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Design of a femtosecond laser assisted tomographic atom probe
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A tomographic atom probe �TAP� in which the atoms are field evaporated by means of femtosecond
laser pulses has been designed. It is shown that the field evaporation is assisted by the laser field
enhanced by the subwavelength dimensions of the specimen without any significant heating of the
specimen. In addition, as compared with the conventional TAP, due to the very short duration of
laser pulses, no spread in the energy of emitted ions is observed, leading to a very high mass
resolution in a straight TAP in a wide angle configuration. At last, laser pulses can be used to bring
the intense electric field required for the field evaporation on poor conductive materials such as
intrinsic Si at low temperature. In this article, the performance of the laser TAP is described and
illustrated through the investigation of metals, oxides, and silicon materials. © 2006 American

Institute of Physics. �DOI: 10.1063/1.2194089�
I. INTRODUCTION

Over the last 15 years, the atom probe tomography
�APT� or the three dimensional atom probe �3DAP� has un-
dergone many improvements, making it a well established
nanoanalysis tool in materials science.1–3 Due to its ability to
map out the distribution of single atoms in a material in the
real space on a nearly atomic scale, it has been extensively
applied to the investigation of a number of materials, allow-
ing a better understanding of physical phenomena involved
in materials science. At the time of the nanoelectronic and
with the constant progresses made in the miniaturization of
electronic devices, the TAP could be a key tool in the inves-
tigation of physical phenomena, such as dopant diffusion or
interface segregation, that control the electrical properties of
these devices.

In the conventional 3DAP, single atoms are field evapo-
rated from the surface of a tiplike shape specimen biased at a
high positive voltage. The use of high voltage �HV� pulses
allows their chemical identification by time-of-flight mass
spectrometry. However, in the case of poorly conductive ma-
terials, HV pulses cannot be properly transmitted to the
specimen apex.4 Due to the electrical environment surround-
ing the specimen, the system acts as a low pass filter with a
cutoff frequency inversely proportional to the material resis-
tivity. The resistivity over which a 3DAP analysis of a ma-
terial is no longer possible depends on the instrument con-
figuration. It can be estimated over 1–102 � cm.5 A HV
pulsed analysis of highly doped semiconductors with a resis-
tivity of about 10−2 � cm has recently been reported.6 In
addition to make the TAP analysis of poor conductive mate-
rials impossible, the need for HV pulses results in two other
drawbacks of the technique. The use of HV pulses with a
duration in the nanosecond range results in a spread in the
energy of emitted ions. The resulting spread in ion flight
times makes the mass resolution of the technique insuffi-
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cient. It has been shown that the use of an energy compen-
sating device, such as a reflectron lens, can significantly im-
prove the mass resolution.7,8 However, these devices have a
limited acceptance angle so that they cannot be used in a
3DAP with a significantly enlarged field of view. Lastly,
sample rupture is often observed under HV pulsing probably
due to the cycling stress generated by the pulses during the
analysis.9 This is particularly the case in the investigation of
oxides or multilayers deposited on a metal or semiconductor
substrate. Due to their poor adherence on the substrate, these
layers are often observed to be removed at once as soon as
HV pulses are applied on the specimen.

Over the last 30 years, different attempts have been
made in order to overcome these atom probe drawbacks. The
main concern was to extend the field of application of the
technique to poor conductive materials. In addition, efforts
have been made in order to significantly increase the amount
of data resulting from a sample investigation by increasing
the field of view of the technique.

A first approach to overcome these shortcomings is the
scanning atom probe �SAP� introduced by Nishikawa and
Kimofo in 1993.10 In the SAP, a large number of tips are
prepared onto a flat substrate. A single tip can be selected by
means of a microelectrode �ME� accurately positioned a few
microns above the tip. Atoms are removed from the surface
of the tip by means of high voltage pulses and projected onto
a position-sensitive detector �PSD� in the same way as in a
conventional 3DAP. In the SAP, the small amount of data
that results from the analysis of a single tip is counterbal-
anced by the large number of tips available. The most inno-
vative idea in the SAP is that, because the tip to ME distance
is small, lower voltages are required to reach the evaporation
field of the material. By using a dual electrode, a postaccel-
eration and/or a postdeceleration of ions may be used to
lower the relative energy spread of emitted ions, resulting in
an improved mass resolution.11,12 Despite the significant in-
crease in mass resolution, it is still insufficient to clearly

