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Abstract

This review presents the historical temporal evolution of an atom-
probe tomograph (APT) from its genesis (1973) from eld-ion mi-
croscope images of individual tungsten atoms (1955). The capabili-
ties of modern APTs employing either electrical or laser pulsing are
discussed. The results of the application of APTS to speci ¢ materials
science problems are presented for research performed at North-
western University on the following problems: (#) the segregation
of Mg at a-Al/Al;Sc heterophase interfaces, (4) phase decomposi-
tion in ternary Ni-Al-Cr and quaternary Ni-Al-Cr-Re alloys, and
(¢) 3-D nanoscale composition mapping of an InAs semiconductor
nanowire whose growth was catalyzed by gold. These results demon-
strate that it is now possible to obtain highly quantitative information
from APT that can be compared with modeling, theory, simulations,
and/or rst-principles calculations.
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obtaining quantitative information on an atomic scale (28). FIM has played an im-
portant role in many areas of materials research. For example, in radiation damage
in metals FIM can be used (#) to study in situ point defects, point-defect clusters,
and displacement cascades; (b) at temperatures as low as 12 K; (¢) in quantitative de-
tail; and (d) to obtain physically important information that is unattainable by any
other experimental technique (29 33). FIM experiments have also provided detailed
and quantitative atomic-scale information about the mechanisms of adatom surface
diffusion, which are truly unique (34 38).

Atom-Probe Field-lon Microscopy

The next major advance in instrumentation occurred in 1968, when Maller, Panitz &
McLane invented the atom-probe eld-ion microscope (APFIM) (39), which consists
of an FIM plus a special time of ight (TOF) mass spectrometer with the ability to
detect single pulsed eld-evaporated ions. An APFIM utilizes controlled pulsed eld
evaporation to determine the TOFs of individual ions, thereby determining their
mass-to-charge state (m/n) ratios and hence their chemical identities, which is the
ultimate in chemical analysis. A simple calibration procedure allows one to determine
accurate quantitative values of m/n for all elements and their isotopes in the periodic
table (40). Originally the TOFs were measured using two oscilloscopes, one for low
Z-number elements and a second one for high Z-number elements, and Polaroid Im
was used to record each TOF event. This procedure was extremely tedious to record
and analyze a statistically signi cant number of TOF events. This situation changed
radically and permanently in 1975 with the interfacing of an APFIM at Cornell
University to a Data General Nova computer with 8 K of discrete memory (41 43).
The APFIM is a revolutionary instrument because it combines atomic-resolution
FIM images with TOF mass spectrometry. It has been applied to a wide range of
problems in materials science and engineering that cannot be studied by any other
technique (44 49).

Atom-Probe Tomography

In 1973, Panitz invented the progenitor of all APTs, which is now called an imag-
ing atom probe (50 52). It is my opinion that Panitz should receive more recogni-
tion for this major contribution than he has in the past. The next important form
of an APT was the development of the position-sensitive atom probe (PoSAP) in
1988, which Cerezo et al. (53) invented as a serial instrument; its serial detection
character was its major limitation as a practical research instrument. Kindbrisk later
commercialized a parallel version of this APT, incorporating a re ectron lens; sub-
sequently, Kindbrisk was purchased by the Polaron Group and renamed Oxford
Nanosciences. Blavette et al. (54) designed and fabricated the rst parallel APT
in 1993 at Universite de Rouen. This instrument is currently marketed by Cameca
of Gennevilliers, France (http://www.cameca.fr/html/product  _tap.html)and in its
presentincarnation is called a laser-assisted wide-angle tomographic atom probe (LA-
WATAP). The optical position-sensitive atom probe (55) is a parallel instrument that
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utilizes optical detection as opposed to charge detection; the optical detection mode
is no longer widely employed. In 2006, Oxford Nanosciences was acquired by Imago
(http://lwww.imago.com/imago/ ), and hence there are now only two manufacturers
of APTs, Imago Scienti ¢ Instruments (Madison, Wisconsin) and Cameca. The com-
mercial APTs can readily reconstruct a lattice of atoms in 3-D with their chemical
identities (m/n values) (56) and analyze the 3-D reconstructed structure with sophis-
ticated software programs. The detailed technical speci cations of the two APTS as
well as the capabilities of their data analysis programs differ.

The spatial depth resolution for chemical analysis is the {hkl} interplanar spac-
ing (<0.1 nm), along the [hKI] direction being analyzed, and the lateral resolution is
0.3 nm to 0.5 nm within an {hkl} atomic plane. Additionally, TOF mass spectrom-
etry employing an MCP as the primary detector has the distinct advantage that the
detection sensitivity is identical for all elements and their isotopes in the periodic
table once the energy of an ion is greater than 3 kV. Moreover, the mass resolution
(m/Am) is excellent for light elements of the periodic table, implying that it is easy
to distinguish, for example, *H* from the 3He* and “He isotopes (57 60). Further-
more, APT can perform quantitative chemical analyses without standards because
Nature kindly provides us with internal standards in the form of handbook values of
the isotopic abundances.

