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Abstract—The results of development, creation, and tests of an atom-probe prototype with femtosecond laser
evaporation and a position-sensitive microchannel detector with delay lines for the tomographic (3D) anal-
ysis of chemical composition of materials are presented. The atom-probe tomography is based on the princi-
ple of atom-by-atom “disassembling” of materials and projection magnification, which was previously used
in field-ion microscopy, as well as the time-of-flight mass spectrometry that is applied to each evaporated
ion. The prototype characteristics (mass resolution, spatial resolution, and data-collection efficiency) were

demonstrated in study of tungsten.
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INTRODUCTION

The atom-probe tomography (APT) makes it pos-
sible to perform a detailed chemical analysis of mate-
rials with a virtually atomic spatial resolution. The
high spatial resolution of the APT is based on the same
projection principle as that in the field-ion micros-
copy (FIM), which was developed by Muller in the
1950s [1, 2]. The applied potential difference between
the sample—needle and a detector provides the motion
of ions along definite trajectories, thus allowing one to
unambiguously relate the coordinates of the arrival of
the atom at a position-sensitive detector to the coordi-
nates of its removal from the sample. At the same time,
the applied potential difference is always below the
threshold of the field ion evaporation from the sample
surface. The evaporation of ions from the sample sur-
face results from an additional pulsed action that
allows registration of the time of the ion escape from
the sample and determination of the time of flight of
an evaporated ion after it hits the detector. As a result,
the data are used to determine the mass-to-charge
ratio for the particle that was evaporated from the sam-
ple and the particle position on the sample. A working
prototype of a tomographic atom probe, a so-called
PoSAP, was presented in 1980 [3]. Subsequently, var-
ious concepts of APT facilities were proposed and
tested [4—6].

Because the APT technique allows one to conduct
investigations of materials with nanostructural spe-
cific features, this technique is especially in demand in
modern materials science. In particular, APT investi-
gations make it possible to reveal nanosize precipita-
tions that contain only several atoms and ascertain the
chemical nature of each of them [7—10]. By analyzing
the samples that were subjected to various thermal and
radiation actions using an atom probe, one can
observe the growth or dissolving dynamics of nano-
precipitations, changes in their composition and dis-
tribution of elements, the evolution of the local chem-
ical composition and the cluster structure, etc. [10].
Investigations of the above phenomena using an atom
probe have unique capabilities that exceed those of
other techniques up to now [9, 11]. In Russia, APT
investigations began in 2003 at the Institute of Theo-
retical and Experimental Physics [12] on the ECOTAP
(CAMECA) energy-compensated optical tomo-
graphic atom probe. A considerable part of these stud-
ies was devoted to investigations of the nanostructures
of reactor materials both in the initial state [7, 8] and
after the irradiation with neutrons [9, 10] or ions [11,
13]. In all the above cases, the APT investigations
made it possible to reveal the specific features of the
chemical composition of the nanostructures of steels,
which are unattainable with other techniques.

A specific feature of the ECOTAP is the electric-
pulse evaporation of atoms from a sample, which
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Fig. 1. A diagram of the APPLE-3D atom-probe prototype with laser evaporation and a detector on delay lines. ADC is the ana-

log-to-digital converter.

allows to investigate conducting materials. The appli-
cation of a reflectron [14] provided a rather high mass
resolution: M/AM > 600. The investigated volumes
were on average ~10 x 10 X (100—500) nm?. The value
of the cross section of the investigated volume is deter-
mined mainly (at a fixed geometry) by the size of the
detector (~80 mm), while the depth of the investigated
volume is determined by the stability of a particular
sample under the influence of the evaporating action,
which enhances with an increase in the radius of the
sample tip during the experiment. The data collection
rate (1—10 atoms/s) is limited by the speed of opera-
tion of the optical camera that is used in the ECOTAP
detector to determine the position of an ion that
arrives.

The APT technique has been actively developed in
the recent years. New types of detecting and evaporat-
ing systems were introduced and the data-reconstruc-
tion algorithms were improved [15]. This paper pres-
ents the results of the development of an atom probe
prototype (APPLE-3D) with the use of a position-
sensitive microchannel detector with delay lines
(DLD detector) and laser evaporation of atoms for the
tomographic analysis of the chemical composition of
materials.

EXPERIMENTAL SETUP SCHEME

As mentioned above, the APT technique involves
the controlled evaporation of atoms from the sample
surface and their subsequent detection [3]. In the
developed prototype, controlled evaporation is per-
formed using a pulse laser source. The use of a laser
makes it possible to investigate a wide range of materi-
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als: metals, semiconductors, ceramics, glasses, and
even some biological objects [ 16—18]. A position-sen-
sitive DLD detector that allows an increase in the
data-collection rate by more than one order of magni-
tude in comparison with the ECOTAP facility was
chosen as the detection system. It also provides the
detection of multiple events (simultaneous arrival of
several particles at the detector). The simplest geome-
try, in which the sample—needle is placed opposite the
detector, is used in the APPLE-3D (see Fig. 1).
The distance from the sample tip to the detector is
~183 mm. This geometry makes it possible to avoid
difficulties in the adjustment of additional ion-
deflecting systems [ 18, 19] and also allows the applica-
tion of standard data-reconstruction algorithms [20].

