Atom Probe Tomography Using an Extreme Ultraviolet Trigger Pulse
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Atom probe tomography (APT) is a powerful materials characterization technique capable of measuring the isotopically
resolved three-dimensional (3D) structure of nanoscale specimens with atomic resolution. Modern APT instrumentation
most often uses an optical pulse to trigger field ion evaporation — most commonly, the second or third harmonic of a Nd
laser is utilized (ca. A =532 nm or A = 355 nm). Herein, we describe an APT instrument that utilizes ultrafast extreme
ultraviolet (EUV) optical pulses to trigger field ion emission. The EUV light is generated via a commercially available
high harmonic generation (HHG) system based on a noble-gas-filled capillary. The centroid of the EUV spectrum is
tunable from around 25 eV (4 = 50 nm) to 45 eV (A = 28 nm), dependent on the identity of the gas in the capillary
(Xe, Kr, or Ar). EUV pulses are delivered to the APT analysis chamber via a vacuum beamline that was optimized to
maximize photon flux at the APT specimen apex while minimizing complexity. We describe the design of the beamline
in detail including the various compromises involved. We characterize the spectrum of the EUV light and its evolution
as it propagates through the various optical elements. The EUV focus spot size is measured at the APT specimen plane
and the effects of misalignment are simulated and discussed. Long-term stability of the EUV source is demonstrated
over more than a year. Finally, APT mass spectra are shown demonstrating the instrument’s ability to successfully

trigger field ion emission from semiconductor (Si, GaN) and insulating materials (Al O3).
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I. INTRODUCTION

The ultimate goal of atom probe tomography (APT) is
to measure the identity and position of every atom in a
specimen with elemental/isotopic specificity and atomic-scale
precision.'™* An APT instrument is the union between a point
projection microscope and a time-of-flight mass spectrometer
(Fig. 1b). In APT a nanoscale needle shaped specimen is elec-
trically biased until just before DC field ion emission occurs,
then a trigger pulse initiates the timed emission of ions from
the specimen apex. The location of the ion signal on the detec-
tor in combination with the sequence of detection events indi-
cates the spatial origin of the ion on the specimen apex and the
time-of-flight of the ion determines the mass-to-charge (Fig.
Ic). These data can then be used to computationally recon-
struct the eroded volume with sub-nanometer precision (Fig.
1d).

For electrically conductive specimens such as metals,
nanosecond voltage pulses can be coupled to the specimen
apex and trigger field ion emission.’ However, specimens
consisting of materials with poor electrical conductivity do
not permit the propagation of fast voltage pulses and these
materials cannot be studied effectively with voltage-pulsed
APT.%7 Early in the development of APT it was known that
optical pulses could also be used to trigger field ion emis-
sion and in the 1980s several groups demonstrated proof-of-
principle optically-pulsed APT measurements using nanosec-
ond lasers.®"'? Unfortunately, these lasers tended to be unsta-
ble and laser pulsing did not become commonplace.

In the 2000s, several groups restarted research into
optically-pulsed APT leveraging the vast improvements in
laser technology that occurred since the original work in the

1980s. Many new instruments were described with a vari-
ety of pulsed laser technologies that varied in repetition rate,
pulse energy, photon wavelength, pulse length, and ease-of-
use.!3-23 Broadly speaking, despite the many differences, all
of these instruments demonstrated that optically-pulsed APT
had significant advantages to voltage-pulsed APT; specifi-
cally, optically-pulsed APT using pulsed lasers tends to yield
higher mass-resolving power in addition to allowing the study
of materials that are poor electrical conductors.'*!® For op-
tical pulses in the near infrared (NIR), visible (Vis), or near
ultraviolet (NUV) regions the dominant field ion emission
mechanism follows an Arrhenius rate law where the absorbed
optical energy is rapidly thermalized into the lattice and pro-
vides a thermal pulse (i.e. temperature jump) causing a short
spike in the ion emission rate,'>>4-2

While highlighting the benefits of optically-pulsed APT,
these early experiments also noted certain limitations. Most
notably is the problem known colloquially as ‘thermal tails’,
which degrade the mass-resolving power and cause a subse-
quent loss in quantification precision. Broadly, ‘thermal tails’
are believed to be a result of slow cooling of the tip apex fol-
lowing exposure to an optical pulse.’® Additionally, materials
commonly encountered in APT can have a wide range of op-
tical properties in the NIR/Vis/UV regions making it difficult
to find a pulse energy (i.e. flux or irradiance) that is uniformly
successful for all spatially distinct portions of a heterogeneous
nanostructure.

To circumvent problems associated with thermal pulsing
(via optically-induced thermal transients), research is under-
way to develop optically pulsed instruments that do not rely
on bulk optical absorption mechanisms to impart thermal tran-
sients to the APT tip. A team of researchers at the University
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(a) Schematic experimental layout on an ‘L’-shaped laser table. The Ti:sapphire laser serves as the NIR driving field for high

harmonic generation in the commercial EUV source. The EUV light is filtered and focused into the atom probe chamber via a vacuum
beamline. (b) Schematic of an optically pulsed APT experiment. A DC voltage is applied to the specimen and an optical pulse triggers field
ion evaporation. The ion is projected by the electric field to a position sensitive time-of-flight detector where it is analyzed. (c) An example
mass spectrum (GaN) that is obtained from an APT experiment. (d) An example 3D reconstruction obtained from an APT experiment on a
InGaN heterostructure. (e) The experimental setup as it was implemented with each of the major components identified.

of Rouen recently began development on a system that uses a
phase-stable single-cycle THz optical pulse to optically cou-
ple a pulsed electric field to the tip.?” This may circumvent the
difficulty in propagating short voltage pulses in poor electri-
cal conductors. A different direction pursued at the National
Institute of Standards and Technology (NIST) is to use ex-
treme ultraviolet (EUV) light that may directly photoionize
atoms with the absence of a significant thermal transient.?$°
Both of these concepts are under active research and there
are many open questions associated with them. Herein, we

present the second generation of an EUV pulsed APT instru-
ment we have developed (the first generation instrument was
described briefly in Ref. 30). We describe the experimen-
tal apparatus in detail and discuss various design choices that
were made with an emphasis on the EUV beamline. Char-
acterization data of the instrument is provided and proof-of-
principle APT mass spectra are presented.