Recently, a so-called local-electrode atom-probe (LEAP™) tomograph was de-
veloped and commercialized by Imago Scienti ¢ Instruments (61). The original idea
for employing a local electrode (LE) came from Nishikawa & Kimoto (62), who
employed an LE in a scanning atom probe (SAP). In an SAP, the LE is scanned
from microtip to microtip to maximize the amount of data that can be obtained in a
given period of time and to determine chemistry on the atomic scale over a several-
millimeter length scale. Imago Scienti c Instruments revolutionary LEAP 3000X
Si X™ metrology system employs an LE with a 30-um-diameter ori ce. The LE is
typically placed within ~30 pm of a sharply pointed microtip (local radius of <20 nm)
specimen; the close proximity of the microtip to the LEs ori ce decreases the value
of Vex needed to achieve a given value of E. Figure 1 exhibits a schematic diagram
of a 3-D LEAP™ tomograph operating in the scanning mode. An array of microtip
specimens sits on a conducting substrate, which is maintained at a positive potential,
Vex. To eld evaporate atoms as ions, the LE is pulsed with a negative potential, Vpuise,
which increases the value of the local E- eld at the microtip specimen to the requisite
value for eld evaporation of ions. The complete position-sensitive detector consists
of a primary detector in the form of an MCP, behind which is a delay-line detector.
The MCP measures the TOF of an ion, and the delay-line detector measures its x-
and y-coordinates. The TOFs and x- and y-coordinates of individual atoms in a crys-
tallographic {hkl} plane in a specimen are hence determined on an atom-by-atom
basis, using this composite detector. The physical phenomenon of eld evaporation
allows one to access the interior of a microtip specimen, and in this manner sophis-
ticated software programs can determine and reconstruct in 3-D the positions of all
atoms and their m/n values for a given volume of material. For example, a data set of
480 x 10° atoms corresponds to a volume of ~8 x 10-2' m® (8 x 10° nm?®). Data sets
from different specimens can, of course, be combined to examine larger volumes of

LEAP ™: |ocal-electrode
atom probe

LE: local electrode
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Figure 1

Schematic drawing of a 3-D Vaccel
local-electrode atom-probe

(LEAPTM) tomograph. The

substrate is maintained at a —
positive potential, Vg,

which supports the microtip

specimens; the substrate can Vouise
be translated in the x-y

plane to scan from specimen

to specimen. The local

electrode is pulsed with a

negative voltage, Vpyise, t0

increase the electric eld (E)

at a microtip specimen to

the requisite value to eld

evaporate atoms as ions.

Figure courtesy of Prof.

Lincoln Lauhon, y
Northwestern University.

Vex

material and to improve the counting statistics. The LEAP 3000X Si X™ includes
electrical pulsing, the pulse repetition rate is variable in discrete steps from 1 kHz
to 250 kHz, and a detection rate of up to 2 x 10° ion min~! (120 x 10°® ion h™1)
can be achieved. This implies that a data set containing 10° atoms can be obtained
in 81/5 h from a single cooperative specimen. For electrical pulsing, the full-width
half-maximum (FWHM) value of m/Am is 500 and the full-width tenth-maximum
(FWTM) value of m/Am is 180 for 2’ Al*, with the tip at its maximum distance from
the detector.

Alternatively, the LEAP 3000X Si X™ operates using a pulsed picosecond laser
(green light) to eld evaporate ions. The exact mechanism by which laser-induced
evaporation of atoms occurs is currently a subject of a scienti ¢ debate (63, 64).
The two suggested physical mechanisms are (#) evaporation (sublimation) over a
Schottky hump assisted by the E- eld component of the laser beam and (4) heating
of a microtip specimen by the laser beam with an energy per pulse that is typically
less than 5 nJ. The heating mechanism implies that an atom is thermally excited over
the Schottky hump produced by the applied I; the evidence for this mechanism is
strong (J. Bunton, Imago Scienti c¢ Instruments, unpublished observations). Figure 2
illustrates how the LEAP™ tomograph functions when green laser light is used to
evaporate (sublime) atoms as ions.

To a rstorder, the interpretation of mass spectra is independent of the physical
mechanism of laser-induced evaporation. For the LEAP 3000X Si X™, the laser
pulse repetition rate is variable in steps from 1 kHz to 500 kHz, and a detection
rate of up to 5 x 10° ion min~! (300 x 10° ion h~') can be obtained. Therefore, a
data set containing 10° atoms is attainable from a single very cooperative specimen in
3%/5 h, which is a factor of 2.5 faster than with electrical pulsing. For laser pulsing, the
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Laser evaporation + Field simulation ————— Optimized LEAP microscopy

Figure 2

(Left) An array of microtips sitting on a conducting substrate with green laser light impinging
on a single microtip. (Middle) The calculated electric eld at a microtip that results from the
E-component of the laser beam. Courtesy of Prof. Tamar Seideman (Chemistry Department,
Northwestern University). (Right) The results of an analysis of an InAs nanowire grown by
the vapor-liquid-solid (VLS) technique.

FWHM value of m/Am is 1200, and the FWTM value of m/ Am is 300 for 27 Al*, with
the microtip specimen at its maximum distance from the detector. The momenta ion
dispersion is smaller for laser pulsing because when the ions surmount the Schottky
hump they have a thermal energy kg T, where kg is Boltzmanns constant and T is
the absolute temperature in degrees Kelvin. Therefore, the spread in the momenta
(TOFs) is smaller than for electrical pulsing, resulting in larger values of m/Am. The
LEAP 3000X Si X™ is a straight TOF instrument. Hence, the value of m/Am is
ultimately limited by the spread in momenta of the eld-evaporated ions for either
electrical or laser pulses. For both electrical and laser pulsing the maximum cross-
sectional area of a microtip specimen analyzed is 200 nm x 200 nm, at the minimum
distance from the MCP detector, 90 mm.

