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ABSTRACT In this work we present a comprehensive comparison of Time-of-Flight Secondary Ion Mass Spectrometry
(TOF-SIMS) and Scanning Transmission Electron Microscope combined with Energy-Dispersive X-ray Spectroscopy
(STEM/EDX), which are currently the most powerful elemental characterization techniques in the nano- and micro-
scale. The potential and limitations of these methods are verified using a novel dedicated model sample consisting of
Al nanoparticles buried under a 50 nm thick Cu thin film. The sample design based on the low concentration of
nanoparticles allowed us to demonstrate the capability of TOF-SIMS to spatially resolve individual tens of nanometre
large nanoparticles under Ultra-High Vacuum (UHV) as well as High Vacuum (HV) conditions. This is a remarkable
achievement especially taking into account the very small quantities of the investigated Al content. Moreover, the
imposed restriction on the Al nanoparticles location, i.e. only on the sample substrate, enabled us to prove that the
measured Al signal represents the real distribution of Al nanoparticles and does not originate from the artefacts induced
by the surface topology. The provided comparison of TOF-SIMS and STEM/EDX characteristics delivers guidelines for

choosing the most optimal method for efficient characterization of nano-objects.
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INTRODUCTION

The application scope of nanoparticles has been
enlarging over recent decades as they offer new
possibilities, which are usually not attainable in the case
of their macroscopic equivalents. For example, Ag
nanoparticles have excellent antibacterial’, antifungial?
and antiviral3 properties. Moreover, they are used in
medical instrumentation4, biosensorss, fabrics® and
electronics (i.e. piezoelectric energy harvesters?,
antennas and sub-THz metamaterials®, as ink for
metallic micropatterns® and highly conductive LED
devices®). Au nanoparticles find applications in
medicine, such as breast cancer detection and therapy®,
enhancers of DNA signals during Raman spectroscopy?,
in cell detection and labelling3, protein'4 and heavy
metals'>® detection and glucose sensors for diabetics®.
ZnO nanoparticles® and TiO, nanoparticles® have
potential for cancer treatment and are used in
sunscreens®.  SiO, nanoparticles can improve
mechanical properties of bio-nanocomposites used for
food packaging®. Fuel -catalysts based on CeO,
nanoparticles were found to reduce diesel fuel
consumption and therefore green-house gas emissions?.
In summary, the presence of nanoparticles in daily life
has become almost unavoidable.

The properties and functionality of nanoparticles are
strongly dependent on their size, shape, chemical
composition, nanostructure and their environment.
Moreover, potential toxicity and response of living
organisms to omnipresent nanoparticles remain partly

an open question. This implies a strong need for proper
elemental characterization techniques, which allow
nanoparticle-containing systems to be represented in
two- or three-dimensional spaces.

In this work, a novel dedicated model sample based on
Al nanoparticles buried under a 50 nm thick Cu thin film
was used to explore the potential and limitations of two,
currently the most powerful techniques, i.e. Time-of-
Flight Secondary Ion Mass Spectrometry (TOF-SIMS)?324
and Scanning Transmission Electron microscopy
combined with Energy Dispersive X-ray spectroscopy
(STEM/EDX)>2¢, which allow a sample chemical
structure to be characterized with nanometre scale
resolution. The model sample was designed in such a
way to prove the capability of TOF-SIMS to spatially
resolve individual nanoparticles, which was the main
concern of our previous studies*’ conducted on Al
nanoparticles distributed in a Bulk Metallic Glass
(BMG?8; ZrCuAg). Therefore, a low concentration of Al
nanoparticles in a strictly defined location, i.e. only
directly on a sample substrate, was ensured. Besides, the
verification on whether a nanoparticle signal detected
with TOF-SIMS represents a real Al distribution or
results from sample topology-induced artefacts was
addressed in this study. Al nanoparticles were chosen
mainly due to the excellent ionization efficiency of Al
and low detection limits?® which make them an excellent
candidate for studying TOF-SIMS resolution limits.
Besides, Al nanoparticles have very promising properties
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Figure 1. Diagram of the model sample for verifying TOF-
SIMS potential to characterize nano-objects. Not to scale.

for Si solar cells®, thin-film GaAs photodiodes?, thin-
film GaAs photodiodes®, plasmon-enhanced solar
desalination systems3, light-emitting devices (LED)3
and additives for diesel fuel (as they improve ignition
probability3+). Therefore, the results presented in this
work demonstrate the application scope of TOF-SIMS
for microelectronics and new energy devices.