II. OVERALL DESIGN

The overall structure of the EUV-pulsed APT instrument is
shown in Fig. la. A commercial' Ti:sapphire laser (KM Labs,
RAEA-HP) generates short pulses of NIR light at 25 kHz with
with up to a pulse energy of 0.5 mJ. This laser is based on
a free-space Ti:sapphire femtosecond oscillator coupled to a
cryogenically cooled chirped pulsed regenerative Ti:sapphire
amplifier.

The output pulses from the NIR amplifier are character-
ized with a suite of laser diagnostic instrumentation. The NIR
pulse spectrum was measured on a fiber-coupled spectrome-
ter to have a center wavelength of 785 nm with > 30 nm of
bandwidth as measured by the full width at half maximum
(fwhm). The pulse duration was 35 fs fwhm as measured
via the frequency-resolved optical gating (FROG) technique
(Mesa Photonics, MP-001.A). The beam quality was mon-
itored via M? measurements (Spiricon, BSQ-SP920). The
pulse contrast (i.e. the ability to amplify and extract isolated
pulses from the oscillator) was monitored on a fast photodiode
(Thorlabs, Det10A). The pulse energy was measured with a
power meter (Coherent, FieldMaxII-TO/PM30). Some mea-
surements are performed routinely such as spectrum, power,
and pulse contrast. Other measurements were only performed
as-needed such as pulse duration and beam quality.

The NIR pulse is directed into the EUV source (KM Labs,
XUUS 5) via two dielectric mirrors (Newport, 20B20UF.25).
These mirrors allow alignment of the NIR laser to the EUV
source. Additionally, the leak-through from the first mirror
is captured on a fast photodiode (Thorlabs, Det10A) for mea-
surements of pulse contrast in addition to serving as a ‘start’
timing trigger for the APT time-of-flight mass spectrometer.
The leak-through from the second mirror is captured on a sec-
ond photodiode (Thorlabs, SMOSPD1A) which monitors the
pulse-to-pulse stability of the NIR light. Finally, a third di-
electric mirror is placed on a motorized flip mount such that
the mirror can be inserted into the beam path in order to di-
rect the beam onto a power meter. The entirety of the beam
path between the NIR laser and the EUV source is enclosed
in anodized aluminum beam tubes; this serves the dual pur-
pose of keeping the laser operator safe while also reducing air
currents that would disturb the beam.

The EUV source actively stabilizes the NIR beam point-
ing using two piezo controlled mirror mounts and two beam
sampling cameras. The NIR pulse is focused into a capil-
lary which contains a controlled pressure of noble gas (Xe,
Kr, or Ar). The NIR driving field interacts with the noble
gas atoms through a process known as high harmonic genera-
tion, and spatially coherent odd harmonics of the NIR driving
frequency are produced with a pulse width smaller than the
NIR driving field (= 10 fs3!).3>=37 The exact spectrum of the
harmonics is dependent on many factors, but in the present

! Commercial instruments, equipment, or materials are identified only to ad-
equately specify certain procedures. In no case does such an identification
imply recommendation or endorsement by NIST, nor does it imply that the
products identified are the best available for the purpose.

system EUV photons in the range of 20 eV to 60 eV are ef-
ficiently produced and transmitted. The centroid of the EUV
spectrum increases with the ionization potential of the gas and
so Ar yields EUV photons of higher energy than Kr, which
yields higher energy photons than Xe.*® The EUV light exits
the source and transmits through the beamline (described be-
low) to the APT analysis chamber (Cameca, LEAP 4000X Si)
where it is focused onto an atom probe specimen apex. The
actual layout of the experimental system is shown in Fig. le
with each main component labeled.

Ill. EUV BEAMLINE

The NIR driving laser, the EUV source, and the APT in-
strument are all commercially available and so the focus of
this work is on describing the beamline and characterizing the
EUYV light. The beamline is shown schematically in Fig. 2a
and a photo of the beamline is shown in Fig. 2b with all opti-
cal elements labeled. Note that many of the beamline compo-
nents are based on commercially available modules that were
selected and customized for the current application. We will
begin by discussing the functional requirements of the beam-
line followed by giving a broad overview of the beamline be-
fore discussing how the chosen design meets those goals.

A. Beamline Functional Requirements

Broadly speaking, the beamline needs to fulfill a number of
purposes:

* Transmit a sufficient number of EUV photons to trigger
field ion emission while maintaining the APT chamber
vacuum quality (= 10~ Pa or =~ 10~ !! Torr)

* Block NIR light from reaching the specimen

¢ Allow for the measurement and modification of EUV
pulse energy

* Allow for the characterization of EUV spectrum
* Focus the EUV light onto the APT specimen apex

* Allow for alignment of the EUV light to the APT spec-
imen apex

B. Beamline Overview

The NIR and EUV light exit the capillary propagating
collinearly. The residual NIR light is attenuated after striking
two flat mirrors (M1 and M2) and any remaining NIR light
can be filtered out by aluminum foils (Lebow) held in filter
wheels. The remaining EUV light can then take one of two
paths depending on the position of the toroid (T1, f = 600
mm). When the toroid (T1) is inserted into the beam path
the EUV light enters an imaging spectrometer. The imaging
spectrometer consists of the toroid (T1), grating (G1) set up
for conical diffraction (500/mm and plane-ruled at 4.7°), and
CCD camera (Greateyes, ALEX-s 2k512 BI) set up to image
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FIG. 2. (a) Schematic of the EUV beamline. The EUV light is generated collinearly with the NIR driving field in a noble gas filled capillary.
The EUV light is isolated from the NIR light by means of two flat mirrors (M1 and M2) and Al filters (i.e. foils). When a toroid (T1) is
inserted into the beam path, the light is reflected from a grating (G1) and focused onto a CCD camera for spectral analysis. When a toroid (T1)
is removed from the beam path the EUV light transmits past the toroid and through a circular aperture (A1) before reflecting off a flat mirror
(M3) and then a toroid (T2) which focuses the light inside the APT analysis chamber and onto the APT specimen apex. During alignments
utilizing NIR light, the ultra high vacuum region is separated from the beamline via a sapphire window mounted on a gate valve (GV1). During
experiments with EUV light, the ultra high vacuum analysis region is separated from the beamline via an Al filter mounted on a gate valve
(GV2). When the instrument is idle, a standard steel gate valve (GV3) is closed to provide robust isolation between the ultrahigh vacuum
chamber and the beamline. Two EUV sensitive photodiodes can be inserted into the beampath (PD1, PD2) for power measurements. The focal
spot is steered onto the tip by a computer controlled tip/tilt actuator on which a toroid (T2) is mounted. (b) The beamline setup with each of

the major components identified.

the exit of the capillary to the CCD camera in a 1:1 imag-
ing configuration. When the toroid (T1) is removed from the
beam path, the beam reflects from a flat mirror (M3) and is fo-
cused by the toroid (T2, f =400 mm) onto the APT specimen
apex.