A commonly used solution to improve m/Am is a single-stage re ectron lens,
which is isochronous and can yield m/Am values of >1500 for either electrical or laser
pulsing if the so-called energy de cits are small (65, 66). The primary limitation of
usingare ectron lensisitssmall eld of view (FOV) (approximately 20 nm x 20 nm),
for example, in the POSAP. Recently, however, a wide acceptance-angle re ectron lens
has been designed and commercialized; this lens has an FOV of 100 nm x 100 nm,
an FWHM m/Am value of 600, and an FWTM m/Am value of 300 for 27 Al*, using
voltage pulses; with laser pulsing, the FWHM m/Am value is 2500 and the FWTM
m/Am value is 1000 for 2’ Al*. An APT with a wide acceptance-angle FOV re ectron
lens is commercially available from Imago Scienti ¢ Instruments and is denoted as a
3DAP-X. This instrument is capable of electrically pulsing specimens at 0.4 kHz to
20 kHz and laser pulsing them at 1 kHz to 200 kHz, with a maximum data collection
rate of 1.8 x 10° ion min~! (10.8 x 10° ion h™!) for either electrical or laser pulsing.
Thus, there is now a choice of commercial APTs available with different technical

. . . . FOV:  eld of view
speci cations and, of course, different prices.
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push this instruments limits: The pulse repetition rate was 200 kHz. 3-D imaging
by LEAP™ tomography does not suffer from the same projection effects associated
with transmission electron microscope (TEM) imaging, which is a 2-D projection of
a3-D object. As Figure 3 shows, classical APT is limited to smaller analyzed volumes,
typically 15 x 15 x 100 nm?® or 22,500 nm?. In contrast, LEAP™ tomographic anal-
yses are presently capable of analyzing volumes greater than 200 x 200 x 200 nm?® or
2 x 105 nm® in asigni cantly shorter time.

Thus, we are currently in a new era in atom-probe tomographic instrumentation,
in which the detection sensitivity of an element is one atomic part per million for a
data set of 100 x 10° atoms, with a small experimental uncertainty, for both electrical
and laser pulsing because signi cantly larger volumes of material can be analyzed in
radically short time periods. The results obtained to date using LEAP™ tomography
represent adramatic improvement over the earlier APTs. Thus, LEAP™ tomography
is a revolutionary technological achievement with signi cant rami cations for future
materials science and engineering research.

TEM: transmission
electron microscope

APPLICATIONS

Heterophase Interfacial Segregation on an Atomic Scale

Structural alloys typically contain multiple alloying elements whose interactions gov-
ern the formation of strengthening phases, partitioning behavior between the phases,
and segregation at internal heterophase interfaces. The combination of HREM and
APT has recently made it possible to measure the compositional variations with near-
atomic-scale resolution. The combined application of such characterization tech-
niques with rst-principles computational methods provides the basis for greatly
expanded insight into the microscopic factors governing compositional variations in
multicomponent alloys. The research reviewed herein employs this combined ap-
proach in a study of Mg in two-phase Al-Sc-Mg alloys. We present measurements
of Mg composition pro les at the subnanoscale level, which are compared with the
predictions of rst-principles calculations. These calculations establish a pronounced
electronic driving force for the segregation of Mg to coherent a-Al (f.c.c.)/Al;Sc
(L1,) interfaces in this model two-phase ternary alloy system.

We focusonan Al 2.2 at.% Mg 0.12 at.% Sc alloy, which is relevant for aerospace
and marine applications (67) and asa model system for its microstructural applications.
The alloy was prepared employing solidi cation and homogenization procedures de-
scribed elsewhere (68, 69). During aging at 300°C, the supersaturated solid solution
decomposes into an a-Al (f.c.c.) matrix and a high number density (4 + 2 x 10?2 pre-
cipitate m—2) of nanoscale Al;Sc precipitates with radii of less than 4.5 nm. HREM
observations demonstrate that the a-Al (f.c.c.)/Al;Sc (L1,) interface remains coher-
ent, that is, there are no interfacial mis t dislocations, for both the binary Al 0.18
at.% Sc and ternary Al-Sc-Mg alloys, even for the largest precipitates. Without Mg,
the precipitate exhibits pronounced facets on the {100}, {110}, and {111} planes
(Figure 4 a), which tend to shrink (Figure 4 b) with the addition of Mg, and the pre-
cipitate has a tendency to become spheroidal. The reduction of {100} facet lengths

www.annualreviews.org e Advances in Three-Dimensional Atom-Probe Tomography ~ 135



ANRV315-MR37-05 ARI

Stationary state: implies
that the concentrations (¢;)
of the different components
(#) in a system do not change
with time, (%) =0
Coarsening: occurs when a
two-phase system is in a
stationary state and the
number density of
precipitates decreases with
increasing aging time

136

8 February 2007

19:54

4 nm b

4 nm

Figure 4

HREM images ([100] zone axis) of Al3Sc precipitates in () Al 0.18 at.% Sc alloy after aging at
300°C for 350 h and (b)) Al 2.2 at.% Mg 0.12 at.% Sc after aging at 300°C for 1040 h. From
Reference 86.

with the addition of Mg suggests a decrease in the crystallographic anisotropy of the
interfacial free energy and the possibility of appreciable interfacial segregation.

We investigated this behavior further, employing detailed APT measurements
of solute composition pro les. The spatial resolution of the APT is illustrated in
Figure 54, where an analysis performed near the 110 crystallographic pole reveals
the {220} atomic planes perpendicular to the analysis direction. The curvature of
the reconstructed planes comes from the projection of the hemispherical tip onto a
planar detector. In the Al;Sc precipitate, alternating planes containing 100% Al and
50% Al are visible, consistent with the L1, structure of the Al;Sc phase. A proximity
histogram calculates the average composition in shells of 0.4-nm thickness at different
distances from the a-Al (f.c.c.)/Al;Sc (L1,) interface: The interface is de ned by an
isoconcentration surface corresponding to 18 at.% Sc (Figure 554) (70). Interfacial
Mg segregation was observed for all analyzed aging times, and the particular example
of Figure 5 ¢ exhibits a Mg concentration enhancement of 180% at the interface.
The maximum interface Mg concentration decreases slightly during the early aging
times and then remains constant within experimental error, which indicates that a
stationary state has been achieved at least locally.