resolve the mass peaks of chemical elements with very close
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mass to charge ratio.13,14 However, the SAP meets with tech-
nical problems due to the small distance between the ME and
the specimen array. Because the ME is placed very close to
the sample which is positively biased, any asperity on the
ME can act like a microtip negatively biased so that a field
emission can occur, leading to the possible destruction of the
ME. At the end, since the SAP still relies on HV pulsing
assisted field evaporation, its application to insulating mate-
rials encounters the same issues as those encountered in the
conventional 3DAP. However, it is worth noting that signifi-
cant progresses have been made in the SAP development and
have provided interesting results, in particular, in the inves-
tigation of highly doped semiconductor materials.6,15

In the 1980’s Tsong and co-workers designed the pulsed
laser atom probe �PLAP� in which HV pulses were replaced
by nanosecond laser pulses.4,16–18 These works were made on
the former one-dimensional atom probe19 that only differs
from the 3DAP by a much smaller field of view since no
position-sensitive detector is used. It was shown that the use
of laser pulsing offers several advantages as compared with
HV pulsing. First, the investigation of poor conductive ma-
terials was then possible. A number of works dedicated to the
investigation of semiconductor materials,20–22 ceramics,23 or
oxide layers could be conducted for the first time. Another
advantage of laser pulsing is the absence of significant ion
energy spread, resulting in a high mass resolution. Mass
resolution over 4000 full width at half maximum �FWHM�
was reported,18 allowing the design of a straight atom probe
with a high mass resolution.

In the PLAP, because the duration of laser pulses was in
the nanosecond or subnanosecond range, the field evapora-
tion of atoms was thermally assisted. The tip apex was
heated up to temperatures allowing a thermal promotion of
the field evaporation process. The calculations of Liu and
Tsong24 show that the peak temperature of the specimen un-
der nenosecond laser pulse illumination can reach 500 K for
the highest laser powers. However, Tsong showed that the
evaporation was possible with a limited temperature increase
by using small thermal pulse amplitude.25,26 In order to avoid
preferential evaporation of low evaporation field species, a
sufficiently high power density was required. This was
achieved by a strong focusing onto the tip apex. Such a fo-
cusing is difficult to achieve in a reproductive manner, mak-
ing the amount of energy deposited on the specimen difficult
to control. As a result, the optimum conditions giving reli-
able composition measurements were sometimes very diffi-
cult to achieve.22 These technical difficulties are probably the
reasons why no laser 3DAP has been implemented since the
emergence of the 3DAP in the 1990s. Some authors sug-
gested the use of shorter pulses to avoid some of the thermal
pulsing drawbacks.27 Shorter laser pulses lead to a higher
laser intensity, making the focusing procedure easier. They
also mentioned a possible role of the laser field itself in the
field evaporation of ions, even if the effective process evoked
then was still the thermal activation of field evaporation.

In 2004, we proposed to use femtosecond laser pulses to
field evaporate the materials in the 3DAP.28,29 Because the
electron-phonon coupling time is of a few tens of picosec-

30
onds at low temperatures, ultrafast laser pulses �100 fs�
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should avoid any significant heating of the specimen during
the pulse. In addition, works made in the scanning near-field
optical microscopy domain for instance, have shown that
when a tiplike shape specimen with subwavelength dimen-
sions is illuminated by femtosecond laser pulses, the laser
field is strongly enhanced by large surface plasmon
oscillations.31–33 We have shown that, due to the field en-
hancement, the laser field can be very intense, over a few
V/Å, typical value required for field evaporation.29 In this
article, the design of a femtosecond laser assisted TAP is
presented and its general performance is discussed and illus-
trated through the investigation of metals and semiconduc-
tors.