Several optical elements can be inserted into the beam path
as needed. The two photodiodes (Opto Diode, AXUV100G
and SXUV100) can be inserted into the beam path and the
resulting photocurrent can be measured on a picoammeter
(Keithley, 6485). The manufacturer-supplied responsivity
data can then be used to calculate an EUV power and pulse en-
ergy. The aperture (A1, 1.9 mm diameter) can be inserted into
the beam to limit the numerical aperture of the beam incident
on the toroid (T2) and reduce aberrations at the EUV focus. A
gate valve (VAT, 01032-UEO1-AAT?2) with a sapphire window
(GV1) can be inserted into the beam path for initial alignment
of the beamline. The same type of gate valve (GV2) holding a
200 nm thick, freestanding, pinhole-free Al filter (Luxel) can

be inserted into the beam path during APT data collection and
serves as a vacuum break between the beamline (< 10~! Pa
or < 1073 Torr) and the APT analysis chamber (< 1078 Pa or
< 107'° Torr). When experiments are not being performed, a
standard steel gate valve (GV3) is inserted to ensure the vac-
uum integrity of the APT chamber.

C. Beamline Efficiency

EUV light is strongly absorbed by all materials, including
gases.>” Thus, the beamline must be evacuated to < 10~! Pa
(< 1073 Torr) to avoid significant absorption losses. Since
the capillary is being continuously supplied with noble gas to
maintain pressures in the range of 10° Pa (10! Torr) to 10* Pa
(10? Torr) as required for high harmonic generation, the beam-
line needs to be actively pumped. To this end, two turbopumps
are placed before the sapphire-window gate valve (GV1) to



maintain beamline pressures around ~ 10~2 Pa (=~ 10~* Torr)
with a third turbopump placed between the sapphire-window
gate valve (GV1) and the stainless steel gate valve (GV3) to
maintain a pressure of ~ 10~/ Pa (= 10~ Torr).

The EUYV reflectivity of common mirrors at near-normal in-
cidence is typically very small because the complex refractive
index is close to unity at these frequencies.’**’ Two general
strategies exist for achieving high optical reflectivity: (1) op-
tics are used at grazing incidence angle*>*! or (2) multilayer
(interference-based) mirrors are used*>*2. One notable differ-
ence between these two types of optics is that grazing inci-
dence optics are intrinsically broadband, while high reflectiv-
ity multilayer mirrors designed for EUV light have a narrow
bandwidth and generally select a single harmonic to reflect.
In the previous generation of the EUV APT system,*” about
half of the optics were chosen to be grazing incidence optics
(12° angle of incidence) and half of the optics were chose to
be multilayer mirrors (near normal incidence). The theoreti-
cal reflection efficiency of the grazing optics was around 80
% and the theoretical reflection efficiency for the multilayer
mirrors was around 40 %. By measuring the EUV power be-
fore and after the multilayer mirrors, we found that the actual
reflectivity of those multilayer mirrors was about an order of
magnitude lower than the theoretical reflectivity. It is unclear
why this discrepancy existed, though degradation of the optic
(oxidation or contamination) in addition to difficulty in match-
ing the spectrum of the harmonics to the reflectivity curve of
the optic likely contributed.

In the current system, ensuring the maximum number of
photons are delivered to the specimen apex is a priority. Thus,
only grazing incidence optics were used, and the angle of in-
cidence was decreased to 6° in order to improve the reflec-
tivity. This choice ensures a broadband reflection with high
efficiency. While all mirrors in this system are used at grazing
incidence angle, the Al filters are used at normal incidence.
Finally, we note that a minimal number of optical elements
was used in the design of this beamline — this represents fewer
surfaces to absorb the light, fewer surfaces to align, and fewer
surfaces to keep clean of contamination/oxidation.

The high EUV irradiance on the filters tends to cause con-
tamination of the surface and, therefore a reduction in the
transmission. Similar concerns apply to the surfaces of the
reflective optical elements, though this is somewhat mitigated
by the larger footprint of the beam on grazing incidence op-
tics. To ensure these surfaces are kept free of contamination,
two plasma cleaners (Pie Scientific, EM Kleen) were installed
on the beamline (see Fig. 2b) and run on a routine basis using
air for the plasma gas.

To summarize, the beamline is evacuated to limit absorp-
tion by gases. Broadband, grazing incidence, high-reflectivity
EUYV optics are used. Surface contamination is minimized
with routine plasma cleaning. And finally, a minimal number
of optics are used in the beamline (only four mirrors are used
for EUV APT experiments).

D. Removing Residual NIR

The NIR (p-pol?) and EUV (p-pol) light exits the capillary
propagating collinearly and after the capillary there is on the
order of 10 W of NIR light and 50 yW of EUV light. This
NIR light must be completely removed prior to entering the
APT chamber. Additionally, when using the imaging spec-
trometer the residual NIR light must be removed so as not to
overwhelm the CCD and possibly damage the sensor. Tra-
ditionally, the removal of the NIR light is done in two steps.
First, one or more ‘Si brewster plates’43’44 and/or antireflec-
tion coated ‘grazing incidence plates’*~*7 are used to reduce
the NIR flux by more than an order of magnitude. Then,
the remaining NIR light is eliminated with an Al filter.*® The
vastly different optical constants for EUV and NIR light en-
sure that even a 200 nm thick Al filter will transmit effectively
no NIR light as long as the filter is free from pinholes.

In our system the first optical elements following the capil-
lary in the beamline are two flat mirrors (M1 and M2). Both
of these mirrors serve as NIR/EUV beamsplitters or ‘grazing
incidence plates’ (KM Labs) that have an antireflective coat-
ing designed to transmit the residual NIR driving field to the
optical mount while presenting a top coating of Si which effi-
ciently reflects the EUV light.*>47 The first of these mirrors is
exposed to the highest optical power and is fixed directly to a
water-cooled block to ensure stability with respect to thermal
drift.