To investigate the microscopic factors governing the pronounced interfacial
enhancement of Mg, we employed the theoretical framework provided by a model
of diffusion-limited precipitate growth kinetics. The validity of such a model is
supported by studies of coarsening kinetics in both binary Al-Sc (71, 72) and ternary
Al-Sc-Mg alloys. We interpret the concentration pro les measured by APT as
representing stationary-state solutions to the diffusion equation, subject to the
boundary conditions imposed by local thermodynamic equilibrium and ux balance
(e.g., Reference 73). For spherical precipitate geometries, employing a mean- eld,
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Figure 5

(a) 3-D reconstruction of an AlzSc precipitate with a slice taken through the precipitate
displaying the{110} planes. b) 3-D reconstruction of an analyzed volume from a specimen
aged at 300C for 1040 h showing the isoconcentration surface used to de“ne the-Al/Al 3Sc
heterophase interface.d Proximity histogram showing Al, Mg, and Sc concentrations from
the -Al/Al 3Sc interface. Data visualization performed using Northwestern Universityss
ADAM 1.5 software package. From Reference 86.
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stationary-state solution to the diffusion equation (neglecting off-diagonal terms
in the diffusion matrix), one can derive interface compositions from the following
equations ( = Al, Sc, Mg):

/ , , 20
(g 3%) — il (g %) = I 1

o o o 00
XYoo — ¥ge Ds, ¥ge — ¥ge

o o o _ 000
Xg — ¥mg  Dmg Xyg — Yg

where xg;, xyg, x&, and xﬁ‘,;g denote mole fractions of Sc and Mg on the Al(a) and
Al;Sc(a’) sides of the interface for a precipitate of radius R, o is the interfacial free en-
ergy, the variables ¢ and u?’ represent bulk chemical potentials, and lﬂj is the partial
molar volume for species 7 in the precipitate phase. The variables xg; and xg;, denote
far- eld solute concentrations. The rst three equations (Equation 1) correspond to
the Gibbs-Thomson conditions incorporating the effect of capillarity in the formula-
tion of the conditions for local thermodynamic equilibrium, whereas Equation 2 re-
ects the constraint imposed by solute- ux balance at the precipitate/matrix interface.
Table 1 lists values of the interface concentrations calculated from Equations 1
and 2 for precipitates of radii 2 nm and 4 nm at an aging temperature of 300°C. For
comparison, we list compositions corresponding to two-phase equilibrium between
bulk (R — oo) a-and a’-phases in the ternary alloy Al 2.2at.% Mg 0.12 at.% Sc con-
sidered experimentally. Because experimental values for the chemical potentials in the
ternary Al;Sc intermetallic phase are unavailable, we employed rst-principles bulk
free-energy models in the calculations of equilibrium phase compositions. The bulk
free energies were derived within a model of noninteracting substitutional defects,
following the approach outlined in References 74 76. In the evaluation of Equation 2,
we employ APT-measured values of xg; = 0.025 + 0.007 at.% and xyy, = 2.3 £+
0.007 at.%. The solute diffusivities in Al are Ds; = 8.84 x 1072° m? s~* (77) and
Dyg = 1.62 x 107 m2 s~ (78) at the aging temperature. Additionally, the value
0 = 0.175 J m~2 was derived from rst-principles calculations (79). Values of the
interface compositions for precipitates with nite radii were derived by linearizing
the concentration dependencies of Equations 1 and 2 about the bulk compositions.
By comparing the results in the rst two rows of Table 1 with those corresponding to
bulk phases ( nal row), we see that the effects of capillarity and solute- ux balance are
estimated to give rise to relatively small (~10%) changes in the matrix Mg concen-
tration at the growing precipitate/matrix interface. Thus, the pronounced interfacial

Table 1 Interface solute concentrations (at.%) calculated
from Equations 1 and 2 for spherical ( «’) Al3Sc precipitates of
radius R in a supersaturated ( «) matrix in Al-Sc-Mg

’ /

R (nm) %, fe | & 4o
2 25%x10°4 2.2 25 3.4 %1077
4 1.8x 1074 2.2 25 4.0x 1077
00 9.0x107° 2.4 25 48x 1077
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enhancement of Mg measured by APT cannot be interpreted simply as re”ecting the

effects of capillarity and solute "ux balance in a model of diffusion-limited precipitate

growth. Additional “rst-principles calculations suggest instead that the segregation Gibbsian interfacial

of Mg observed by APT re”ects equilibrium adsorption. excess of solute: a basic

A reliable comparison between experiment and theory can be made in terms ofthermodynamic quantity

the intergrated area under the Mg concentration pro“les. Speci“cally, the relative that quanti“es the excess

Gibbsian interfacial excess of Mg (i) can be employed to derive a quantitative concentration of solute atan

measure of the degree of equilibrium segregation in this ternary alloy. The quan- "t€"face

tity e can be calculated from vq, s. and a, as described in Reference 80. We Coherentheterophase

estimate these excess values for Al (negative value) and Mg and Sc (positive v ferface: a 2-D interface
. . L etween two phases that

ues) as the areas urjder the curveshigure 5c(81...83). This analysis yle|dﬁé = does not contain mis“t

1.9 £ 0.5 atom nn2. By comparison, 'eg derived from the calculated composi- dislocations

tion pro“les is 1.2 atom nm>2. The close agreement between experiment and theory NisAl (L1 ) has Ni atoms

strongly supports the conclusion that the measured interfacial enhancement of Mgat the centers of the six faces

re”ects pronounced equilibrium segregation of this species at coherentAl/Al 3Sc  and eight Al atoms at

heterophase interfaces. From the Gibbs adsorption isotherm theorem, we estimatecorners of a cube

that Mg segregation leads to a 0.01 J ¥ reduction in . Equilibrium interfacial

segregation of Mg thus should reduce slightly (by approximately 5%) the rates of

precipitate coarsening in Al-Sc-Mg relative to binary Al-Sc (84, 85). First principles

also showed that the driving force for segregation is primarily electronic (chemical)

and not elastic (86). Reference 87 provides further details concerning Mg segrega-

tion at coherent -Al/Al 3Sc heterophase interfaces. The research described above

demonstrates the power of combined APT and HREM experiments, “rst-principles

calculations, and theory in obtaining deep physical insights into a complex problem

at the same length scales for a similar number of atoms.