EXPERIMENTAL PART
Materials

A dedicated model sample composed of Al nanoparticles
buried under an around 50 nm thick Cu thin film (Figure
1) was designed and fabricated at Empa. The sample

components were chosen to ensure a high mass contrast
m
(the mass to charge ratio for aluminium is (5)A1=27 and

m
for copper is (a)c =63) and prevent potential mass
u

interference during a TOF-SIMS analysis. The main
advantage of Al in this case is its high ion yield and low
detection limit (3x10® atoms/cm?), i.e. two orders of
magnitude lower than the detection limit of Cu (3x10"
atoms/cm?) on a Si wafer substrate?. Moreover,
aluminum has a high affinity to oxygen which leads to
the formation of native aluminium oxide on the
surface3s. This is very beneficial as oxygen enhances
positive ion yields*43°37 and, therefore, an oxide shell is
expected to increase the generation of Al secondary ions.
The thickness of such oxide layers is in the order of
several nanometers and depends on crystallographic
orientation, temperature and pressure3®-42. For example,
aluminum oxide thickness at room temperature and
ambient pressure is around 3-4 nm3%4. This range is in
good agreement with calculations based on the
thermodynamical model4°. Variable charge molecular-
dynamics simulations of the Al nanocluster oxidation
show that a stable 4 nm thick amorphous oxide is formed
during less than 470 ps simulation time#+ which is much
shorter than the deposition process of the model sample
presented in this study. The oxidation process, however,
can be significantly slower as presented in the case of
monocrystalline Ag nanoparticles, which showed
stability in the timescale of approx. one month#. In
summary, the low Al detection limit in conjunction with
the oxygen content have increased the probability of
spatially resolving the nanoparticles in 3D using TOF-
SIMS. Besides, the Al and Cu characteristic lines are well
separated (K, 4=1.486 keV, K,c=8.040 keV and
Lyc,=0.930 keV) which allows peak overlaps in EDX
spectra to be avoided.

The deposition parameters were adjusted to generate
less than one monolayer of tens of nanometer large Al

nanoparticles on a Si substrate. This condition was
imposed to obtain individual nanoparticles and prevent
formation of nanoparticle agglomerates/clusters. The Cu
layer was incorporated wusing a Physical Vapour
Deposition (PVD) technique# around 30 min after the
deposition of nanoparticles to enable the surface of the
Al nanoparticles to oxidize.

Figure S1 (in Supporting Information) shows a diagram
of an Ultra-High Vacuum (UHV) custom-made
instrument which was used for the sample preparation.
A sputter magnetron+74® was used for sputtering the Cu
layer and a NanoGenso nanoparticle source from
MANTIS Deposition Ltd. (Oxfordshire, United
Kingdom) was used for the synthesis of Al nanoparticles.
99.99% purity Al and Cu targets were supplied by HMW
Hauner GmbH & Co. KG (Roettenbach, Germany). The
sample was deposited on a <100> single crystal Si
substrate rotated at 5 rpm at room temperature, and the
sample holder was on ground potential. The base
pressure prior to the deposition was 5.7x107 mbar. 15
sccm Ar flow was supplied to the magnetron and 100
sccm Ar flow was supplied to the aggregation zone giving
3x103 mbar process pressure near the substrate surface.
The nucleation of Al nanoparticles was obtained at the
process pressure up to one order of magnitude higher
inside the aggregation zone. The cooling jacket provided
temperature of 29° on the external part of the
aggregation zone. The generated charged nanoparticles
were measured using a quadrupole mass spectrometer
(Figure S2). The magnetron in NanoGenso was driven by
175 mA direct current (DC) power source. 233 V plasma
potential resulted in 41 W average power. The magnetron
used for sputtering the Cu thin film operated at 200 mA,
DC source. In this case 471 V potential provided 94 W
average power.

Depositing a sub-monolayer of Al nanoparticles lasted 45
minutes, which was followed by a 30 min break to ensure
Al nanoparticle surface oxidation. Subsequently, the Cu
thin film was deposited on top of the Al nanoparticles
with a deposition rate of 0.147 nm/s within 5.7 min. Thus,
the entire deposition process took less than 1.5 hour.

Additionally, before a sample lift-out3740 for STEM/EDX
measurements on the sample cross-section the sample
surface was coated with a platinum protective layer to
prevent the Focused Ion Beam (FIB5°)-induced surface
destruction/modification.