Following these mirrors is a set of filter wheels which hold
an array of Al filters of different thicknesses. When the beam
is reflected into the spectrometer at least one 1 um thick Al
filter is in the beam path as these filters tend to reliably be pin-
hole free and remove all NIR light. When the beam is trans-
mitted to the APT experiment chamber, the gate valve (GV2)
with a 200 nm thick Al filter is always present (since it serves
as a vacuum break) and this removes any residual NIR light.

Initial alignment of the beamline is easier to perform with
NIR light at atmospheric pressure with the beamline optical
elements not anchored to the table. To facilitate this initial
alignment a waveplate is placed prior to the capillary and is
used to rotate the polarization of the NIR light from p-pol to
s-pol. The s-pol NIR light has an increased reflectivity from
the flat mirrors and can be viewed with an handheld NIR view-
ing scope. Once the beamline is roughly aligned, anchored to
the table, and evacuated, the sapphire gate valve (GV1) can be
inserted instead of the Al filter gate valve (GV2) and the rough
alignment into the APT chamber can be accomplished with a
NIR viewer. Thus, while under normal conditions the beam-
line is designed for the elimination of all NIR light, align-
ment is strongly facilitated by the ability to permit NIR light
to transmit through the beamline.

2 In these experiments when the light is p-pol with respect to the beamline
optics it’s polarization vector is parallel to the table and parallel to the long
axis of the APT tip.



E. Pulse Energy, Filter Transmission, and Source Stability

Pulse energy is a common experimental variable modified
during optically triggered APT experiments in addition to be-
ing a useful metric for the health of the EUV source. Thus
the EUV pulse energy must be able to be routinely measured
and modified over many orders of magnitude. As noted above,
the measurement of EUV pulse energy is determined from a
power measurement made using an EUV photodiode and a
picoammeter. We assumed that the manufacturer-supplied re-
sponsivity curves are reasonably accurate. Two photodiodes
of different types are installed in the system to provide some
redundancy in the measurement. The second photodiode was
placed after the final EUV optic (GV2) to ensure the most
direct measurement of the relevant pulse energy without the
need to account for reflection or transmission losses.

As a practical matter, the pulse energy of the source can-
not be directly measured because that would require all the
Al filters to be removed from the beamline and the photodi-
ode response would be saturated by the residual NIR light.
Hence, typically the EUV power is measured after transmit-
ting through a 1 um thick Al filter. As the filter transmis-
sion may change over time, this transmission must also be
measured via a ratiometric method if the source output is de-
sired. Briefly, if the transmission of filter ‘A’ is desired, then
a second filter ‘B’ is needed. The EUV power (i.e. photo-
diode current) is then measured when both ‘A’ and ‘B’ are
inserted in the beamline and this measurement is divided by
the EUV power measured when only ‘B’ is inserted into the
beamline. Note that this approach assumes that the filters have
a flat spectral transmission and are pinhole free.

We monitored the transmission of a particular 1 um thick
Al filter using the ratiometric method outlined above. After
the initial commissioning of our beamline, it was observed
that the filter had been visibly contaminated. The filter trans-
mission was initially measured at 1.9 % transmission (% T)
at the beginning of commissioning, and once the visible con-
tamination was noted the filter transmission was measured at
0.8 % T. Running the plasma cleaner for about 100 minutes
(placed opposite mirror M2, before the filter wheel) recovered
a significant fraction of the transmission and removed the vis-
ible contamination (Fig. 3a). Long-term measurements of the
filter transmission over roughly 400 days (Fig. 3b) showed a
relatively stable transmission (except for a short period of a
few weeks where the plasma cleaner was removed from the
system) and no further contamination was ever visible by eye.

Over the course of > 400 days the photodiode current (pro-
portional to the optical power) was routinely measured after
the same 1 pm thick Al filter (Fig. 3c). Around 260 days
from the start of recording these data the NIR laser power was
reduced from 13.7 W to 12.3 W, which resulted in a mod-
est drop in photodiode current. Normalizing the data for this
stepwise change in NIR driving field and dividing by the mea-
sured filter transmission (Fig. 3b) yields a metric of the long
term source intensity (Fig. 3d). Notably, over the course of
the recorded data (roughly 400 days) the coefficient of varia-
tion of the source intensity was only 10 % which is more than
sufficient for repeatable APT experiments.
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FIG. 3.  (a) The transmission of a nominally 1 um Al filter over
time. The initial filter transmission dropped quickly (a few weeks)
and a black mark was visible on the filter (inset). Plasma cleaning
removed the black mark (inset) and improved the transmission. (b)
Routine plasma cleaning maintained a relatively stable filter trans-
mission over more than a year. The drop in transmission between
200 and 300 days is likely related to a small change in the EUV
spectrum that can occur following maintenance of the NIR laser. (c)
The EUV source was measured on a photodiode in the same config-
uration over the course of roughly 400 days. When the driving field
pulse energy was maintained at the same value the EUV output was
stable. (d) A source intensity is plotted by dividing out the known
changes in filter transmission and the change due to the driving field
pulse energy. Over the course of more than one year the coefficient
of variation (CoV) of the source intensity is ~ 10 %.

For the modification of the pulse energy, Al filters of var-
ious thicknesses are placed in the beam path via the filter
wheels. The system has four filter wheels installed, and each
filter wheel can hold up to seven filters with an eighth spot re-
served for free-space (i.e. no filter). Filters of thickness rang-
ing from 200 nm to 1 ym were installed and by measuring
the transmission through various combinations of these filters
the pulse energy could be reduced many orders of magnitude.
For example the 1 pm thick Al filters tended to stabilize at
1.2 % T and so four of these would attenuate the pulse en-
ergy by ~ 1078, Alternatively, a single 200 nm thick Al filter
reduce the pulse energy to ~ 25 % T. For reference, the maxi-
mal pulse energy (i.e. with only the Al filter in GV2 inserted)
measured on the photodiode directly in front of the APT spec-
imen (PD2) was between 100 pJ and 200 pJ for harmonics
generated in Xe, Kr, and Ar.