Kinetic Pathways of Decomposing Ni-Al-Cr Alloys

Ni-based superalloys are used to fabricate single-crystal two-phase(L1,) and
(f.c.c.)] turbine blades for aeronautical jet engines, both commercial and military
and commercial land-based gas-turbine engines for generating electrical power; a
single unit can generate as much as 500 MW. The single-crystal two-phase turbine

blades are directionally solidi“ed from different commercial or proprietary Ni-based
superalloys and contain 10 or more alloying elements. There is a continuing effort to
increase the operating temperature of these turbine blades to increase the thermody-
namic ef‘ciency of the engines, thereby reducing fuel consumption, which implies,
among other things, improving the high-temperature creep and oxidation resistance
of these Ni-based superalloys. One route to improving the creep resistance is to de-
crease the coarsening rate (Ostwald ripening) of the coherent(L1,)-precipitates,
which can constitute more than 60% by volume of the turbine blades. Both the
creep resistance and maximum operating temperature are improved by alloying with
high-melting-point refractory elements, such as tungsten, molybdenum, rhenium,
and ruthenium.

These refractory elements have small values of their diffusivities, which retards the
rate of coarsening, dR /dt, of the (L1,)-precipitates; R is the average precipitate
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Decomposition of an

alloy: a rst-order phase
transformation that involves
the nucleation of a second
phase from a solid solution
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radius. To understand the roles played by these refractory elements in quantitative
detail, we are studying model Ni-based superalloys based on ternary Ni-Al-Cr alloys
with different concentrations of Al and Cr, to which we add, one element at a time,
refractory elements (Re, W, Ta, Nb, or Ru) to produce quaternary, quinary, or sexinary
alloys. In this manner, we are able to unravel the role played by each refractory element
on the kinetic pathways leading to the nal nanostructure.

We studied in detail the kinetic pathways of the different stages of precipitation
of ordered y'-precipitates (L1,) in Ni 5.2 at.% Al 14.2 Cr at.% at 873 K (88 93).
Precipitates with radii as small as 0.45 nm are fully characterized by APT. Contrary
to what is often assumed in modeling coarsening (Ostwald ripening), the average
composition of y’-precipitates evolves temporally. Power-law time dependencies of
the number density, N,, (R), and the absolute values of the supersaturations, |Ac;|,
of Al'and Cr are determined and compared with coarsening models. The formation
of y’-precipitates from a supersaturated y-matrix in a temperature range for which
nucleation and growth are observable has been studied in binary Ni-Al alloys by
direct (94 96) and indirect (97) imaging techniques. We employ APT to characterize
a ternary alloy fully (98, 99). The experimental procedures are described elsewhere
(100, 101).

After homogenization, Ni 5.2 at.% Al 14.2 Cr at.% decomposes at 873 K into a
high N, of nanometer-sized, spheroidal y’-precipitates via a rst-order phase trans-
formation. Mis t between the y- and y’-phases is nearly zero, and therefore the
y'-precipitates are coherent and spheroidal to 1024 h, the maximum time we em-
ployed (91). The y'-precipitates are rst observed after 0.17 h of aging [prior to
this time we observed short-range order but no detectable y’-precipitates (92)], and
the (R) and volume fraction, J’;Y, values of the y’'-precipitates are determined to be
0.74 nm and 0.11% (Figure 6). A sharp rise in N, at a constant (R) value is observed
between aging times of 0.17 h and 0.25 h, indicating that nucleation is occurring.
APT-detected y’-precipitates are as small as R = 0.45 nm (20 detected atoms). After
0.25 h and until 256 h, precipitate coagulation and coalescence are observed, as seen
at4 hin Figure 7 . Given the small (R) and small mis t values, this is not the result of
elastically driven particle migration and marks the nest scale, as well as smallest VY,
for which this phenomenon has been observed in the solid state. The peak value of N,
(3.2 & 0.6) x 10%* m~3, is achieved after 4 h of aging, after which the transformation
enters a quasi-steady-stationary regime with a constant power-law dependence of
£0642006 1 this regime, V" asymptotically increases toward its equilibrium value
(upper panel in Figure 6), indicating that this rst-order phase transformation is not
complete, yet (R) has a temporal dependence of 0.29 + 0.05, which is approximately
consistent with the '/ prediction for Ostwald ripening in a ternary alloy (102, 103).

The average compositions of the y-matrix (top half of Figure 8) and y’-
precipitates continually evolve. The y-matrix becomes more enriched in Ni and Cr
and depleted in Al with increasing time. Between 4 h and 16 h, the solute far- eld
concentrations change slowly (de/dt — 0), and the quasi-stationary-state approx-
imation is applied after 16 h. Assuming this approximation, Marquis & Seidman
(85) determined the solid solubilities, ¢,*9, in a ternary Al-Sc-Mg alloy, utilizing
() = k1P + %4 Employing this approach, ¢;*% are 16.7 £ 0.4 at.% Al and
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o 9 at % Al isosurface

Figure 6

The temporal evolution of
the y’-precipitate volume
fraction (V/Y'), number
density (V,), and average
radius ((R)) in Ni 5.2 at.%
Al 14.2 Cr at.% aged at
873 K as determined by
APT. Adapted from
Reference 91.