II. INSTRUMENT DESIGN

The laser TAP is basically a conventional TAP in which
an ultrafast laser has been incorporated �Fig. 1�. The instru-
ment can be used either in the conventional pulsed voltage
�PV� mode or in the pulsed laser �PL� mode. The position-
sensitive detector used in this study is a delay line detector
with improved multihit capabilities.34 It consists of a conven-
tional 4.3 cm Roentdek delay line detector following a pair
of microchannel plates �MCPs� in a chevron configuration.
Signal output from each end of the two wire pairs are digi-
tized by means of fast digitizer boards �PXI DC 271 Acqui-
ris�. The real time sampling of signals is made at 1 or 4
gigasamples �GS�/s with a bandwidth of 1 GHz. Ion flight
time signals are taken as output from the MCP, and the po-
sitioning is calculated using signals provided by the delay
line outputs. A deconvolution algorithm is used to improve
the multihit capabilities of PSD. During this work the PSD
could be placed either at 58 cm �conventional configuration�
or at 19 cm in a wide angle �WA� configuration.

The laser system is a chirped pulse amplified Ti:Sa fem-
tosecond laser �Quantronix Integra-I�. with an average power
of up to 2 W at 1 kHz. The pulse length is 120 fs at a wave-

FIG. 1. Experimental setup scheme.
length of 788 nm. It is constituted by a doped fiber femto-
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second oscillator. The pulse is amplified using two Ti:Sa
stages. The output beam is a TEM00 Gaussian beam with a
diameter of 8 mm. The laser beam is sent into the analysis
chamber through a glass window. The laser power can be
tuned from 0 to 2 W using an attenuator stage. The linear
polarization can also be rotated by means of a zero-order
half-wave plate. The beam is focused by a lens of focal
length of 25 cm. The actual size of the spot onto the speci-
men cannot be measured. It is estimated from the equation of
propagation of a Gaussian beam focused by a lens. The lens
position is set for its focal point to be in the UHV to avoid
either air ionization at the focal point or damage of the glass
window. Furthermore a charge coupled device �CCD� cam-
era �AVT Marlin F-046B� placed above the tip gives a mag-
nified image of the tip with a precision of about 10 �m. A
beam shutter is also available to work in PVAP. A fast pho-
todiode �EOT� is used to accurately measure the moment at
which a laser pulse is sent onto the tip. This signal is used to
trig the time of flight measurement channel. In order to en-
sure a good stability of the laser power, the whole electronic
device is synchronized on the 1 kHz internal clock of the
laser that delivers pulses at 1 kHz. At last, an optical para-
metric amplifier �Light Conversion, TOPAS 4/800� has been
recently implemented at the output of the laser to enable to
tune the wavelength from 275 to 2200 nm.

III. RESULTS

A. Laser assisted field evaporation

In the 3D atom probe, surface atoms are removed by the
application of a high electric field F. This field is obtained by
applying a voltage V on the tip of radius R:

F =
V

�R
, �1�

where � is a geometric factor.35,36

The presence of F at the surface makes ionic states more
stable than atomic states as the distance from the surface
increases. Ionization is possible because of thermal vibra-
tions that allow atoms to overcome the surface potential bar-
rier. The probability P to field evaporate an atom follows a
Maxwell-Boltzmann law, P=� exp −Q�F� /kBT, with � the
atom vibration frequency, Q�F� the field-dependent potential
barrier, kB the Boltzmann constant, and T the tip temperature.
P is thus very sensitive to the field F and can be accurately
adjusted via the total field set around a value called the
threshold evaporation field �TEF�.

In the HV pulsed atom probe, a fraction �typically 20%�
of the total voltage V is applied by means of HV pulses that
lowers the potential barrier height for a short time �1 ns�,
allowing the chemical identification of the evaporated ions
by time of flight mass spectrometry. For a flight path L,
assuming that an ion of mass over charge ratio M acquires
the whole energy on a very short distance, the mass is given

by
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M = K�Vdc + Vp�
t2

L2 , �2�

where t is the ion flight time, K a constant, Vdc the standing
voltage, and Vp the pulse amplitude. In order to avoid the
preferential evaporation of atoms having the lowest evapora-
tion field, the pulse fraction �=Vp / �Vdc+Vp� has to be set at
a minimum value that ranges from 15% to 25% depending
on the material to be analyzed. Due to Eq. �1�, � is also the
fraction of the pulsed field Fp over the total field applied on
the specimen, �=Fp / �Fdc+Fp�.