F. Characterization of EUV Spectrum

The characterization branch of the beamline is distinct from
the APT branch and the optics that are encountered on each
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FIG. 4. (a) Calculated reflectivity (p-pol, 6° grazing angle-of-incidence) of the coatings used on the grazing incidence optics present in the

beamline. Note that nominally Si coated optics are expected to have a native oxide after exposure to air around 1 nm thick. (b) Calculated
transmission (normal angle of incidence) for potentially oxidized Al filters present in the beamline. The dashed lines are calculated for 200 nm
and 1 pm thick unoxidized Al. The solid lines are for the same filters with 16 nm and 33 nm of Al,O3 added, respectively. The hollow circles
and squares show the measured transmission of two Al filters present in the beamline that are nominally 200 nm and 1 um thick, respectively.
(c) Calculated beamline throughput for various configurations including at the CCD camera and at the APT specimen location. Note that these
calculations are smoothed by the spacing of the EUV harmonics (3 eV). (d) The spectra ‘as collected” on the CCD for EUV light generated
with different noble gases with two 1 um Al filters (Xe) and three 1 pym filters (Kr and Ar). (e) The ‘at source’ spectra calculated by dividing
the ‘as collected’ spectra by the beamline throughput to the CCD. (f) The ‘at APT specimen’ spectra calculated by multiplying the ‘at source’
spectra by the beamline throughput to the APT chamber (with a 1 um Al filter inserted).

branch differ. Thus, the spectrum that is measured with the
imaging spectrometer, is not necessarily the same as that de-
livered in the APT chamber. In order to understand what the
spectrum incident on the APT specimen is, the reflectivity and
transmission of each optic should be considered so that the
measured spectrum can be numerically corrected for the ac-
tual optics in use.

In the present EUV APT system, maximizing the beamline
efficiency was deemed more important than selecting a par-
ticular EUV harmonic. Thus, as noted above, the beamline
was designed to use grazing incidence optics which reflect ef-
ficiently over a broad spectral bandwidth. Specifically, the flat
mirrors have a top coating of Si, which forms a native oxide
layer between 1 nm and 2 nm thick.*’ The toroidal mirrors are
gold coated. The reflectivity was calculated using the IMD
software package®® using the tabulated values of the optical
constants for Au, Si, and oxidized Si surfaces (p-pol, 6° graz-
ing angle of incidence) and is shown in Figure 4a.> The gold
reflectivity is biased slightly towards higher photon energies,

3 The IMD software contains a large library of optical constants built from
experiment and theory. Unfortunately, the various datasets do not always

while the Si reflectivity is biased slightly towards lower pho-
ton energy. The native oxide coating on Si appears to have
little effect on the slope of the reflectivity curve, though the
oxide reduced the overall reflectivity by 10 % to 20 % depend-
ing on the thickness. Unfortunately, the grating (G1) reflec-
tivity cannot be easily measured in our system or accurately
modeled>* and so we treat it as a Au mirror and acknowledge
that this introduces uncertainty into our calculations.

In addition to the reflective optics, the beamline also utilizes
Al filters as transmissive optics. It is well known that Al filters
form oxide coatings which can increase in thickness over the
course of time.*®> In Figure 4b the calculated transmission
for unoxidized Al filters (200 nm and 1 um thick) are plotted.
In addition, the measured transmission of the nominally 200
nm and 1 um thick Al filters are shown. These data were then
fit by allowing a variable thickness of oxide to be added to the

agree and it is difficult to know which to select for a calculation (e.g. see
Ref. 51). Here we tended to use the data from Palik’%? with the exception
of Al where the CXRO data was used. Specifically, we used the ‘Si.nk’,
‘aSi02.nk’, ‘Al_llnl_cxro.nk’, ‘a-Al203_palik.nk’, and ‘Au_palik.nk’ op-
tical constants files from the IMD database with point discontinuities re-
moved.



nominal Al thickness. With only this single free parameter,
the data can be reasonably explained. This resulted in a = 16
nm thick Al,O3 coating on the 200 nm Al filter, and a =~ 33 nm
thick Al O3 coating on the 1 um Al filter. This is not intended
to be an accurate method for determining the oxide thickness
since the phases, micro-structure, and composition of these
filters was not explicitly studied, however, these thicknesses
are in reasonable agreement to that determined previously for
aged Al filters.*8

Importantly, in contrast to the reflective Si optics where the
oxide coating had little impact, the transmission of the Al fil-
ters are strongly affected by the oxide in two distinct ways.
First, the oxide dramatically lowers the transmission of the fil-
ters. Second, the slope of the transmission spectrum is signifi-
cantly increased with the addition of oxide. The unoxidized 1
um thick Al filter would be expected to attenuate the spectrum
fairly evenly across the 20 eV to 60 eV range of photon en-
ergies. In contrast, the oxidized filter attenuates the spectrum
by about two orders of magnitude more at 20 eV than at 60
eV. Thus, while the unoxidized Al would be expected to be a
fairly good ‘neutral density’ filter, the oxidized Al filter is a
strongly sloped filter and may shift the centroid of the EUV
light spectrum.

The calculated throughput for the two beamlines with vary-
ing numbers of Al filters inserted into the beam is shown in
Fig. 4c. During spectral characterization, two or three 1 um Al
filters are inserted and the resulting throughput is shown. Note
that these calculations also include the manufacturer-specified
camera quantum efficiency. During APT experiments, it is
common to have either no extra Al filters or a single 1 um
filter and the resulting throughput is shown for these configu-
rations. These spectral transfer functions demonstrate at least
three important points. First, the APT beamline has a very
high overall throughput — up to almost 10 % across the 20 eV
to 60 eV spectral range. Second, when the beam is attenuated
with Al filters, the spectral response is dominated by the trans-
mission of these filters. Third, the spectral slope of the Al fil-
ters causes the transfer functions to be strongly biased towards
higher photon energy. Thus, the EUV spectrum measured on
the CCD spectrometer is not the same as the spectrum of light
incident on the APT specimen.

To discuss the spectrum of the EUV light more concretely,
we show representative ‘as-collected’ spectra in Fig. 4d. The
results of numerically correcting these spectra with the trans-
fer functions shown in Fig. 4d are shown in Fig. 4e-f and rep-
resent the best estimates of the ‘at-source’ and ‘at-APT spec-
imen’ spectra. Notably, the sloped transfer function arising
from the Al filters shifts the centroid of the EUV spectra to
higher photon energies. For example, the ‘as-collected” EUV
light generated in Ar yields a centroid around 47 eV, while
the ‘at-source’ estimate has a centroid shifted down to around
40 eV, and the ‘at-APT specimen’ centroid is estimated to be
around 42 eV. Similar shifts occur for EUV light generated in
Kr and Xe gas, however, the narrower overall spectral band-
width of the EUV light generated in those gases limits the
effect to be of lower magnitude.