(wu) <y>

10

lo.5

Figure 7

A subset (15 x 15 x 30 nm?)
of a conventional APT
reconstructed volume of

Ni 5.2 at.% Al 14.2 Cr
at.% aged at 873 K for4 h
(Al and Cr atoms in the
y'-precipitates are
displayed). A fraction,
~30%, of the
Y'-precipitates, delineated
by 9 at.% Al
isoconcentration surfaces, is
coalesced. Adapted from
Reference 128.
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the evolving compositions, ¢;(t) = xt ™% + ¢, ts the experimental data for the
Y'-precipitates. This t yields equilibrium values of 3.13 + 0.08 at.% for Al and
15.61 + 0.18 at.% for Cr in the y’-phase. Finally, via the lever rule, the equilibrium Partitioni o
X X 7 artitioning ratio:  given
VyY for the y'-phase is 15.6 &+ 0.4% (top panel in Figure 6). by the ratio of element 7 in
To understand the role played by Re in model Ni-based superalloys, 2 at.% Re  precipitating phase divided
additions to a model Ni 10 at.% Al 8.5 at.% Cr alloy were studied with respect to by the concentration of 7 in
its effects on the temporal evolution of the nanostructure and partitioning behavior ~ the matrix
of Ni, Al, Cr, and Re between the y- and y’-phases. Chemical evolution of this
quaternary alloy aged at 1073 K from 0.25 h to 264 h was studied using APT (104,
105). The morphology of the y’-precipitates remains spheroidal to 264 h. Our results
demonstrate that Re signi cantly decelerates the coarsening of y’-precipitates in
comparison to a ternary Ni 10 at.% Al 8.5 at.% Cr alloy aged at 1073 K. Re may
segregate to the y/y’ interfaces and retard the coarsening of y’-precipitates at elevated
temperature, thereby increasing the creep resistance of Ni-based superalloys (106,
107). The results of this study are contrasted with results on Ni 10 at.% Al 8.5 at.%
Crand Ni 10 at.% Al 8.5at.% Cr 2 at.% W alloys (108).
Spheroidal y’-precipitates, (R) = 3.89 nm, are observed in this as-quenched alloy
owing to the high |Ac;| values of Cr and Al. The 3-D reconstruction of a volume
of 16 x 16 x 130 nm?, containing >1.5 x 10° atoms, con rms the presence of the
Y’ -precipitates in the as-quenched state, 0 h (Figure 8). In Figure 9, the partitioning
behavior of all the elements is visualized through a 3-D reconstruction of the data. Al
partitions, of course, to y’-precipitates, whereas Ni, Cr, and Re prefer the y-matrix.
A fraction of the y’-precipitates is interconnected by necks.
Figure 10 displays 3-D reconstructions as a function of aging time, which clearly
demonstrates the coarsening of the y’-precipitates. Each reconstruction is a subset
of results extracted from the entire volume to create a 10 x 10 nm? cross section for
comparison as a function of aging time. Figure 10 demonstrates qualitatively the
increasing (R) values, and decreasing N, values, of the y’-precipitates with increasing
aging time. Additionally, at the longest aging time of 264 h the morphology of the y’-
precipitates remains spheroidal and the (R) values are considerably smaller (31.5 nm)
than those of the large cuboidal y’-precipitates of ternary Ni 10 at.% Al 8.5 at.%
Cr and quaternary Ni 10 at.% Al 8.5 at.% Cr 2 at.% W alloys (114 nm and 77
nm, respectively) (109). Therefore, the addition of Re stabilizes the precipitate mor-
phology and signi cantly retards the coarsening kinetics of the y’-precipitates in this
Ni-Al-Cr-Re alloy.
An APT reconstruction of this Ni-Al-Cr-Re alloy (Figure 9) exhibits clearly the
alternating Al-rich planes along the [100] analysis direction inside the y’-precipitates,
even in the as-quenched state. This is direct evidence that the y’-precipitates
have the ordered L1, structure. In addition, APT reconstructions of atoms inside
y’-precipitates interconnected by a neck, in the as-quenched state, demonstrate the
alternating Al-rich planes of the L1,-ordered structure in both y’-precipitates and
the interconnecting necks. These results suggest that phase separation and ordering
are occurring concurrently at 1073 K and during the quench to room temperature.
The partitioning behavior is quantitatively determined by calculating the par-
titioning ratio, KY'/Y, for each element, which is given by the ratio of the atomic
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Figure 9

APT reconstruction of a Ni 10 at.% Al-8.5 at.% Cr 2 at.% Re alloy in the as-quenched state,
which indicates the presence of y’-precipitates. A 12 at.% Al isoconcentration surface is used
to indicate the y/y’ interfaces. A portion of the y’-precipitate is magni ed, with Al (red), Cr
(blue), and Re (orange) atoms shown to display the alternating Al planes in the [100] direction
of the ordered L1, structure. Ni atoms are not shown for the sake of clarity. Adapted from
References 129 and 130.

concentration of element / in y’-precipitates divided by the atomic concentration of
iin the y-matrix. The values of KY'/Y of Ni 10 at.% Al 8.5 at.% Cr 2 at.% Re alloy
are compared with the values of KY'/Y in the ternary Ni 10 at.% Al 8.5 at.% Cr and
quaternary Ni 10 at.% Al 8.5 at.% Cr 2 at.% W alloys in Figure 11. This gure
demonstrates that the addition of Re to a Ni-Al-Cr alloy increases the partitioning of
Al to y'-precipitates and of Cr to the y-matrix. The effect, however, of adding Re on
the value of KY'/Y of alloying elements is smaller than that of adding W to the same
Ni-Al-Cr ternary alloy.

In conclusion, all the results presented in this section demonstrate the powerful
atomic-scale resolution of APT and its contributions to unraveling kinetic pathways
of a phase transformation in complex concentrated multicomponent alloys. This
information is presently not obtainable by any other technique.
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Figure 10

APT of a Ni...10 at.% Al...8.5
at.% Cr...2 at.% Re alloy at
different aging times,
displaying the temporal
evolution of the
-precipitates. The cross
section of each volume is
perpendicular to the plane
of the page. Al, Cr, and Re
atoms are shown in red,
blue, and orange,
respectively. Adapted from
References 129 and 130.

