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Abstract—Monitoring the characteristics of nanoscale objects is a necessary step in the development of new
materials and complex low-dimensional systems. Atom-probe tomography is among the few methods that
allow one to study nanoscale objects with a complex chemical composition. However, preliminary optimiza-
tion of the instrument parameters is necessary for each speciment to obtain the most accurate characteristics
of the materials. In this study, the results of optimization of conditions for the analysis of silicon and the tita-
nium—titanium-oxide transition layer on a APPLE-3D atom-probe tomograph with the purpose of refining
the atom-probe-tomography technique for metal—semiconductor structures are presented. The optimal
laser-pulse power for studying mixtures of these materials is determined. The atomic structure of the tita-
nium—titanium-oxide interface layer is visualized, and the concentration profiles of evaporated Ti and TiO,

ions in the transition layer are obtained.
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INTRODUCTION

Modern technologies for the development of new
structural materials with unique properties require the
features of low-dimensional structures to be con-
trolled, including structures at the nanoscale. Atom-
probe tomography (APT) is among the methods used
to study materials at this level. This method combines
the principles of field ion microscopy and time-of-
flight mass spectrometry applied to each atom of a
speciment vaporized in strong electric fields [1].
Unlike other methods for investigating materials, APT
visualizes the 3D atomic distribution structure
together with determination of their chemical nature.

By virtue of its unique capabilities, APT is used to
study the nanoscale features of materials with charac-
teristic sizes of 0.3—100 nm [2]. For example, it is pos-
sible to trace, using APT, the dynamics of the growth or
dissolution of nanoprecipitates and the evolution of the
local chemical composition and the distribution of clus-
ter structure elements by analyzing speciments subjected
to various heat and radiation treatments [3, 4].

At present, a number of new problems of studying
nanoscale features have arisen in the field of the devel-
opment of devices based on complementary metal—

oxide—semiconductor (CMOS) structures, which
require the nanostructure, concentration, and distri-
bution of alloying elements in the transition layers to
be controlled to optimize the device characteristics, in
particular, the operating speed and power consump-
tion [5]. Indeed, the tendency toward a decrease in the
scale of technological processes in manufacturing
CMOS structures [6] stimulates the search for new
chemical compounds with the desired electrophysical
properties.

A number of problems arising when using ultrathin
dielectric layers of SiO, (a tunneling current that
exponentially increases with a decrease in the dielec-
tric thickness, a low barrier preventing the diffusion of
alloying elements, etc.) made it relevant to search for
alternative materials for the gate contact of metal—
oxide—semiconductor (MOS) field-effect transistors.
A number of studies are known, in which titanium
inclusions are used for this purpose. For example, a
structure in which a TiO, film is separated from a sili-
con substrate by a thin SiO, layer is studied in [7]. The
design, manufacturing technology, and characteristics
of atomic nanophotonic silicon ring modulators
coated with amorphous titanium oxide (a-TiO,) are
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presented in [8]. Ternary oxides, for example,
Tig;Aly 7O, [9], were also considered as dielectrics
with a high dielectric constant.

Based on the above, a material research technique
capable of analyzing the existing three-dimensional
structure of a material at close to atomic scale can
solve problems arising in the design and further oper-
ation of promising nanostructures. Inoue et al. [10—
13] studied the distribution of alloying elements in var-
ious parts of a MOS transistor and showed that APT
can serve as a method for quantitative chemical and
structural analysis, in particular, a method for study-
ing the distribution of a dopant in the channel of MOS
field-effect transistors, which is important for sup-
pression of variability of the characteristics in the
manufacturing of new-generation electronic devices.

The aim of this study is to refine the method for
studying semiconductor structures by laser-assisted
atom probe tomography, using silicon, an oxide film
of titanium alloys, and titanium—titanium oxide tran-
sition layers as an example. The obtained information
is intended for determining the necessary parameters
of the device for studying complex structures based on
silicon and titanium.