In the field evaporation assisted by laser pulses, a stand-
ing field is applied on the specimen by means of a standing
voltage Vdc while the pulsed field is generated by the laser
itself. For a laser with a pulse energy Ep and a duration �
focused on a spot of diameter D, the intrinsic laser field Fi

can be calculated from the formula linking the peak intensity
I and the Poynting vector of the plane wave produced by the
laser source:

I =
4Ep

�D2�
=

�0c

2
Fi

2, �3�

with �0 the electric permittivity of the vacuum and c the
celerity of light in vacuum. At optical frequencies �1015 Hz�,
the laser field oscillates too fast to allow the field evaporation
of surface atoms. The potential barrier is lowered during a
time much smaller that the vibration time of surface atoms
�10−13 s�. We have recently shown that the field evaporation
process under femtosecond laser pulsing cannot be explained
by a thermal process nor by a photon excitation mechanism
as proposed by Tsong in the case of nanosecond laser
pulses.25 We have shown that the laser field generates a tera-
hertz pulse at the tip surface with a duration equal to the
duration of the laser pulse, �, sufficient to promote the field
evaporation of surface atoms.37 The generation of this tera-
hertz pulse involves a nonlinear optical process called optical
rectification that is only possible at the specimen surface
constituting a lack of symmetry in the material. In addition
the optical rectification signal is enhanced due to the laser
field enhancement at the surface. The amplitude of this tera-
hertz pulse depends on many parameters such as the dielec-
tric permittivity of the medium, the laser intensity or the
wavelength, and the polarization of the wave. A good esti-
mate of this amplitude can be obtained from Ref. 37 where it
is shown that the actual field brought by the wave is much
higher than the intrinsic laser field Fi. The ratio between the
laser field Flaser and the intensity I is an important parameter
hereafter called the laser field factor �LFF� �.

In the laser assisted �LA� field evaporation, � has to be
determined in order to set the fraction of the pulsed field � at
a value close to that commonly used in the HV mode. There
are different ways to determine �. A first method is based on
the observation of the field evaporation of a material in the
field ion microscope �FIM�. In the FIM, the surface of the
specimen can be imaged with an atomic resolution. An im-
aging gas �usually He or Ne� is introduced in the UHV cham-
ber while a high voltage is applied to the specimen. Due to
the high electric field at the tip surface, gas atoms are field-

ionized and projected onto an imaging screen where they
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form an image of the surface with a high magnification. If
the specimen voltage is increased further, the surface field is
sufficient to promote the field evaporation of the material.
Thus, by comparing the standing voltage necessary to reach
the TEF in the HV mode and that necessary to obtain the
evaporation under laser illumination, a measurement of Flaser

can be made. The dependence of Flaser on the angle of polar-
ization of the wave as observed on a pure W specimen is
reported in Fig. 2. The W was imaged in He so that the TEF
of W is Fth�50 V nm−1. The pulse energy and the spot di-
ameter were set in order to get an energy density of
40 �J mm−2. For an axial polarization, the standing voltage
required to remove W atoms was about 8 kV, corresponding
to a standing field Fdc�43 V nm−1. As a result, the effective
laser field is 7 V nm−1 and ��0.2 V nm−1/GW cm−2. Note
that the effective laser field is 70 times larger than the intrin-
sic laser field Fi that can be estimated to 0.1 V nm−1. The
effective laser field can also be simply measured in the
3DAP analysis mode by performing an analysis in HV mode
prior to the LA mode. The comparison of the total voltage
required to remove the material in HV mode and the standing
voltage required in LA mode gives a good estimate of the
actual laser field. Note that this procedure has only to be
done once on a material. The � factor depends on the mate-
rial and can vary from an order of magnitude from one ma-
terial to another. However, it has been shown37 that the ef-
fective laser field �ELF� dependence on 	 follows a square
cosine law for all materials:

Flaser = �I cos2 	 . �4�

This dependence is shown in Fig. 2. This makes it pos-
sible to control the ELF applied on the specimen by tuning
the polarization of the wave by means of a second zero-order
half-wave plate �Fig. 1�.