Three-Dimensional Nanoscale Composition Mapping of
Semiconductor Wires

Semiconducting nanowires of controlled composition and doping (110...113) exhibit
great promise as multifunctional components in a number of emerging device tech-
nologies (114...116). The continued advancement of these nanometer-scale devices de-
pends critically on knowledge of their atomic-scale structures (117) because composi-
tional "uctuations as small as a single atom can affect device performance. Thus, there
is a compelling reason to determine accurate compositions of individual nanowires
at the atomic scale with both high precision and accuracy. The spatial resolution
of secondary ion mass spectroscopy (SIMS) (for example, NanoSIMS50, manufac-
tured by Cameca, France) is now less than 100 nm, but the length scales of interest
for nanowires are signi“cantly smaller. HREM is capable of imaging single dopant
atoms under speci“c conditions (119) but HREM cannot yet be considered a general
tool for the 3-D mapping of dopant atoms at low concentrations in nanostructures.
The critical challenge of doping atoms into the volume of nanowires and nanocrystals,
although avoiding surface segregation, emphasizes the compelling need for 3-D com-
position characterization of these nanostructures. In this section we present LEAP
tomographic results on the positions of single Au atoms in an InAs nanowire and imag-
ing of the heterophase interface between a Au catalyst and the InAs nanowire in 3-D
with 0.3-nm resolution. These results help to establish APT as a uniquely powerful in-
strument for analyzing the chemical compositions of semiconductor nanostructures.
Functional 1-D semiconductor nanostructures have been synthesized by a num-
ber of methods. In the research presented herein, electron-beam lithography fol-
lowed by metal evaporation and lift-off were used to pattern an array of Au cat-
alyst disks on a GaAs(111)B wafer. The Au seeds catalyzed the growth of InAs
nanowires in a quartz metal-organic vapor-phase epitaxy (MOVPE) reactor with
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Figure 11 3

Partitioning ratio of all the
elements in (#) Ni 10 at.%
Al 8.5at.% Cr, (b)) Ni 10
at.% Al 8.5at.% Cr 2 at.%
W, and (c) Ni 10 at.%

Al 85at.% Cr 2 at.% Re 2 i/./
alloy plotted as a function of i
aging time. This graph
displays the effect of the Re
addition on the partitioning
behavior of all alloying
elements in a Ni-based
model superalloy. Adapted
from Reference 130.
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trimethylindium and arsine as reactant chemical precursors and hydrogen as the
carrier gas under conditions described elsewhere (120). In this manner, arrays of
epitaxial vertically oriented InAs nanowires 100 140 pum long and spaced 500 pum
apart were generated, which facilitated the LEAP™ tomographic analysis (see left
panel in Figure 2).

Figure 12 presents a 3-D reconstruction of an InAs nanowire generated from a
dataset of 1.3 x 10° atoms pulsed eld evaporated sequentially in the LEAP™ tomo-
graph (121). The side view of Figure 12 a4 shows that analysis volumes comparable to
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an entire nanowire-based device, such as the channel of a nanowire transistor (122),
are well within the capabilities of this technique. When looking along the nanowires
axis (Figure 12 b), one clearly observes hexagonal facets, and comparison with a SEM
image (Figure 12 ¢) veri es that we have accurately reconstructed the nanowire s cross
section. [Although TEM observations reveal a thin (1 2 nm) amorphous oxide layer
on InAs nanowires, we do not see oxygen-related peaks in the TOF mass spectra.
We think that the oxygen species are evaporating between voltage pulses, and this
issue should be resolved in the future using the picosecond laser.] More signi cantly,
a magni ed view perpendicular to the nanowire reveals distinct planes of atoms ex-
tending across the nanowires (Figure 12 4). These atomic planes lie perpendicular to
the wurtzite [0001] growth direction at a spacing of 0.35 nm, as determined by TEM,
and therefore the observation of atomic planes by LEAP™ tomography demonstrates
subnanometer resolution.

Although Figure 12 presents useful 2-D projections, the 3-D position and chem-
ical identity of every atom are retained in the original data set, which is not generally
the case for TEM observations. To emphasize this point, Figure 12 e presents an
enlarged section of the nanowire shown in Figure 12 4, using spheres to represent
each individual Au atom found within the analyzed volume. Figure 12 2 makes clear
that dopant concentrationsand uctuations can be extracted by averaging over a cho-
sen volume. From this gure, we can immediately draw two conclusions. First, one
can determine whether the catalyst employed in nanowire growth schemes becomes
incorporated in the bulk of the nanowires. This question is of critical importance to
the performance of nanowire devices because metal atoms, such as Au, can strongly
in uence electronic properties. Second, LEAP™ tomography can be used to reveal
the concentrations and distributions of dopants in a range of chemically synthesized
nanostructures (123) and may therefore play a critical role in addressing the major
challenge of dopant incorporation and segregation in nanomaterials.

Another important capability of the LEAP™ tomograph is the imaging of inter-
faces within a nanostructure, because functional heterointerfaces form the basis of
most semiconductor devices (124). In particular, one would like to be able to analyze
the compositional abruptness of junctions within nanowires without averaging over
the nanowire diameter. Figure 13 displays an analysis of a reconstructed nanowire
section including a Au catalyst/InAs nanowire heterophase interface. As anticipated,
the Au catalyst lies atop the nanowires during and after growth. The four slices
of Figure 134, two on either side of the interface, demonstrate that tomographic
analyses can reveal both radial and axial composition variations within a nanowire.
Although the catalyst/nanowire heterophase interface appears qualitatively abrupt
in Figure 13 b, the interface width is more readily ascertained by plotting a 1-D
composition pro le derived from a cylindrical cross section perpendicular to the in-
terface (Figure 13 ¢); the interface between the catalyst (Augglng ) is abrupt, with
a width of less than 0.5 nm. Because nanowire growth occurs at this heterophase
interface, its structure may in uence the widths of intrawire semiconductor growth
processes, particularly the metal-catalyzed VLS growth process (125).