Methods

A sample elemental characterization was conducted
using a dedicated UHV (Ultra-High Vacuum) dual-beam
instrument TOF.SIMS5 from IONTOF (Munich,
Germany). A Bi;>* beam served as an analysis beam and
an O, beam was used for sputtering. The 60 keV pulsed
0.04 pA (0.5 nA DC and 200 ns pulse length) Bi,>* beam
with 60 ps cycle time and 10 shots/pixel scanned in the
high resolution mode over a 5 pmx5 pm Region-Of-
Interest (ROI) with a 512 pixelsx512 pixels raster size. A
sawtooth raster mode and primary ion flight time
correction were applied. The 500 eV energy and 67 nA
DC O, beam scanned over 200 pmx200 pm area. Oxygen
flooding (3.7x10° mbar O, pressure) was additionally
provided to enhance positive ion generation. 106 scans
were acquired over approximately 4 hours 38 minutes.
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In order to validate the TOF-SIMS potential for imaging
nanoparticles under HV (High Vacuum) conditions, the
measurements were repeated with an upgraded HV-
compatible prototype of compact TOF (CTOF) from
TOFWERK (Thun, Switzerland) which was integrated
within a FIB/SEM (Focused lon Beam/Scanning Electron
Microscope) multi-analytical instrument from Tescan
(Brno, Czech Republic). Compared to the previous
models of CTOF detectors, this prototype has an
improved ion extraction and transfer optics which, in a
conjunction with a better vacuum system and more
precise stage positioning, allows the measured secondary
ion signal to be significantly increased and the
background noise in mass spectra to be reduced.
Therefore, the operation at much lower primary ion
beam currents, and consequently lower beam spot size,
is possible. A continuous mono-isotopic %Ga* primary
beam at 30 keV energy and 4 pA ion current was used for
both sputtering and analysis. The data was acquired in
the positive ion detection mode from a 5 pmx5 pm ROI
with 10241024 pixels and 2x2 binning (this provides the
same pixel size of 9.77 nm as the one applied during the
measurements with TOF.SIMS5) at 10 ps dwell time. The
aperture of 50 um was used. 159 frames were recorded in
less than 28 minutes.

The TOF-SIMS mass spectra were mass calibrated using
the most prominent isotopes of the thin film (>’Al* and
3Cu+), the substrate (>%Si*) and the primary beam (either
209Bj* or %9Gat).

The lamella for cross-sectional imaging and analysis of
the thin film composite were produced by FIB lift-out
process on a Helios NanoLab FIB/SEM tool from FEI
(Hillsboro, OR, USA) using a Mo support. The lamellar
thickness was 124+2 nm. Titan Themis TEM from FEI
(Hillsboro, OR, USA) was used to measure the precise
size of the Al nanoparticles. The high-angle annular
dark-field (HAADF) images (0.82 nm pixel size) from
66-200 mrad range were recorded at 300 keV energy
electron beam in STEM mode. A SuperEDX system at
5.3nA and 10 ps dwell time was used to generate
chemical maps. These images were obtained from an
area of 619 nmx206 nm as a series of 550 drift-corrected
and integrated frames. In this case, the entire
measurement procedure took around 4 hours, which
includes around 2 hours for the sample lift-out and
around 2 hours for the actual TEM measurement.

RESULTS AND DISCUSSION

3D elemental characterization using TOF-SIMS under
UHYV base pressure conditions

Figure 2 shows a 3D elemental representation of the Al
nanoparticles buried under the 50 nm thick Cu thin film
deposited on the Si substrate. The data were obtained
with Bi** using TOF.SIMS5. ©Cu* and 23Si* signal
distributions are uniform over the entire ROI, whilst
distinct 27Al* signal segregation indicates a spatially
resolved detection of single Al nanoparticles. This is a
great achievement taking into account the very small
amount of Al content in the sample. In this case, the
exact size of the nanoparticles cannot be reliably
assessed. Due to the size of the imaging ion beam (i.e.
around 50-60 nm), which most likely is greater than the
size of the nanoparticles, the measured shape and size of
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nanoobjects represent rather convolutions of the
nanoparticles and the primary ion beam.

A 3D chemical imaging provides detailed information on
the distributions of various elements in a sample.
However, in order to judge on a global tendency in a
sample structure, the depth profiling can be much more
informative. In this type of elemental data
representation, an isotope signal is averaged over a
chosen volume and shown as a function of sputtering
time, the number of acquired scans or the sample depth.
The latter is only possible when a material sputtering
rate is known (this is usually not applicable in the case of
novel materials) or when a crater depth was measured
with AFM (Atomic Force Microscopes') or SEM after the
TOF-SIMS measurement. Usually the depth profiles are
generated from the central part of a measured region, i.e.
the margins with a 25% reduced scan width are excluded
from an analysis to avoid influence of edge artefacts such
as material re-deposition or drift-induced image shifts.