A sequence of the field evaporation of W atoms on a
�110� W pole under laser illumination is shown in Fig. 3. The
evaporation is very steady and the way the material is re-
moved looks very similar to what is observed in the HV
mode. Kink site atoms located on the pole edges are first
removed so that the pole radius smoothly decreases until it is
reduced to a single atom. Neither atom migration prior to the

FIG. 2. Effective laser field as a function of the angle of polarization of the
wave with respect to the main tip axis.
evaporation nor promotion of atoms from deeper layers has
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been observed conversely to observations made under nano-
second laser pulse illumination.16 This suggests a small tem-
perature increase under pulsed laser illumination during and
after the pulses. This has been confirmed by our recent study
of the tip temperature evolution after the application of a
femtosecond laser pulse. These results are described
elsewhere.38 They showed that the tip temperature increase
was below 200 K for W and below 50 K for Al, temperatures
far too low to allow a thermally activated field evaporation.
A temperature of at least 350 K would have been required in
the case of W. In addition, the temperature was found to drop
down to the specimen average temperature ��50 K� in a few
hundred nanoseconds, i.e., in a time much smaller than the
millisecond that separates two successive laser pulses.

B. Time-of-flight mass spectrometry

The alignment of the beam on the tip is made by means
of a CCD camera focused on the specimen. The beam is
roughly positioned on the shank of the tip using the mi-
crometer screws of the lens and the mirror. The spot is then
moved along the main tip axis so as to observe a diffraction
pattern indicating that the spot is located at the tip apex
�picture in Fig. 3�. Note that due to the field enhancement, a
strong focusing is not necessary and the spot diameter is set
around 1 mm. This makes the alignment very easy and en-
sures that the tip apex is located is the beam, even in case of
possible vibrations of the specimen generated by the cooling
stage for instance.

The ELF is set at about 20% of the TEF and the dc
voltage is then increased until the evaporation of atoms is
detected. In order to compensate for the tip radius increase
due to the removal of the material, the dc voltage is continu-
ously increased in the same way as in the HV mode. The
laser field can also be increased to keep the pulse fraction
sufficient by rotating the polarization of the wave. However,
while in the case of the conventional 3DAP the pulse fraction
has to be kept constant over the whole analysis, an accurate

FIG. 3. FIM image showing the evaporation sequence of the �110� pole on
a pure W specimen illuminated by femtosecond laser pulses �tip temperature
of 40 K, 10−5 mbar of He, 40 �J/pulse�.
knowledge of the laser field amplitude is not necessary to
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calculate the mass over charge ratio M of ions. M is found to
depend only on the standing voltage applied to the specimen:

M = KVdc
t2

L2 . �5�

Because of the very short duration of the evaporation
pulse �terahertz�, ions are accelerated by the standing voltage
only. A mass spectrum obtained from the LA TAP analysis of
a pure W specimen is given in Fig. 4. As it can be seen,
peaks related to different W3+ isotopes are detected with the
right mass over charge ratio using Eq. �5�. This mass spec-
trum is compared with that obtained in the conventional HV
mode in the same conditions. The mass resolution improve-
ment is clear, all the W3+ isotope peaks being well separated
conversely to the HV mode. In addition, in the LA mode
mass peaks do not have the exponentiallike shape tail having
a quasi-Gaussian shape. The mass resolution is 1500 FWHM
and 750 full width tenth of the maximum �FWTM� in the
laser mode. In the HV mode, it is only 250 FWHM and about
50 FHTM. This suggests the absence of a significant energy
spread of the emitted ions as expected from the very short
duration of the pulse. Ions are mainly accelerated by the dc
field in the same way as in the former PLAP. The mass
resolution results from errors made on the measurements of
the flight time, the flight path, and the voltage applied on the
specimen, Vdc. From Eq. �5� we can write