MATERIALS AND METHODS

The prototype of a laser-pulsed atom-probe tomo-
graph (APPLE-3D) was developed at the NRC
“Kurchatov Institute”—ITEP [14]. Unlike tomographs
with high-voltage pulsed evaporation, this device is able
to study nanoscale features not only in metals, but also in
semiconductors and dielectrics [15].

When reconstructing the mass spectrum and the
3D structure of a material speciment by the APT
method, a number of artifacts that reduce the accuracy
ofthe chemical identification of atoms and which gen-
erate errors in determining the spatial coordinates of
atoms can appear. The contribution of these artifacts
to the reconstructed data can be reduced by varying
the analysis conditions (mainly, the laser pulse
power), which must be selected for each material [16,
17].

The objects of this study are silicon (purity about
99%)—which serves as the main material in the man-
ufacture of CMOS structures—and titanium alloy Ti—
6AI1—4V capable of forming a durable oxide layer with
a thickness of hundreds of nanometers and having low
conductivity. The optimal parameters of the APT
analysis for studying complex alloys were selected
using the Ti—20Zr—4Al—1.5Mo alloy. The choice of
these materials is determined by the task of character-
izing the structural features and chemical composition
of the semiconductor—conductor interface using the
APT method.
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The speciments were fabricated using a Helios
Nanolab 600 instrument (FEI Inc., United States)
with a focused ion beam (FIB) by the procedure
described in [18]. The tips of the titanium-alloy speci-
ments were not coated with any coating that could stop
oxidation of the material. The silicon speciments were
not subjected to additional processing.

SELECTION OF THE EVAPORATION
PARAMETERS

To optimize the parameters used in the analysis of
materials on a laser-pulsed atom-probe tomograph
and to minimize artifacts associated with multiple
events (evaporation of two or more atoms with one
laser pulse), it is necessary, first of all, to select the
laser power (P,,) for each material [17].

In some cases, it is difficult to identify the peaks of
the mass spectra from different ions in complex mate-
rials because of the broadening of these peaks due to
insufficient cooling of the speciment tip after a laser
pulse hits (they sometimes refer to the appearance of
so-called “thermal tails” on the mass spectra), which
is typical for laser-assisted APT [19]. As regards the
research topic addressed in this article, thermal tails
from peaks of doubly ionized titanium Ti** (main peak
23.97 Da) can contribute to errors in determining the
number of events of singly ionized silicon Si* (main
peak 27.98 Da). If the evaporation conditions are
selected so that singly ionized silicon Si* and singly
ionized titanium Ti" (main peak 47.95 Da) are pre-
dominantly evaporated, then the mutual influence
will be at the minimum level and the chemical nature
of atoms of the material will be determined with max-
imum accuracy.

For silicon, the ratio of the number of events Si* to
Si** was analyzed for the following P, values: 1.1, 1.5,
1.9, 2.8, 4.0, and 5.9 mW. Statistical data analysis is
performed for 400 thousand events per state. At the
same time, the number of multiple events was moni-
tored to make sure that it did not exceed 10% of the
total number of events. The speciments were analyzed
with the following instrument parameters: speciment
temperature 50 K, evaporation rate 100 events/s, and
laser-pulse frequency 25 kHz. The pulse duration was
300 fs. The above instrument parameters are then con-
sidered the standard parameters unless otherwise
specified.

To refine the methodology for studying titanium
alloys, similar laser-power selection was applied to
Ti—20Zr—4Al—1.5Mo in order to analyze the depen-
dences of the contribution of titanium ions with differ-
ent degrees of ionization to the total spectrum and the
number of multiple events on the laser-radiation
power P,,.. For titanium, a degree of ionization of 2% is
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Fig. 1. Fraction of Si* atoms in the total number of recorded silicon atoms (main scale) and the fraction of multiple events (aux-
iliary scale) for two silicon speciments studied at different laser radiation powers Py,¢. The use of two speciments is determined by
the need to collect sufficient statistics. The statistical variance [22] is indicated as errors. The dependence of the fraction of mul-
tiple events on the laser radiation power is approximated by a linear function for clarity.

most advantageous for evaporation [1]; therefore, the
task of selecting the laser power also included exclu-
sion of the evaporation of ions with degrees of ioniza-
tion of 1" and 3*. Studies were conducted with P,,, val-
ues equal to 4, 6, 10, and 15 mW. The analyzed data
statistics include 390 thousand events per state.