THE VACUUM SYSTEM

When atom-probe investigations are conducted, it
is necessary to provide an ultrahigh vacuum in the
analyzed volume. The diagram of the arrangement of
the vacuum volumes is shown in Fig. 2. CF-type com-
pounds with copper spacers were used. The vacuum
volumes are evacuated using two- or three-stage sys-
tems of pumps (Pfeiffer Vacuum) for the charging and
analytical volumes. The first stage for both volumes is
a dry scroll backing pump; it provides a rarefaction of
~10—3 Torr. Further, turbomolecular pumps are
installed: one on the charging chamber and two on the
analytical volume. The pressures in the chambers are
measured with hot-cathode ionization vacuum gauges.
The pressures in the analytical and charging volumes
are 5.0 X 10-'%and 4.0 x 10~° Torr, respectively.
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Fig. 2. The diagram of the arrangement of the main vac-
uum volumes of the APPLE-3D: () cryosystem; (2) mea-
surement volume; (3) air-lock chamber; (4) turbomolecu-
lar pump; and (5) transfer rod.

APT SAMPLES AND THEIR LOADING
INTO THE APPLE-3D

The investigated samples—needles are prepared of
metal strips with dimensions of 0.3 X 0.3 X (10—15) mm,
one of whose ends is treated using the electrochemical
technique in order to obtain the tip radius about 50—
100 nm. In this case, it is necessary that the sample
tapering be no larger than 11°. The sample shape is
controlled using a transmission electron microscope
(an example of the sample image is shown in Fig. 3a).
The other end of the metal wire is tightly fixed first in
a nickel tube and then in a copper tube, which is finally
inserted into a special copper chuck. Figure 3b shows
the elements of the sample holder. When the sample is
charged into the prototype, the chuck with the sample
is attached to a rod through the charging chamber;
after the charging chamber is evacuated, the chuck is
transferred to the analytical volume, where it is fixed
in the holder to be investigated. The same rod is used
to extract the sample after the investigation.

Since a high voltage is fed to the sample, the chuck
must be electrically insulated from other units of the
system. For this purpose, the outer part of the holder
of the chuck with the sample (which is fixed in the
working volume) is manufactured of ceramics. This
holder is also attached to a system of cryoconductors
that lead to a PT805 cryohead (produced by Cryo-
Mech). This cryosystem allows a sample to be cooled
to 20 K. The majority of APT investigations are per-
formed within a temperature range of 20—80 K.

THE DETECTION SYSTEM

A position-sensitive detector on the basis of Roent-
Dek DLD120 delay lines with an effective diameter of
120 mm is used to detect evaporated ions. The detect-
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Fig. 3. (a) An example of the image of the tip of a ready
sample in the transmission electron microscope and (b)
elements of the sample holder.

ing system consists of an assembly of microchannel
plates (MCPs) and a system of anodes, an amplifier of
a signal from the detector, and an analog-to-digital
converter (ADC) for digitizing and transmitting data
to the computer. Data can be digitized at a sampling
frequency of up to 5 GHz. The detection principle is
based on the delay lines [21]. An ion enters a channel
of the MCP and generates a cloud of electrons, which
then arrive at the system of anodes. The signal is then
amplified in the amplification module and transmit-
ted to the ADC. The coordinates of particles that hit
the detector are determined with an accuracy of better
than 100 wm, thus making it possible to provide a spa-
tial resolution of the prototype that approaches the
atomic resolution. The size of the detector substan-
tially exceeds that of the detectors in modern industri-
ally produced LEAP 3000 or LEAP 4000 apparatuses.
The effective area of the detector together with a 183-mm
ion flight length allow one to attain a data-collection
angle of =32°, which is comparable to that in analo-
gous facilities [22].

THE EVAPORATION SYSTEM

DC voltage from a FuG Electronik GmbH high-
voltage source (up to 13 kV) is fed to a sample to evap-
orate atoms (ions). A TEAT-25ST laser system (pro-
duced by Avesta-Proekt, Moscow) is used as the
pulse-evaporation source. This system allows genera-
tion of pulses with a duration of 60 fs. The pulse energy
Vol. 60
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Fig. 4. A mass spectrum that was obtained using the
APPLE-3D in studies of a tungsten sample.

ranges from 0.1 to 250 uJ and is chosen before the
experiment depending on the sample material. The
fundamental wavelength is 1030 nm, which allows
three harmonics for evaporating a sample to be
obtained: 515, 343, and 257 nm. These wavelengths
make it possible to investigate metals and semicon-
ductors [23], as well as some dielectrics [24]. The
operating laser frequency is at most 50 kHz. Laser
radiation is focused using a system of lenses to the tip
of the sample; the diameter of the laser beam on the
sample is ~50 um. The laser beam is injected into the
investigation chamber using a system of mirrors and
stepping motors, which provide a positioning accuracy
of better than 2 um. The laser beam is injected into the
vacuum volume through a special quartz window with
a transmittance of greater than 95% for each of the
above three harmonics. The laser system also gener-
ates a sync pulse for measuring the time of flight of
particles, which is then fed to the input of the ADC
module in the detection system.