�
M

M
�2

= �
Vdc

Vdc
�2

+ �2

t

t
�2

+ �2

L

L
�2

. �6�

The error on the distance simply generates a systematic
shift of the mass spectrum that can be easily corrected. Note
that this is true only if the detector is small enough or posi-
tion sensitive. The standing voltage is measured by means of
a 16 bit analog-to-digital converter. The error made on the
total voltage is then 
Vdc/Vdc�5.10−5 for the worst case.14

Timing errors are controlled by the precision of the PSD
used in this study. For a sampling frequency of 1 GHz, it can
be estimated below 1 ns.34 As the voltage on the specimen
increases, flight times decrease so that the relative timing
error varies with Vdc. The changes of 
M /M with the flight

FIG. 4. W3+ mass peaks as measured from a LA TAP analysis �black� and a
HV TAP analysis of a pure W specimen.
times are reported in Fig. 5. The evolution expected from Eq.
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�6� with a timing error of 0.8 ns �dashed line� is consistent
with the experimental points.

C. 3D imaging capabilities

In the 3DAP, ions removed from the specimen surface
are projected onto a position-sensitive detector. The magni-
fication of a 3DAP is G=L / �m+1�R with m a constant close
to 1. For a typical tip radius R of 50 nm and a flight path
L=0.5 m, G is close to 107. Atom position within the surface
of analysis is simply the impact coordinates onto the PSD
divided by G. 3D images are reconstructed assuming that all
the atoms occupy the same volume in the material. For each
detected atom, the depth in the 3D image is increased from
the same amount.2 During an analysis, due to the material
removal, the tip radius continuously increases and the mag-
nification changes. In the HV mode, the change in R is com-
pensated by an increase of the total voltage so as to keep the
surface electric field equal to the evaporation field F of the
material. The change of the tip radius, and hence the change
of the magnification, is simply derived from the measure-
ment of the applied voltage,

G =
L

�m + 1�R
=

LF�

�m + 1��Vdc + Vp�
. �7�

In the LA TAP, the electric field applied on the specimen
can be much larger than the evaporation field of the material.
In addition, only a good estimate of the actual terahertz pulse
amplitude can be obtained so that the magnification is more
difficult to determine. The simplest way to determine the
evolution of G during the analysis is to perform a short
analysis in the HV mode prior to the LA investigation. The
starting tip radius is then determined and, assuming that the
tip has a constant shank angle, the change in R and thus in G
can be simply related to the amount of material collected
along the analysis.

A 3D image obtained from the analysis of an Al based
alloy is shown in Fig. 6. The reconstruction was made as-
suming a constant shank angle of 3°. Al �100� planes are well
resolved in a direction close to the direction of analysis. This
is confirmed by the diffraction pattern as obtained from the

FIG. 5. Mass resolution changes as a function of the flight time of ions. The
observed values are compared with the values expected from Eq. �6� �solid
line� with a timing accuracy of 0.8 ns.
Fourier transform made on the 3DAP data set. This ability to
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resolve atomic planes has been observed on a wide variety of
materials. This confirms that the field evaporation process in
LA mode and in HV mode are very similar. This also vali-
dates the simple reconstruction procedure used to map out
the atom distribution in the 3D images. As it can be seen in
Fig. 6, the Al plan spacing remains constant and equal to
0.2 nm over the whole analysis volume. Note that the as-
sumption of a constant shank angle is often valid but not
always, since the tip shape can change from one sample to
another. More refined procedures will have to be developed.
A possible way to determine G would be to derive the am-
plitude of the laser field from the evaporation rate and from
the value of the standing voltage using Eq. �1�.

The LA TAP has been applied on a wide variety of ma-
terials in order to demonstrate its ability to give quantitative
3D images resolved at the atomic scale. We first investigated
well known materials whose chemical properties have al-
ready been obtained from conventional TAP investigations.
As an example, the composition measurement as obtained
from the analysis of a SC16 Ni based superalloy are reported
in Table I. This material contains large aluminum enriched
precipitates. Measured concentrations are in good agreement
with those resulting from the conventional TAP investiga-
tion. This ability to give reliable composition measurements
has been verified on all sorts of materials. This demonstrates
that no preferential evaporation of the species having the
lowest evaporation field occurred during the analysis. This
has been possible because of the estimation of the effective

FIG. 6. �Left� 3D image resulting from the LA TAP analysis of an aluminum
based alloy showing Al atomic planes. �Right� 3D diffraction pattern show-
ing that Al �100� planes are resolved.