The depth profiles obtained from the central
2.5 umx2.5 pm region of Figure 2 are given in Figure S3
and 3. A proper estimation of an interface location
between an exact sample and a sample substrate is
crucial for the correct data interpretation. Usually, it is
indicated by a cross-point between two signal
distributions of the most prominent ions/isotopes
composing a sample and a substrate. However, in the
case when one of the signals is too low, an interface
location can be assumed to be at 50% of an ascending
scope of the substrate signal distribution. In the
normalized to 1 TOF-SIMS depth profiles of the Al
nanoparticle-containing Cu thin film (Figure 3), ’Al* and
8Cu* signal distributions do not cross the 28Si* signal
distribution at the same time (which is expected when Al
nanoparticles do not cover the entire Si substrate and the
space between them as well as the space between the
spherical nanoparticles and the substrate is filled with
Cu). Since the %Cu*-28Si+ distribution cross point appears
at around 50% of the maximum 23Si* signal, it seems
more likely that the exact interface starts after around
3700 s of sputtering time than after around 5100 s (i.e. the
location of *7Al*-28Si* cross-point). The interface spread
(marked in pink) has the width of around 1400 s and can
be explained with different sputtering rates of the sample
components (as presented in Figure 4). According to
Yamamura model>* for the applied primary Bi;** beam
parameters (i.e. 60 keV energy and 45° incident angle),
roughly estimated Al, Cu and Si sputter yields>+ are Ysp 4
=14.13, Yspc, = 25.70 and Ysps; =7.20, respectively (source:
SurfaceLab 6.5 software from IONTOF). This means that
Al sputters almost twice as slow as Cu and almost twice
as fast as Si. Moreover, as it was already mentioned, the
Al nanoparticle surface is covered with spontaneously
forming Al,O; layer. Although, the thickness of such a
shell is expected to only be up to several nanometers, this
constitutes a relatively large fraction of tens of
nanometer large nanoparticles (see the TEM results,
Figure 7) and can significantly decrease the milling
efficiency. In conclusion, the sputtering process is not
uniform over the entire ROI and can lead to the
formation of primary ion beam-induced roughness. The
increased secondary ion signals of all elements within
the first 235 s of sputtering time most likely result from
the sample surface oxidation as oxygen is a very well-
known element for enhancing positive ion yields. In the
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Figure 2. 3D representation of Al nanoparticles buried under approximately 5o nm thick Cu layer: secondary ion signal
distributions of SCu* (a), 27Al* (b), 28Si* (c) and their overlay (d). Al signal iso-surface was obtained using the median filter
with kernel size = 3 and 11.1% signal threshold. The results were obtained with the 6o keV Bi;>* beam using TOF.SIMS>

instrument.
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Figure 3. Normalized to 1 TOF-SIMS depth profiles of Al
nanoparticles buried under Cu thin film acquired with
Bij**beam from the 2.5 um x 2.5 pm ROI of Figure 2. The
green lines represent signal integration times used for
generating elemental images given in Figure 5. The pink
stripe denotes the estimated interface spread between the
Al nanoparticle-containing Cu thin film and the Si
substrate.
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Figure 4. Schematic interpretation of the measured
interface spread in TOF-SIMS depth profiles. A) the initial
sample structure, b) milling through the pure Cu layer, c-d)
due to the different sputtering rates of Al, Cu and e-f) Si, the
nanoparticles, the thin film layer and the substrate are non-
uniformly milled by a primary ion beam.

case of Cu, the highest ionization efficiency was recorded
close to the *7Al* signal peak (the Cu signal was 15%
higher than the Cu peak signal measured at the surface).
This indicates high sensitivity of Cu ionization not only
to the presence of oxygen atoms but also Al and/or Si (i.e.
matrix effect). The maximum of 7Al* signal appears close
to the interface with the substrate (at 2910 s sputtering
time) where actual nanoparticles were expected. The
other Al peak measured close to the sample surface is
68% lower and significantly narrower. This can indicate

diffusion of Al atoms (rather than entire nanoparticles)
to the surface region. On the other hand, it has to be
taken into account that the Al detection limit is very low,
i.e. two orders of magnitude lower than the Cu detection
limit?. Therefore, this peak can simply originate from a
trace amount of Al whose excellent ionization
probability was additionally increased by oxygen.

The TOF-SIMS technique is based on measuring the time
which an ion needs to cover a certain distance. The
second power of this time is proportional to the m/Q
ratio and, therefore, allows for element recognition.
However, more than one ion (either an ionized atom or
an ionized molecule) in a sample can have the same (or
very similar) m/Q, which can lead to mass interference
and introduce artefacts to the data analysis. In the case
of the studied model sample, the elements were chosen
in such a way that the probability of mass interference
was reduced. Nevertheless, to verify the presence of mass
interference, the measured isotope abundance was
compared to the natural isotope abundance. For single-
isotope elements, such as Al, this comparison is not
possible but Al is the lightest element in the sample.
Thus, hypothetically it can only mass interfere with
residual gas molecules such as C, N and O. However,
these ions usually appear in the negative ion detection
mode and are rather not expected to be measured among
positive ions. The measured isotope abundance of Cu
perfectly follows the values of natural isotope abundance
(i.e. 69.1% %3Cu* and 30.9% Cu*), therefore in this case
the mass interference can be excluded. Deviations up to
4% were observed for Si (88.2% 28Si*, 8.6% 29Si* and 3.2%
3°Si* of measured values versus 92.2% 28Si*, 4.7% 29Si* and
3.1% 3°Si* of expected values) which most likely results
from the mass interference with Al-containing ions (i.e.
»7Al'H* and *7Al'H,*). This mass interference can explain
the presence of a small (around 290 times lower than the
8Si* maximum signal value) local 28Si* peak in the
proximity to the sample surface in the Si depth profile
(Figure S3).

