintain cryogenic temperatures as speci-
mens are transferred to the atom probe and open up new oppor-
tunities. The APT analysis of samples of liquid origin or soft
bio-organic matter has long been a far-reaching and sought-
after goal. As demonstrated in Figure 5, recent developments
in cryogenic instrumentation and preparation methods have
offered the first experimental indications that aqueous solutions

Specimen apex

Substrate

Uncorrected Count

0 5 10 15 20 25 30 35 40 45 50
Mass-to-Charge-State Ratio (Da)

Figure 5. Freezing and atom probe tomography (APT) analysis
of a water-ethanol solution. (Top) The atom map is an artificially
extended representation of the ions detected, with the apex at
the left and the substrate (W wire) at the right, yielding a (bottom)
mass spectrum, where C-containing ions are from ethanol.
The inset is a simplified ethanol molecule, indicating possible
components of this molecule detected in the APT experiment,
with the corresponding peaks (and colors) highlighted in the
mass spectrum. The hydrogen ions are shown to primarily
reside in the substrate. Nitrogen ions may be residual from
plunge freezing in liquid N,. C,0OH,* is protonated ethanol.*
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characterization techniques, such as transmis-
sion electron microscopy.* The impact of these
developments is evident in the increasingly broad range of
thematic areas to which APT is now applied, many that pre-
viously would have been considered too exotic for the tech-
nique. The drive to continue pushing the limits of what can be
achieved with APT will continue motivating a vibrant area of
research and instrument development.
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