TABLE I. Comparison of concentrations measured w
based superalloy.

Element Al �%� Ti �%� Cr �%�

HV TAP 12.04 7.92 1.73
±0.16 ±0.13 ±0.06

LA TAP 12.43 8.08 2.06
±0.33 ±0.27 ±0.14
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laser field that makes possible to set the pulsed field fraction
over 20% on all types of materials.

The new ability to obtain a good mass resolution in a
straight-type 3DAP configuration makes possible to enlarge
the field by placing the position-sensitive detector closer to
the specimen.28 Of course, because flight times are short-
ened, relative errors on timing are larger and the mass reso-
lution expected in a wide angle configuration would be less
than that observed with a conventional field of view. Analy-
ses have been performed with a flight path of 19 cm, i.e., in
a semi-WA configuration. Figure 7 gives a 3D image ob-
tained from the LA investigation of an FeCuTi alloy. Due to
the larger field of view, the number of Cu precipitates inter-
cepted is much larger than in the conventional TAP, making
the determination of the volume fraction of precipitates or
their composition measurement easier and more reliable.

D. Investigation of poorly conductive materials

As previously mentioned, the laser TAP has been used to
investigate a wide variety of materials. It has been found that
specimens are much less sensitive to rupture than in the HV
mode. This could be explained by the duration of the tera-
hertz pulses which is too short to excite phonon lattice. As a
result, no cycling stress is applied to the specimen, avoiding
a fatigue induced rupture. Of course this remains to be dem-
onstrated by dedicated investigations. Many types of materi-
als whose analysis could never be done in the conventional
TAP could be analyzed in the laser TAP. For instance, oxide
layers developed on metal tips39 or multilayers deposited on
silicon substrates could successfully be characterized. These
results will be detailed in a dedicated paper.

Si specimen could also be investigated with the laser
TAP. In the HV TAP, the nanosecond pulses cannot be prop-
erly transmitted to the tip apex on resistive materials. Due to
the sample resistance, the HV pulse is broadened, making the
time of flight analysis difficult and causing the material to be
removed by clusters or in the form of complex molecular
ions. This is illustrated in Fig. 8 which shows showing a
mass spectrum related to the conventional TAP analysis of a

he conventional TAP and with the LA TAP in a Ni

Fe �%� Ni �%� Mo �%� Ta �%�

0.02 75.59 0.53 2.18
±0.01 ±0.21 ±0.04 ±0.07
2.07 75.18 0.84 1.34

±0.03 ±0.43 ±0.09 ±0.11

FIG. 7. LA TAP analysis of FeCuTi alloys in a semi-WA configuration. The
size of the volume is 25�25�150 nm3. Only Cu atoms are represented.
ith t
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low B doped Si with an electrical resistivity slightly over
1 � cm. Many molecular species such as silicon hydrides or
silicon clusters are detected. Due to the enlargement of the
evaporation pulse, mass peaks present a wide tail lying on
several amu, making the identification of the different chemi-
cal species difficult. We have investigated an intrinsic Si
sample with a high purity �impurity level �1011 cm−3�. The
tip was prepared by ion milling using a focused ion beam40

with a Ga ion source. The mass spectrum obtained with the
laser TAP and the resulting 3D image are shown in Fig. 9. As
it can be seen Si is mainly field evaporated as single ions
despite the detection of a small fraction of Si clusters. Mass
peaks are well defined and no molecular ions were formed
during the evaporation. This demonstrates that the pulsed
field is efficiently applied at the specimen surface. The speci-
men resistivity being above 104 � cm at room temperature
and the tip temperature being 40 K during the analysis, this
specimen can be considered as an insulator since no carriers
can be excited at such a low temperature. One can note in the
mass spectrum small peaks related to the detection of Ga
ions at the beginning of the analysis. These ions come from
the milling process during which Ga ions are implanted in
the vicinity of the specimen surface on a distance that can be
estimated to 2 nm from the 3D image provided in Fig 9.