Sample topology can significantly influence TOF-SIMS
signals3753 leading to imaging artefacts. Despite certain
indications, such as a repetitive increase of a signal on
one side of 3D objects (such as grains or cracks), not
always is it possible to distinguish the chemical
component from the morphological one. The SEM
imaging (Figure S4) shows the presence of bright round
objects on the surface of the model sample, which most
likely result from Al nanoparticles covered with the Cu
layer. In order to verify the impact of the surface
roughness on the 7Al* secondary ion signal distribution
measured with TOF-SIMS, 2D chemical maps at different
depths (marked with green lines in Figure 3) were
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Figure 5. Elemental distribution of the main sample isotopes
(>7Al*, $3Cu* and 28Si*) acquired with Bi,>*beam at different
depths of the sample (marked in Figure 3).

integrated over the same sputtering time (i.e. 8 scans;
Figure 5). Region 1 represents a near-surface region of the
Cu layer. In this part of the thin film Al nanoparticles
were not expected and, indeed, >7Al* signal segregation is
not observed there. In the conjunction with Figure 3
showing the significantly increased *7Al* signal in the
proximity of the sample surface, this seems to confirm
the diffusion of Al atoms towards the sample surface
during and/or after the deposition process takes place.
Al nanoparticle signal variations were well discriminated
in region 2. Despite that, $Cu* signal distribution was
uniform, meaning no %Cu* signal deficiency due to the
presence of Al nanoparticles. This is in contrast to the
STEM/EDX results (Figure 7) and most likely results
from an insufficient secondary ion count rate. However,
it has to be also kept in mind that although Al
nanoparticles are present in this region, the Cu atoms
constitute the majority of the thin film volume. Besides,
the comparison of the 27Al* and %Cu* depth profiles
(Figure S3) shows that on average %Cu* signal is only 1.7
times higher than 27Al* signal at this location despite the
dominant contribution of Cu to the sample composition.
This demonstrates that the generation of Al secondary
ions is much more efficient than the generation of Cu
secondary ions. A near-interface substrate section and a
deep substrate section are presented in regions 3 and 4,
respectively. In both cases, Al signal was still present,
most likely due to the different sputter rates between Al
and Si (as shown in Figure 4). Nevertheless, the
corresponding *7Al* and 28Si* signal distributions indicate
that the potential mass interference between 3Si*+ and
27Al'H* has a negligible effect on 28Si* signal distribution
in these 2D images (no similarities in image patterns can
be distinguished). Moreover, primary ion beam-induced
roughness seems to be irrelevant to the image quality in
this case. In summary, Figure 5 proves that the acquired
segregation of 7Al* signal in Figure 2 represents real
elemental distribution of Al nanoparticles and does not
result from the artefacts induced by the surface topology.

Analytical Chemistry

Elemental imaging with TOF-SIMS at HV conditions with
Ga* beam

Among all secondary species, which are ejected by a
primary ion beam, only a small fraction is ionized and
can be detected. Therefore, an efficient ion collection is
particularly important in the case of TOF-SIMS
technique and the dedicated instruments (such as
TOF.SIMS3) operate at UHV conditions. However, a
need of conducting correlative and/or complementary
analysis of a specimen (for example in situ TOF-SIMS
and EDX measurements of elemental structure, topology
measurements obtained with SEM, crystallographic
orientation measurements with Electron BackScatter
Diffraction, EBSD or surface roughness analysis with
AFM, all conducted without breaking vacuum
conditions) resulted in developing HV-compatible TOF-
SIMS detectors>*. Comparing HV and UHV conditions,
two parameters have to be taken into account, i.e. the
mean free path and the time needed for a single
monolayer formation.

The mean free path, L (given in m), is defined as an
average distance covered by a molecule between
collisions and is determined in air at room temperature
(20°C) by the pressure, p (given in mbar), in an analytical
chambers55°:
6.62%x107°
L= - ()

According to the classification provided in, the pressure
of UHV varies between 10® and 10"> mbar while HV
pressure range spans from 103 to 10® mbar. This means
that in the case of 10° mbar, which is the typical
operation pressure of CTOF, the mean free path in HV is
Liy=66 m. In the case of 109 mbar, which is the typical
operation pressure of TOF.SIMSs (the pressure increases
to 10°°- 10’5 mbar when oxygen flooding is provided), the
mean free path in UHV is Lyyy~=66 km. These values are
comparable to the typical Lyy and Lyyy reported in the
literatures®. Although Lyy is shorter than Lyyy by three
orders of magnitude in this case, both values are much
greater than the size of TOF-SIMS analytical chambers
used in this study.