The importance of the exact EUV spectrum for EUV trig-
gered APT is currently unknown. However, the charac-

terization of the EUV spectrum outlined here gives clear
bounds on how much the spectra can shift as Al filters are in-
serted/removed to adjust the EUV pulse energy. Furthermore,
from a practical standpoint, it also emphasizes that (wave-
length integrated) ratiometric transmission measurements per-
formed on a photodiode, while useful, have limitations.

G. Focusing the EUV Light on the APT Specimen Apex

In the context of an atom probe experiment, the goal is to
use the EUV optical pulse to trigger field ion emission from
the apex of a nanoscale tip. Thus, the photon flux should be
maximized at the tip apex which is < 1 um. In the case of
high harmonic generation in a capillary, the source size is sev-
eral tens of micrometers with ~ 1 mrad divergence half-angle
(1/€%) and so the source should be imaged to the APT spec-
imen apex with the largest demagnification possible.3” Here
we choose to use a single toroid to focus the beam where ex-
perimentally the image distance is minimized relative to the
object distance. Within the constraints of the optical table and
the existing commercial APT chamber, this led to a geomet-
ric (de)magnification of M = 0.24 using a f = 450 mm toroid
with an image distance of ~ 550 mm.

Using a single toroid with a non-unity magnification re-
sults in notable coma aberration.’®>” To visualize how this
will affect the beam profile at the specimen plane, ray trac-
ing simulations were performed using the Python interface of
the XRayTracer software package.’® The source size and di-
vergence were treated as Gaussian with standard deviations
selected to match the experiment (20 um and 5 x 10~* radi-
ans). When no aperture is included in the beamline a notable
coma aberration is present (Fig. 5a) which results in a highly
asymmetric beam profile. This is a potential problem since
ionizing radiation will also strike far away from the specimen
apex (e.g., the APT local electrode) and potentially cause un-
wanted signals. When a 1.9 mm diameter aperture (A1) is in-
cluded in the beamline simulation (Fig. 5b) then the total pho-
ton fluence is reduced to 31 % of its previous value, while the
peak fluence is reduced to 80 % of its previous value. Impor-
tantly, the beam profile becomes spatially compact and nearly
symmetric. Thus, including an aperture in the beamline better
directs photons towards the tip while only resulting in a small
reduction in the peak photon fluence.

The beamline was initially aligned by physically moving
the entire APT chamber with a crowbar until the proper focus
was achieved. To facilitate this rough alignment the beamline
and APT chamber are mechanically decoupled with a short
length of laser welded bellows (Metal-Flex Welded Bellows).
However, when APT specimens are changed and APT local
electrodes are replaced the specimen apex can move by up to
a few hundred micrometers. To accommodate these changes,
the beamline needs a highly precise and controlled method of
translating the focus at the specimen plane. To accomplish
this, we utilize a stick/slip piezo-driven tip/tilt/rotate vacuum
actuator (SmarAct, SNM-KML-STT-SR-V2) to control the
in-vacuum optics including the toroid (T2). The tip/tilt mo-
tions move the beam horizontally and vertically at the speci-
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FIG. 5. Simulated (ray traced) irradiance at the APT specimen loca-
tion showing the beam profile with (a) and without (b) the inclusion
of the 1.9 mm diameter aperture (A1). The aperture limits the effect
of aberration on the focal spot. (c) Simulation of the peak irradiance
(including the aperture, A1) as a function of distance from the opti-
mal focal plane. (d) Simulation of the peak irradiance (including the
aperture, Al) as the focal spot is moved horizontally and vertically
using the tip/tilt degrees of freedom on the toroid (T2). The peak
irradiance is maintained within 10 % of the maximal value for errors
in excess of 300 um.

men plane. Notably, when selecting these actuators it is im-
portant to keep in mind that the vertical movement is demag-
nified roughly 10x relative to the horizontal movement for
a given change in tip/tilt angle due to the grazing incidence
geometry.

Using the piezo actuators to change the tip/tilt of the toroid
necessarily results in a misalignment of the toroid with respect
to the incoming beam which may degrade the focus. Ray trac-
ing simulations were used to verify that the EUV focus would
not degrade significantly under typical situations. The peak
irradiance is plotted as a function of distance from the focal
plane (Fig. 5¢) and misalignment from the ideal design align-
ment (Fig. 5d). These simulations show that once the initial
alignment is performed, the day-to-day deviations on the or-
der of up to 300 um can be tolerated with only a small (< 10
%) effect on the peak irradiance.

While ray tracing simulations can be useful for explor-
ing how various parameters can affect the beam profile, the
beam profile must also be directly measured at the specimen
plane. Here we present two different methods for inspecting
the beam profile. In the first method, a Ce-doped yttrium alu-
minum garnet (Ce: YAG) scintillator crystal is mounted on an
APT specimen puck and loaded into the specimen position
(Fig. 6a). The EUV beam strikes the crystal causing it to
fluoresce. A camera that is typically used for APT specimen
alignment is then utilized to collect an image of the beam.>’
The camera is at a 45° angle with respect to the incoming
beam and so the resulting image is distorted. A coordinate
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FIG. 6. (a) Schematic of a 2D beam profile measurement. The
EUV light strikes a Ce:YAG crystal and the fluorescence is imaged
onto a CCD camera at a ~ 45° viewing angle. (b) An example 2D
beam profile after the image is corrected for viewing angle. Here the
beam size is comparable to the resolution of the camera imaging op-
tics making quantitative analysis difficult. (c) Schematic of a ‘knife-
edge’ beam profile measurement. Here a grounded local electrode
puck was modified to have a flat metal surface intersect the beam. A
piece of razor blade is mounted on a specimen puck held at +2.5 kV
and slowly translated through the beam as the photoemission current
is measured. The resulting one-dimensional profiles (d-e) are fit to a
Gaussian beam model to extract the fwhm parameters.

system for the image is derived from the encoded APT spec-
imen stage by translating the crystal a known amount in each
direction orthogonal to the incident beam. The resulting ir-
radiance map (Fig. 6b) shows a nearly circularly symmetric
beam with a ~ 12 pym fwhm. This florescence imaging based
method was used during initial alignments of the beam where
the overall beam profile shape was of interest, however the
resolution of the imaging optics is only slightly better than the
beam size and so the deconvoluted beam size is uncertain.