Ti—6Al—4V alloy, from which a speciment oxi-
dized in air under normal conditions was prepared for
the APT study, is used as the simplest model of the
semiconductor—conductor structure. To visualize the
features in the distribution of Ti and TiO,, atomic
maps of the transition layer were constructed. Analysis
was carried out with standard parameters, with the
exception of a laser power of 12.5 mW. About a million
events were analyzed.

Reconstruction of the 3D atomic distribution of
materials, and analysis of their mass spectra and the
number of multiple events were performed using the
KVANTM-3D software package developed at the NRC
“Kurchatov Institute” —ITEP [20, 21].

RESULTS AND DISCUSSION
Optimization of Silicon Evaporation

Figure 1 shows the fractions of singly ionized sili-
con atoms in the total number of detected silicon
atoms, as well as the contributions of multiple events
in each study. For the selected laser-power range, the
relative number of multiple events did not exceed 4%
and tended to decrease with an increase in Py, which
indicates that the data are collected in the permissible

power ranges. This trend is known in publications,
including for semiconductors [23]. Due to the fact that
the evaporation field for silicon is smallest for doubly
ionized ions, Si** ions evaporate first [22]. Neverthe-
less, the obtained data show that the number of singly
ionized silicon ions increases substantially with an
increase in the laser radiation power to 6 mW; at the
same time, the proportion of multiple events remains
practically unchanged.

As can be concluded from the above, a slightly
higher power might be used in studies of complex
materials that contain silicon in their composition, if it
is necessary for the optimal evaporation of other com-
ponents of the material. For example, if the silicon
matrix contains inclusions of elements for which the
mass-to-charge ratio is in the range of 28—30 Da
(Co**, Fe?*, Mn?*, etc.), then the use of low laser
powers (1—2 mW) will be most beneficial under con-
ditions that the evaporation of interesting elements
also occurs with an insignificant number of multiple
events (less than 10%). Otherwise, the laser power can
be increased to 6 mW, which will not lead, as shown,
to a failure in the chemical identification of silicon due
to an increase in the number of multiple events. How-
ever, it should be noted that excessive heating of the
surface of the test speciment can give rise to a decrease
in the spatial resolution [24].

The mass spectrum of a silicon speciment recorded
using the minimum laser radiation power is shown in
Fig. 2. In this case, the mass resolution M/AM,yq of
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Fig. 2. Mass spectrum of the silicon speciment recorded with a laser power of 1.1 mW.
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Fig. 3. Mass spectrum of the Ti—20Zr—4Al—1.5Mo alloy recorded with a laser power of 15 mW.

the main peak at a laser radiation power of 1.1 mW is
118 arb. units, and M/AMsyq, = 292 a.u.

Optimization of the Parameters of Titanium-Alloy
Evaporation

The characteristic mass spectrum of an investi-
gated fragment of the Ti—20Zr—4Al—1.5Mo titanium
alloy is shown in Fig. 3. As can be noted from analysis
of the obtained mass spectrum, singly ionized tita-
nium mainly evaporates in the form of a hydride. Tak-
ing into account the peculiarities of laser evaporation

in APT, the following two possible reasons for this
effect can be distinguished: the evaporation of hydro-
gen that was in the test speciment of the titanium alloy
and the evaporation of residual hydrogen from the
vacuum system of the APT unit. The detected hydro-
gen flow due to the residual content of hydrogen mol-
ecules in the chamber is a characteristic feature of laser
evaporation in APT and is usually not taken into
account when analyzing the composition of the tested
material. In this particular case, the evaporation of
titanium hydride is not a factor that violates any
dependence and the evaporation of TiH* will be fur-
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Fig. 4. Ratio of the number of Ti" atoms to the number of

Ti?* atoms (main scale) and the fraction of multiple events
(auxiliary scale) for various laser powers. The statistical
variance [22] and linear approximation of the dependence
of the fraction of multiple events on the laser radiation

power are given.