Another parameter, which is important for the TOF-
SIMS analysis, is the time needed to form a single
monolayer on a material surface, t (in seconds), which is
correlated with pressures® by
249 %1076
=, ()

This dependency is only valid when a surface is clean and
the sticking coefficient, i.e. the probability that an
atom/a molecule will stay on a surface after striking it, is
unity. The value of the sticking coefficient depends on a
material type (very reactive materials, such as alkali
metals or rare earth metals, have the sticking coefficient
equal, or nearly, to 1 but many other materials have much
lower sticking coefficientss?), temperature and surface
coverage?®. According to Equation 2, tygy=42 min and
tyy~2.5 s in the case of considered UHV and HV pressure
values of 109 mbar and 10® mbar, respectively. The UHV
measurements with TOF.SIMSs5, which are presented in
this work, on average have taken less than 3 minutes per
scan. Therefore, in such conditions residual gas
molecules had no time to completely cover the sample
surface. However, in the case of measurements
conducted with CTOF, the dwell time (i.e. the time
during which a FIB beam stays on a given pixel of an
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Figure 6. 2D elemental distributions of the sample main isotopes (a) >7Al*, b) %Cu*, c) an overlay of 27Al* and %3Cu* signals)
obtained with the ®Ga* primary ion beam at HV conditions using the newest CTOF prototype. Integration over the first 35
frames (the region marked with the yellow dashed lines given in Figure S5) was applied to obtain the lateral images. The signal
intensity was adjusted individually for each image. The yellow dashed lines denote the region used for side views (Figure Ss).

analyzed sample region) of 10 ps and 1024x1024 pixel
array (i.e. 1.05x10° pixels in total) resulted in over 10 s
needed to acquire a single scan (the actual scan duration
is longer as the imaging beam moves from one pixel to
another and from one line to another). This means that
gas molecules present in the vacuum chamber
potentially had enough time to adsorb on a sample
surface and completely cover it. Although this is usually
considered as a drawback of HV-based systems, in some
cases, it can have beneficial effect as, for example, the
presence of oxygen in the vicinity of positively ionizing
elements can significantly increase the secondary ion
generation.

Figures 6 and S4 show the elemental distribution of the
Al nanoparticles buried under Cu thin film obtained with
the upgraded HV-compatible prototype of the CTOF
detector. Despite higher (when compared to TOF.SIMS3)
base pressure in the analytical chamber, a very high Al
signal was recorded. This allowed Al nanoparticles to be
represented in the lateral plane (Figure 6) and in the
depth (Figure Ss). These results are comparable with the
results obtained at UHV. The differences between image
quality result not only from the vacuum pressure but also
from the type of primary ion beam (a detailed
comparison can be found in*), applied ion beam
energies and currents. Besides, no supplementary gas
was delivered to the sample surface during the TOF-
SIMS measurement at HV. In this case, it is very likely
that the spot size of applied °Ga* primary beam was
much smaller than the spot size of Bi;>* beam used
during the UHV measurements. This can result in much
more accurate representation of Al nanoparticle size and
shape. According to%, the Ga beam spot size can be as
small as 2.5 nm at 1 pA ion current. So far, an operation
at such low beam currents was not applicable for TOF-
SIMS due to an insufficient secondary ion count rate.
However, the recent improvements of the ion extraction
and transfer optics of HV-compatible CTOF prototype
as well as the better vacuum system and more precise
positioning of the sample stage have enabled the
chemical measurements to be conducted at only 4 pA
primary ion current. Probably, this is also the main
reason why the spatial representation of Al nanoparticles
presented in this work is much better than in the case of
our previous studies?” on Al nanoparticles distributed in
a BMG (i.e. ZrCuAg; conducted at 15 pA ion current).
However, the importance of the matrix effect®® cannot
be excluded as Cu and ZrCuAg media, in which the Al

nanoparticles were deposited, can affect the Al
ionization efficiency in a different manner. Remarkably,
in the case of Al nanoparticles buried under the Cu thin
film the higher resolution (resulting in the higher quality
of elemental images) was achieved despite much lower
concentration and size of the Al nanoparticles in the thin
film volume.

It is worth mentioning that the evolution of collision
events and energy transfer are significantly different in
the case of ion beams and cluster ion projectiles®>-%. This
leads to different sample's surface damage, penetration
depths as well as sputtering yields and, therefore,
influence the quality of chemical images and depth
profiles. Figure S6 shows the depth profiles obtained
with the %Ga* beam. A peak of ®Ga* signal distribution
appears close to the interface between the Cu thin film
and the Si substrate. Furthermore, signals detected at
masses 96 and 132 can indicate formation of ©Ga>’Al* and
%9Ga%Cu* ions, respectively. These signals' maxima are
shifted with respect to the locations of >7Al*, %3Cu* and
%Ga* signal peaks and, therefore, can potentially suggest
the implantation of ®Ga* and ®°Ga*-based ions. However,
the assessment of exact locations of these implantations
requires molecular dynamics simulations.