To address the uncertainty in the imaging based method,
we developed a second beam profiling technique based on a
variation of the ‘knife-edge’ technique.®®-%%> Generally, for a
knife edge measurement, a signal proportional to the trans-
mitted power is measured as a sharp edge is translated through
the beam (Fig. 6¢). The resulting signal as a function of edge
position can be fit to a Gaussian beam model and the fwhm
can be calculated (Fig. 6d). In the present work, we use small
pieces of a razor blade (line edge roughness < 1 um as veri-
fied in an SEM) mounted on APT specimen pucks to serve as
a horizontal and vertical knives. The relative amount of EUV
light transmitted past the knife edge was determined by us-
ing a picoammeter to measure the photocurrent emitted from



a modified local electrode puck. When the EUV power was
reduced to give a linear response, the quantum yield for elec-
tron emission was measured as 4.5 % which is in reasonable
agreement with literature values for Ni surfaces.®*%* When
this knife-edge method was used to measure the profile of the
EUV light generated in Ar gas, the horizontal fwhm was 11.7
£+ 1.1 ym and the vertical fwhm was 10.7 & 0.6 um. The
~ 1 um uncertainty was derived from the standard deviation
of repeated measurements (n = 6).

We note that there are other optical designs that could pos-
sibly yield better focusing conditions. For instance, zone
plates can focus EUV light with a large effective numeri-
cal aperture,62’65 however their short working distance, chro-
matic aberration, and optic cost make them inappropriate for
our application at present. Alternatively, replacing the single
toroidal imaging optic with an ellipsoidal optic would lessen
the need for a beam limiting aperture and increase the overall
transmission,®! but the added cost was deemed not worth the
benefit. Finally, multi-toroid imaging systems can increase
the demagnification while keeping a long working distance
and minimal coma,”’ but these systems were not yet explored
in the current system in order to keep the alignment complex-
ity low.

To summarize, here we used a single toroidal optic (T2)
with a (de)magnification of M = (0.24 and a ~ 550 mm work-
ing distance to image the EUV source onto the APT speci-
men. An aperture placed before the toroid limits the effect
of coma aberration on the focus spot. The alignment of the
EUYV focus onto the specimen apex is accomplished by com-
puter controlled tip/tilt actuators on the toroid mount and ray
tracing calculations show that under normal operating condi-
tions the peak irradiance is reasonably well-maintained during
these actions. Finally, the beam profile at the specimen posi-
tion was measured to be well-approximated by a symmetric
Gaussian with a =~ 11 pm fwhm.

IV. APT INTEGRATION
A. Tip Alignment

A notable practical concern that arises when incorporating a
new light source onto an atom probe tool is how the user aligns
the beam onto the specimen. For the visible or NUV wave-
lengths commonly employed in APT this is straightforward
— the user can easily see on the available specimen cameras
when light is scattering off the specimen. In the EUV regime,
the scattered light cannot transmit out of the vacuum chamber
and so this signal is not available to aid in alignment. Thus,
when preparing for an experiment, a specimen puck with a
Ce:YAG crystal is loaded into the analysis chamber and the
crystal is carefully aligned to the specimen apex position. For
this purpose, the Ce:YAG crystal must have a back bevel with
a sharp edge that allows a close approach ( < 50 pm) to the
local electrode. Once the Ce:YAG crystal is in place then the
EUYV location can be visualized with the EUV induced photo-
luminescence and moved to the future tip location. Then the
Ce:YAG puck is removed and the specimen puck is introduced

10

into the analysis chamber and carefully aligned such that the
tip is coincident to where the EUV spot was visualized on the
Ce:YAG.

Once this initial beam alignment is performed then the
standing voltage is turned on and the data collection is started.
As soon as a reasonable detection rate is obtained then the
piezo actuators on the toroid (T2) optic are scanned in an at-
tempt to maximize the detection rate. Here we are careful to
exclude events < 1 m/z as these typically result from pho-
tons scattering directly onto the detector. It is assumed that
the maximum detection rate coincides with placing the peak
fluence at the tip apex. These piezo scans are repeated after
fine tuning the tip to local electrode alignment and/or as nec-
essary during data collection. A combination of the relatively
large beam size (= 11 pm fwhm) and the stability of the EUV
source ensures that tip scans are not necessary more than a
handful of times during a typical APT experiment.

B. Scattered Light

One final concern worth noting is that of scattered EUV
light. In contrast to photon energies commonly employed in
APT to date (3.5 eV and 2.3 eV) EUV photon energies are
much greater than the work function for all known materials.
For example the stainless steel of the vacuum chamber has a
work function in the vicinity of 4.3 V% and so it may be ex-
pected that EUV photons scattered on the vacuum chamber
walls might generate secondary electrons. In fact, experimen-
tally the photoemission yield from Fe-based surfaces is known
to be on the order of 5 % in the EUV regime.’ In an APT
chamber the chamber surfaces are typically at ground poten-
tial while the specimen stage is held at a high positive poten-
tial and so photoemitted electrons from the chamber walls can
accumulate several keV of energy and may contribute a source
of noise/artifacts to the measurements. Thus, the photons that
are not absorbed by the specimen should be carefully consid-
ered when designing an EUV APT system. In our work, it was
convenient to place a custom beamstop on the specimen puck
to absorb the photons that are not absorbed by the specimen
since this ensures photoelectrons are generated at the highest
positive potential in the chamber and will have a lower prob-
ability of generating secondary ions or reaching the detector
region.

In addition we note that EUV photons are capable of trig-
gering events on microchannel plates with non-negligible
probability (ca. 10 %).°® And so the scattered light signal
on the detector should be monitored to ensure it is not over-
whelming the detector. To this end, the specimen mounts and
tip geometry should be chosen with an eye towards limiting
the scattered light striking the detector. Finally, we note that a
reflectron-type, time-of-flight detector might be a good fit for
future EUV triggered APT systems since it should eliminate
the line of sight from the specimen to the detector.
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FIG. 7. AnEUV triggered APT mass spectrum collected on a com-
mercial Si presharpened microtip plotted with 0.01 m/z binning. The
EUV light (encompassing roughly 7 EUV harmonics which spanned
30 eV to 55 eV) was generated with Ar gas, the detection rate (DR)
was maintained at 10 %, the specimen temperature was 35 K, and
100 % of the usable EUV flux was used (i.e. no extra Al filters
were inserted) corresponding to an EUV pulse energy of 180 pJ. The
mass resolving power for the Si>* peak calculated at the half, tenth,
and hundredth maximum values are shown (as measured for Si?™,
SV~ 6700 V, 90 mm flight length). The Si crystallographic pole is
visible in the Si%* hit density map.