APT INVESTIGATION TECHNIQUE

After a sample is loaded into the analytical volume
and the slide gate, which separates air-lock and mea-
surement volumes, is closed, the vacuum in the latter
volume is reduced to values of ~5.0 x 10~'° Torr and
the sample is cooled to temperatures of 20—80 K to
minimize the thermal motion of atoms. Subsequently,
a constant positive voltage is fed to the sample to cre-
ate a field at the sample that is required for the evapo-
ration (approximately 10 V/nm) [25]. Because the
radius of the sample tip is small, the required evapora-
tion-inducing field can be attained by applying only
several kilovolts. It should be noted that the produced
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field is close to the spontaneous evaporation of the
material but insufficient for its onset. To initiate the
evaporation, the sample is irradiated with a laser pulse.
The selected laser-radiation intensity is such that the
probability of evaporating one ion from the sample
within one pulse is ~0.05 [26]. The evaporated ion
escapes from the sample surface perpendicular to it
along the field lines. Because the field near the sample
tip is inversely proportional to the distance to its sur-
face, its accelerating effect rapidly becomes weak and
the ion flies further at a fixed velocity and virtually
rectilinearly. The detector fixes the moment of the
arrival of the ion; as a result, the time of the ion flight
that passed from the instant of its evaporation from the
sample surface due to the pulse action is determined.
The coordinates of the point of the ion arrival at the
detector are also registered. All of the data from the
detection and evaporation systems is then entered to
the computer. The evaporation procedure of material
atoms is repeated many times until the sample
degrades or the study is stopped by an operator. The
file of collected data includes the consecutively written
data on each registered ion: the coordinates of its
arrival at the detector, its time of flight, and the evap-
oration voltage. After the data are collected, the mass
spectrum can be identified and the 3D arrangement of
ions can be reconstructed using a special data-recon-
struction program [26].

THE CHARACTERISTICS
OF THE APPLE-3D DEVICE

The operability of the prototype was tested using
polycrystalline tungsten. This metal evaporates rather
well, has a high melting temperature, and has a body-
centered cubic crystallographic lattice with a lattice
parameter of 0.316 nm. Figure 4 shows the measured
mass spectrum in which the peaks of all stable tung-
sten isotopes, which correspond to ions with a charge
of 3%, are clearly observed. Tungsten ions with other
charges were not detected. The mass resolution M/AM
was greater than 600 at the peak half-height of the '$4W
tungsten isotope.

Figure 5 shows the atomic map of the investigated
volume of the sample, on which each point corre-
sponds to a detected tungsten ion. Atoms of other
types were not detected. To determine the egress loca-
tions of crystallographic planes on the surface of the
investigated sample—needle, a 2D histogram of the
distribution of events on the detector was constructed
(Fig. 6).

The types of crystallographic directions were deter-
mined according to this diagram. The atomic planes in
the (100) direction, which is virtually coaxial to the
investigated sample, can be also observed in the
atomic map (Fig. 5) of the sample. It is known that the
best spatial APT resolution is attained precisely in the
Vol. 60
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Fig. 5. The atomic map of a part of the investigated volume
of the tungsten sample. The enlarged fragments show the
atomic planes that correspond to two different egress
points of the crystallographic planes.

direction of the sample axis [22]. The measured inter-
planar distance is 1.58 £ 0.03 A, which coincides with
the tabulated value (1.58 A) within the error limit.
Atomic planes in the (011) direction, which lie at an
angle to the sample axis, are also seen in the atomic
map (Fig. 5). The measured interplanar distance for
these planes is 1.9 + 0.3 A, which coincides with the
tabulated value (2.23 A) within the error limit. Observ-
ing these planes from two different crystallographic
egress locations allows one to consider that the lateral
resolution of the APPLE-3D is ~2—4 A and the depth
resolution is ~1—2 A. Note that the obtained spatial
resolution is characteristic of most APT facilities.

CONCLUSIONS

The APPLE-3D atom-probe prototype with laser
evaporation and a detector on delay lines, which was
developed and put into operation at the Institute for
Theoretical and Experimental Physics named by A.L.
Alikhanov of National Research Centre “Kurchatov
Institute”, is described. The results of the study of
tungsten samples on the APPLE-3D facility showed
that the investigated area is ~50 % 50 x 1000 nm?, the
mass resolution is more than 600, and the spatial res-
olution is no worse than 4 A. The facility performs
efficient investigations of virtually any metal sample
and has potential for studying semiconductors and
dielectrics.
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