STEM/EDX elemental analysis on the sample cross-
section

The STEM/EDX elemental maps of the sample
composition were performed on a sample cross-section
(Figure 7). In this measurement type, an area considered
for the analysis is much smaller than in the case of in-
plane imaging. However, it allows the location of Al
nanoparticles to be precisely assessed in depth. The
STEM/EDKX results confirm that Al nanoparticles formed
less than a single monolayer directly located on the Si
substrate surface. Moreover, they are spatially separated,
i.e. no agglomerates are present, which was one of the
main objectives when designing the model sample for
verifying the potential of the TOF-SIMS technique.
Neither the diffusion of entire Al nanoparticles nor
significantly large Al clusters were observed in the
measured region. The size of the nanoparticles was not
uniform and varied between 19 nm and 36 nm. The
largest nanoparticle has a spherical shape but the smaller
nanoparticles seem to be smeared towards the substrate.
The 52 nm thickness of the Cu thin film was measured.
This proves the precision of the PVD technique in the
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Figure 7. STEM/HAADF and STEM/EDX images of the
sample cross-section. The scale in colour maps corresponds
to the material quantity (black denotes the minimum value
and the most intense colour shows the maximum value).

nanoscale within 4% error margin in this case as the
designed thickness of Cu layer was 50 nm. The
STEM/EDX results have shown Cu signal deficiency at
the location of Al nanoparticles which was not observed
in the TOF-SIMS data. Besides, the nanoparticles are
confined within the oxidized shells, as expected. Due to
the insufficiently low signal, it was not possible to
estimate the thickness of these shells. A strong oxygen
signal was recorded also on the entire Si substrate
surface. The thin film surface was oxidized too but with
lower intensity.

In Figure S7 an elemental depth profile of the sample
analysis region given in Figure 7 is presented. In this case,
the signals are integrated over the lateral plane (i.e. 619
nm length and 124 nm thickness). The locations of the
interfaces between the Pt protective layer and the thin
film and between the thin film and the Si substrate were
estimated based on the cross points between Cu signal
distribution with Pt signal distribution and Si signal
distribution. The presence of Cu signal within the region
of Pt protective layer results from the thin film surface
roughness induced by the buried Al nanoparticles. Two
O signal peaks were recorded at the interfaces, which
confirms the Si substrate surface oxidation and the
oxidation of the Cu thin film surface. Within the thin
film, Al gives a non-uniformly distributed signal due to

Analytical Chemistry

the variations in the Al nanoparticle size. The stronger
Al signal is observed close to the Si substrate which is
consistent with the design of the model sample. The
detection of Al near the thin film surface can indicate the
diffusion of Al atoms from the buried Al nanoparticles.

The STEM/EDX provides quantitative information on
the sample composition. Moreover, the size of sample
components can be assessed with a nanometre scale.
However, the analysis region is relatively small and
might not be representative for the entire material
structure. Besides, the duration and complexity of the
sample preparation (which usually requires additional
instrumentation such as FIB) remain the main
drawbacks of this technique.

Comparison of the TOF-SIMS and STEM/EDX techniques

TOF-SIMS and STEM/EDX are alternative elemental
characterization techniques. However, the decision
which one should be used strongly depends on the main
objectives of a study. Certainly, TOF-SIMS has an
advantage over STEM/EDX regarding the detection of
elements. Both, light and heavy elements can be
detected with high mass resolution during a single
measurement (however positive and negative ions have
to be measured separately). Moreover, TOF-SIMS allows
for isotope recognition which can find many
applications, especially in medicine and geology.
Besides, complex ionized molecules can be measured.
Apart from that, a sample can be studied in a wide range
of ROI size (without any intermittent steps such as
sample preparation) enabling for local and global
characterization of a sample chemical structure. This is
not attainable for STEM/EDX due to a limited specimen
size. Since no particular sample preparation is required
prior to TOF-SIMS measurements (preferably a sample
should be flat and conductive though), no additional
instrumentation is needed (in contrast to STEM/EDX).
This reduces the overall experimental duration time.
Although TOF-SIMS is a powerful qualitative technique,
it does not provide quantitative information (unless
dedicated standards are provided, which is not the case
regarding novel materials) due to the matrix effect.
Therefore, STEM/EDX has to be used when the
knowledge of exact sample chemical composition is
needed. Besides, STEM/EDX is also much more precise
regarding the size measurements of nano-objects (which
can be performed on the atomic level) as TOF-SIMS
images in the nanoscale can represent a convolution of
an imaged object and a shape of imaging primary ion
beam®. Apart from principal differences, the HV-
compatible TOF-SIMS detectors can be combined within
the same analytical chamber with techniques such as
SEM, EDX, WDXS (Wavelength-Dispersive X-ray
Spectroscopy), AFM, EBSD, Raman Spectroscopy and
GIS (Gas Injection System). This allows correlative
sample characterization to be conducted in situ without
breaking vacuum conditions. A detailed comparison of
the TOF-SIMS and STEM/EDX methods is provided in
Table 1.