This 3-D composition mapping of a semiconductor nanowire, with subnanometer
resolution, establishes that LEAP™ tomography can play an important role in the

SEM: scanning electron
microscope

www.annualreviews.org  Advances in Three-Dimensional Atom-Probe Tomography 147



ANRV315-MR37-05 ARI 8 February 2007 19:54

148 Seidman



ANRV315-MR37-05 ARI 8 February 2007 19:54

Depth (nm)

| |
0 20 40 60 80 100
Concentration (%)

Figure 13

Catalyst nanowires interface in 3-D. (#) One-nm-thick slices through the nanowires over the
region de ned by the white bar in 4. The diameter of the slices is 10 nm. In, As, and Au atoms
are rendered as green, purple, and yellow dots, respectively. () A 14 x 14 x 23 nm?
reconstruction of an InAs nanowire tip showing a Au catalyst particle at the top.

(c) Composition pro le in 1-D plotted along the growth axis and through the
catalyst/nanowire interface. The plotted composition is a radially average value within a
4-nm-diameter cylinder centered in the middle of the nanowire. From Reference 121.

development of semiconductor nanostructure device technology by providing critical
insights into the connection between synthesis schemes and nanoscale composition.
LEAP™ tomography has the potential to be applied to other semiconductor nanos-
tructures, including nanocrystals, by depositing samples on arrays of posts elevated

Figure 12

Three-dimensional reconstruction of an InAs nanowire. The sample temperature was ata xed
value between 50 K to 100 K, and the ambient pressure in the LEAP™ tomograph was 10~1°
Torr during its atom-by-atom dissection. (#) Side view (perpendicular to growth axis) of a

25 x 25 x 300 nm? reconstruction of the nanowire. In, As, and Au atoms are rendered as green,
purple, and yellow dots, respectively. Only 5% of the atoms are displayed to provide a sense of
depth. (5) A 21 x 21 nm? end-on view of nanowire reconstruction showing hexagonal faceting.
() SEM micrograph of an InAs nanowire displaying a hexagonal cross section (1.7 pm?).

(d) Magni ed side view of the nanowire displaying (0001) atomic planes. The dimensions are
23 x 14 nm2. The slight curvature of the atomic planes is an artifact; the software used for the
reconstruction assumes a hemispherical end-form for the eld-evaporating nanowires. (e) For
clarity, a 27 x 27 x 29 nm? reconstruction of the nanowire with Au atoms is enlarged, and 2%
of In and As atoms are shown; the growth axis runs left to right. The 18 Au atoms within the
volume correspond to a concentration of 100 atomic parts per million. From Reference 121.
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from the substrate (126). Additionally, given the concurrent development of nanoscale
property measurements via scanned probes (127), LEAP™ tomography promises to
advance materials science by extending our understanding of structure-property re-
lationships to the nanoscale limit.

CONCLUSIONS

The commercialization of APTs  which are well designed, sophisticated, ergonomic,
and computer controlled and involve powerful software for analyzing the data
collected isresulting in arevolutionary phase in the development and application of
this experimental instrument to problems in materials science and engineering that
cannot be solved using other instruments. In this review we provide proof of this
conclusion by presenting results (see section on Applications) for the following three
problems that yield unique and quantitative information: (z) the segregation of Mg
at coherent a-Al/Al;Sc heterophase interfaces, (b) the determination of the kinetic
pathways for the decomposition of ternary Ni-Al-Cr and quaternary Ni-Al-Cr-Re
alloys, and (¢) 3-D nanoscale composition mapping of InAs nanowires grown by the
VLS technique.

SUMMARY POINTS

1. An APT consists of an FIM plus a special TOF mass spectrometer with a2-D
position-sensitive detector. The TOF of an ion yields its chemical identity,
whereas the position-sensitive detector gives its x- and y-coordinates in an
{hkI} plane. This information permits one to reconstruct a crystal lattice in
3-D.

2. ALEAP™ tomograph employing a picosecond laser, with a pulse repetition
rate of 500 kHz, permits one to collect and analyze up to 300 x 106 ion h—1.
This implies that it is now possible to measure concentrations of atoms at
the level of one atomic part per million.

3. We have measured the Gibbsian interfacial excess of Mg at a coherent a-
Al/Al;Sc heterophase interface in an Al-Sc-Mg alloy and demonstrated that
this is the thermodynamic equilibrium value. Additionally, rst-principles
theory has shown that the driving force for segregation of Mg is electronic
(chemical) and not the elastic strain energy associated with the oversized
Mg atom.

4. The Kkinetic pathways for nucleation, growth, and coarsening of
Niz (Al;_,.Cr,) (L1,) y'-precipitates in a Ni-Al-Cr ternary alloy have been
measured in quantitative detail using APT. Such pathways show that the
composition of Niz(Al;_,Cr,) precipitates evolves temporally toward the
equilibrium value.

5. The role of Re regarding the kinetic pathways for nucleation, growth, and
coarsening in a Ni-Al-Cr-Re quaternary alloy has been determined em-
ploying APT. Details on how the partitioning ratios of Al, Cr, and Re change
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temporally for the y-matrix and y’-precipitates are presented. Additionally,
partitioning of the elements in a Ni-Al-Cr alloy is compared with partition-
ing of the elements in the Ni-Al-Cr-Re alloy.

6. The composition of an InAs nanowire grown by the VLS technique, where
the catalyst is Au, were performed using LEAP™ tomography. From these
measurements, the Au solubility in InAs was determined, and the concen-
trations of In and As in the Au catalyst were extracted from the experimental
data.
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