V. EUV TRIGGERED APT MASS SPECTRA

We demonstrated the successful collection of EUV trig-
gered APT data on several specimens starting with a Si pre-
sharpened microtip (Cameca). Silicon microtips are a good
test specimen for demonstrating correct operation of APT
instrumentation.®® In this case the data was collected using
the full EUV flux generated with Ar gas (ca. 42 eV) and the
detection rate was set to 10 %. The mass spectrum of the
Si tip (Fig. 7) shows the expected peaks corresponding to
Si%* in addition to a low number of H.*, Si'*, O7* counts.
The signal-to-noise ratio is about 10> and this permits the ob-
servation of a tail on the Si”* peaks which would have been
below the noise floor in the previous generation of the EUV
APT system. This tail in conjunction with a Si>*/Si'* charge
state ratio (CSR) in excess of 103 is indicative of a high elec-
tric field’® causing delayed evaporation after exposure to EUV
light. The mass resolving power is the ratio of the peak m/z
to the peak width and is diagnostic of the instrument perfor-
mance. Here we measured the mass resolving power on the
Si specimen as 768, 374, and 143 using the full width at half
maximum, full width at tenth maximum, and full width at hun-
dredth maximum definitions. The mass resolving power is not
meaningfully different from the commercially available 355
nm LEAP 4000X-Si tool’! and indicates that the modifica-
tions to the instrument to permit EUV triggered operation did
not notably degrade the timing precision nor notably broaden
the peaks. Finally, we note that the hit density map for Si>*
ions shows the four-fold symmetry expected for <100> orien-

11

tated single crystal Si.

As a second demonstration specimen we chose GaN as it
was studied previously with the first generation EUV APT
system.”? Fig. 8a shows representative mass spectra from a
GaN specimen at two different EUV pulse energies using har-
monics generated in Ar gas (ca. 42 eV). The top spectrum was
collected using a 0.5 pJ pulse energy while the bottom spec-
trum was collected with a 15 pJ pulse energy. The GaN hit
density map is shown in Fig. 8b and shows the sixfold symme-
try expected for <0001> orientation. In these data, the voltage
control loop was set to yield an evaporation rate of 0.5 % and
so as the EUV pulse energy is increased the voltage/electric
field decreases. The electric field at the tip’> is monitored by
the Ga>*/Ga!" charge state ratio. Previous work using NUV
APT found that the measured Ga composition deviated from
the expected 50 at.% around a 0.1 CSR.”*7° In contrast, our
previous work using the first generation EUV APT instrument
suggested this might not occur for EUV trigger pulses;’> how-
ever, the first generation system did not permit us to explore a
wide range of CSRs. With the notable improvements made to
the present EUV APT instrument, we were able to collect (ap-
parent) Ga composition data over a much wider range of Ga
CSRs and these were plotted with the data from the first gener-
ation instrument in Fig. 8c. Notably, the expanded EUV pulse
energy in the present instrument allowed us to determine that
the same Ga composition bias occurs when using EUV light
as occurs when using NUV light. This is in support of the hy-
pothesis that it is the electric field at the tip that controls the
compositional bias in GaN.”?

As a final example we collected data on a sapphire speci-
men. The mass spectrum is shown in Fig. 9 and the peaks are
assigned. In contrast to the previous data, the data on sapphire
was collected using EUV light using Xe generated harmonics
(ca. 27 eV). The data was collected with a 1 % detection rate
using a pulse energy of 3.6 pJ. The peaks match up well with
the literature assignments.® The inset of Fig. 9 shows the hit
density map.

VI. CONCLUSIONS

Herein we describe a second generation EUV APT instru-
ment with significantly improved performance, diagnostics,
and controls. While the first generation instrument had a repe-
tition rate of 10 kHz and a maximum EUYV pulse energy 0.5 pJ,
the instrument described herein has a repetition rate of 25 kHz
and a maximum pulse energy in the range of 100 pJ to 200 pJ.
Additionally, the spot size has been reduced by at least a fac-
tor of 2 versus the previous generation instrument. The 2.5 %
faster repetition rate and 1600x higher EUV flux at the spec-
imen results in a significantly improved APT data collection
rate. Furthermore, the present instrument allows for the char-
acterization and modification of the EUV spectrum incident
on the specimen in addition to the ability to modify/measure
the pulse energy and measure the beam profile at the specimen
plane. Finally we describe various practical concerns such
as the potentially deleterious effect of scattered light and the
alignment of the EUV spot on the specimen apex. Data from
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(a) EUV triggered mass spectra collected on a GaN specimen tip at two different pulse energies with 0.5 % detection rate. The

standing voltages were approximately 5100 V and 3000 V for the low and high pulse energy data respectively. The EUV light (encompassing
roughly 7 EUV harmonics which spanned 30 eV to 55 eV) was generated with Ar gas. Note that the charge state ratio (CSR) of the Ga peaks
are very different. (b) The GaN crystallographic pole is visible in the detector hit density map. (c) The apparent Ga at.% is plotted versus Ga
CSR. The current instrument’s EUV photon flux is notably higher than the previous version of the instrument and allows for measurements at

a much lower Ga CSR (i.e. much lower surface electric field).

several materials including GaN, Si, and Al,O3 demonstrate
the EUV APT instrument is fully functional. Future studies
using this second generation EUV triggered APT instrument
will seek to elucidate the possible field ion emission mecha-
nisms and understand the possible benefits and/or drawbacks
of using EUYV light for optically pulsed APT experiments.
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FIG.9. AnEUV triggered APT mass spectrum collected on a Al,O3
tip. The EUV light (encompassing roughly 4 EUV harmonics which
spanned 25 eV to 35 eV) was generated using Xe gas, the detection
rate was maintained at 1 %, the specimen temperature was 55 K, and
the pulse energy was 3.6 pJ. The ion hit density map is shown in the
inset.
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