IV. DISCUSSION

Results presented in this work show that the use of ul-
trafast laser pulses makes possible to design a 3DAP with
improved performances as compared with the conventional
3DAP. The field evaporation is assisted by the ultrafast
pulsed field generated by the laser on the specimen whose
duration is below 1 ps as described in Ref. 37. This weakens
the energy spread of the emitted ions, resulting in a signifi-
cant improvement of the mass resolution. The observed mass
resolution can be better than 
M /M =1000, i.e., even larger
than that of conventional 3DAP equipped with an energy
compensating device. Because these devices have an accep-
tance angle limited to about 10°, it was not possible to en-
large the field of view of the technique. The new ability to
get a high mass resolution in a straight-type configuration
makes possible to fully open the field of view so as collect

FIG. 8. HV TAP mass spectrum obtained from the analysis of a low B
doped silicon sample at 70 K �material resistivity �1 � cm.
the whole amount of material available from the specimen.

Downloaded 14 Apr 2006 to 193.52.145.138. Redistribution subject to
As mentioned in the Introduction, one of the main ad-
vantages of the field evaporation lies in its surface nature
allowing an in-depth investigation of a material with a reso-
lution equal to an atomic layer. We have shown that atomic
planes can be resolved in the LA TAP. This can be explained
by the surface nature of the optical rectification process re-
sponsible for the terahertz pulse generation. Because the sur-
face constitutes a lack of symmetry in the material, the laser
induced electric field lies near the surface of the sample,
preserving the unique in-depth spatial resolution of the
3DAP.

The ability to field evaporate poor conductive materials
such as intrinsic Si was already demonstrated in the 1980s
when the former pulsed laser atom probe was developed.
However, at that time, the field evaporation was assisted by
the thermal pulse induced by a strong photon absorption. In
the LA TAP, the field evaporation process is different and the
tip temperature increase under laser illumination has been
found to be much too small to allow a thermally activated
process. This temperature increase is clearly also too low to

FIG. 9. Laser TAP mass spectrum and 3D image obtained from the analysis
of an intrinsic silicon sample at 40 K �material resistivity �104 � cm.�. The
size of the image is 5�3�3 nm3. Ga atoms are imaged in the first layers of
the sample.
promote atom diffusion prior to evaporation that would lead
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to a loss in the spatial resolution. Due to the subwavelength
dimensions of the specimen apex, the laser field is strongly
enhanced so that typical intense evaporation fields can easily
be achieved without a need of a strong focusing of the light
onto the specimen. Laser pulses of a few tenths of a micro-
joules focused on about 0.5–1 mm have found to be suffi-
cient to probe a wide variety of materials. This ensures an
easy alignment procedure together with a good immunity to
mechanical vibrations always possible in this type of sophis-
ticated instrument.

Electric fields much larger than the threshold evapora-
tion field of the material can be applied conversely to the
conventional 3DAP in which the application of large evapo-
ration pulses leads to a systematic tip rupture. This brings a
decisive advantage over the conventional TAP since very
fragile materials can be investigated by keeping the dc field
sufficiently low to avoid the specimen rupture.

All our experimental results have been obtained at a
wavelength of 780 nm. This wavelength is far from typical
wavelengths necessary to generate plasmon resonance in a
material and hence a resonant enhancement of the field. This
can explain why no significant difference in the behavior of
materials under laser illumination is observed. It is clear that
the LA field evaporation will have to be investigated at other
wavelengths. An optical parametric amplifier has recently
been incorporated allowing to tune the wavelength from
275 to 2200 nm. The use of UV pulses seems interesting, in
particular, in the investigation of insulator materials in which
the break of strong covalent bounds is required. However, at
such wavelengths, the LA field evaporation might be induced
by a strong photon absorption of the medium so that a larger
specimen temperature increase can be expected. In addition,
the field enhancement should be quite different because of
possible plasmon resonance. We plan to investigate all these
effects in the near future.
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