CONCLUSIONS

The intense development of nanoparticle-based
technologies demands reliable and efficient
characterization techniques to maximize the
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Table 1. Comparison of TOF-SIMS and STEM/EDX techniques.

TOF-SIMS STEM/EDX
Physical principle Detection of secondary ions? 2(;}:6?8;;5,561 ectrons (STEM) and characteristic X-
Detection of elements All ionized Elements with Z > 4 67.682)
Isotope recognition Yes No
Imagipg inorganic  and Yes?76569-73 No
organic molecules
Data representation 3D?2769.74 2DP)
Highest Lateral <20nm73 o.1nm?7
resolution Depth <1nm 7 <10 nm 77,9
Typical 2D ROI size 1-10% pm? 104 - 10* pm?>
Quantification No @ Yes
Sample preparation None ¢ Lift-out3749, cross-section#?, plan view49

Additional instrumentation | None 8

FIBs° with GIS7® " and micromanipulator

Mass interference7+79:80,
Origin of potential artefacts

topology3753, FIB curtaining®3

matrix | Sum  peaks®, escape  peaks®,  coherent
effect®>®8, different sputtering rates | bremsstrahlung peaks®, absorption®4, fluorescence,
of sample components®, | generation of X-rays from Si detector®4, peak

overlaps®s, FIB curtaining

Measurement type Destructive

Destructive

aProblematic for elements with 4<7< 10 86, Pusually STEM/EDX measurements are conducted in 2D space but 3D
tomography is possible as well®7, 9this value refers to the thinnest TEM lamellae, Yquantification is not possible in the
case of samples with unknown composition; in some cases standards can be used for attempting the quantitative results,
9sample surface should be flat®; /in some cases samples are coated with thin Au or C layers to prevent charge collection
on the sample surface, ®a sputter coater is needed for Au or C thin film deposition; GIS can be used for TOF-SIMS signal
enhancement®89, MWGIS is needed for depositing a protective (for example Pt) layer and for a sample lift-out, the sample
lift-out is destructive but a lamellae can be measured multiple times.

functionality of novel systems and to optimize
fabrication processes. Moreover, the effect of
nanoparticles on living organisms and potential
biohazards have to be profoundly examined. This can be
achieved by the STEM/EDX and TOF-SIMS techniques
which enable a sample composition to be characterized
with nanoscale resolution.

In this work, the potential and limitations of TOF-SIMS
and STEM/EDX were compared based on the results
obtained with the novel dedicated model sample
consisting of low-concentration 10s of nanometer large
Al nanoparticles buried under the 50 nm thick Cu thin
film. The TOF-SIMS capability to spatially resolve
individual nanoparticles was demonstrated under UHV
and HV. This was a great achievement especially taking
into account the very small Al content in the studied
specimen. Remarkably, the imaging of nanoparticles
with such high lateral resolution using the HV-
compatible TOF detector was obtained for the first time.
This was possible thanks to operation at a very low
primary ion beam current of 4 pA (which approaches the
conditions of 1 pA providing the smallest possible Ga*
beam spot size of 2.5 nm3°) as well as the upgraded ion
extraction and transfer optics of the new CTOF
prototype. Moreover, it was proven that the measured Al
signal represents real chemical distribution and is not a
result of topology artefacts induced by the sample
surface roughness. Undoubtedly, the high ionization of
Al played a crucial role in the success of our studies.
However, the recent development of gas-assisted TOF-
SIMS8289, which (in the case of some metals and alloys)
demonstrates the great potential for enhancing

secondary ion generation, is very promising for detecting
and chemically imaging weakly ionizing elements.

TOF-SIMS is a competing and alternative technique to
STEM/EDX, which currently is the most frequently used
tool for elemental characterization at the nanoscale.
Both methods have different pros and cons. Therefore,
the choice of the technique strongly depends on the
main objectives of a study, such as the possibility of
detecting all ionized elements and molecules, chemical
representation in 3D, precise measurement of nano-
object size or dimensions of the chemical system.
Moreover, time-constraints as well as an access to the
additional sample preparation instrumentation or the
possibility of conducting correlative measurements in
situ can be decisive. The provided detailed comparison
of the TOF-SIMS and STEM/EDX characteristics can
serve as guidelines for finding the most optimal solution
for efficient investigation of nano-systems.
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The comparison of Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) and Scanning Transmission Electron Microscope
combined with Energy-Dispersive X-ray Spectroscopy (STEM/EDX), currently the most powerful elemental characterization
techniques in the nanoscale, is presented using a novel model sample consisting of Al nanoparticles buried under a 50 nm thick Cu
thin film.

ACS Paragon Plus Environment