ther considered equivalent to the evaporation of Ti™.
The superposition of the mass-spectrum peaks of
Zr*", Ti*, TiH", and Mo?*, which may complicate
calculations of the real concentrations of various
atoms in the speciment, is another important observa-
tion. Nevertheless, we consider the contribution of
Mo atoms to this peak to be unsubstantial from the
point of view of analyzing the ratio of Ti* and Ti**
atoms, since the concentration of molybdenum in this
material is about 1.5% and only 24.2% of its atoms
contribute to the mass-spectrum peak at 49 Da (Fig. 3).
Thus, the ratio of the number of events Ti* to Ti*" can
be calculated from their main peaks (28 and 49 Da,
respectively).

10 nm Ti O
| I
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It should be noted that the peaks of the main ele-
ments of the titanium alloy were difficult to identify
when reducing the laser power to 4 mW, and the num-
ber of randomly evaporated atoms exceeded 85% of
the total number of recorded events. Therefore, a fur-
ther decrease in the laser power was not applied. The
ratio of the numbers of Ti* and Ti*" atoms and the
number of multiple events for the laser-power range
6—15 mW are given in Fig. 4.

The selected range is acceptable for studying tita-
nium alloys, since the number of multiple events
under these conditions does not exceed 6%, and the
main peaks of titanium are clearly distinguishable. It
was found that the fraction of multiple events also
decreases with an increase in the P, value, as in the
corresponding dependence for silicon. For conduc-
tors, this tendency was previously shown in [16].

ANALYSIS OF THE OXIDE—METAL
TRANSITION LAYER OF THE Ti—6Al-4V
ALLOY

To demonstrate the analysis of metal—semicon-
ductor structures, the oxide—metal transition layer of
the Ti—6Al1—4V titanium alloy was studied. From this
alloy, a speciment for atom-probe analysis was pre-
pared using the FIB method. When exposed to air for
about 5 h, an oxide film was formed on the speciment
surface. Next, the speciment was analyzed by APT. An
atom-probe image of the distribution of evaporated
titanium, oxygen, and titanium-oxide ions in it is
shown in Fig. 5. The concentration profiles of Ti, O,
TiO, and TiO, ions for the selected fragment of the
speciment are shown in Fig. 6.

The oxidation of titanium can yield a TiO,g—
TiO, 5, oxide film with a nonstoichiometric ratio of
titanium and oxygen [25]. Based on the data obtained,
the formed oxide evaporates mainly through the evap-
oration of complex TiO ions, but the evaporation of
TiO,, as well as the evaporation of titanium and oxy-

TiO

Tio,

Fig. 5. Distribution of titanium and oxygen atoms in the form of evaporated Ti, O, TiO, and TiO, ions in the Ti—6Al—4V alloy

speciment.
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Fig. 6. Linear concentration profiles of the main chemical elements detected as Ti, O, TiO, and TiO, ions along the selected frag-

ment shown in Fig. 5.

gen separately, takes place in some cases. The obtained
average proportion of oxygen and titanium was about
TiOy¢. A compound with this composition is a semi-
conductor with a conductivity of about 10~* Q cm
[25]. The thickness of the transition layer can be esti-
mated on the basis of the obtained concentration pro-
files; in the selected fragment, the thickness d was
approximately 3 nm (Fig. 6).

CONCLUSIONS

In this study, the data-acquisition parameters of
atom-probe tomography are optimized with respect to
the laser radiation power for silicon, titanium oxide,
and titanium speciments by using a APPLE-3D unit.
It is found that the optimal laser power for the simul-
taneous study of all elements of heterostructures con-
taining silicon and titanium-alloy components is
about 6 mW. The mass spectra of the studied objects
are obtained, the oxide—metal transition layer of the
titanium alloy is visualized, and the concentration pro-
files of this interfacial layer are shown. The obtained
results demonstrate the applicability of devices similar to
APPLE-3D for studying complex multicomponent
media, including semiconductors, at nanoscale levels.
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