Nanoscale

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Nanoscale

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cuzmsmv

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/nanoscale


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 32

Nanoscale

New insights into micro/nanoscale combined probes (nanoAuger, pXPS) to characterize
Ag/Au@SiO; core-shell assemblies

J.B. Ledeuil*, A. Uhart, S. Soulé, J. Allouche, J.C. Dupin, H. Martinez

IPREM —ECP - UMR CNRS 5254, Université de Pau et des Pays de I'Adour, Technopole
Hélioparc, 2 Avenue Président Pierre Angot, PAU Cedex 09,64053 Pau, France

*Corresponding author: jean-bernard.ledeuil@univ-pau.fr

ABSTRACT

This paper examines the elemental distribution and local morphology at the nanoscale of
core@shell Ag/Au@SiO, particles. The characterization of such complex metal/insulator
materials becomes more efficient using an initial cross-section method of preparation of the
core@shell nanoparticles (ion milling cross polisher). The originality of this route of
preparation allows one to obtain undamaged, well-defined, and planar layers of cross-cut
nano-objects. Once combined with high resolved techniques of characterization (XPS, Auger
and SEM), the process appears as a powerful way to minimize charging effects and to
enhance the outcoming electron signal (potentially affected by the topography of material)
during analysis. SEM experiments have unambiguously revealed the hollow-morphology of
the metal core when Auger spectroscopy observations put into light a chemical heterogeneity
within the particles (as silver and gold are randomly found in the core ring). To our
knowledge, this is the first time that Auger nano probe spectroscopy has been used and
successfully optimized for the study of some complex metal/inorganic interfaces at such a
high degree of resolution (=12 nm). In complement, XPS Au4f and Ag3d peaks were finally
detected attesting of the possibility to access to the whole chemistry of such nanostructured

assemblies.
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1. Introduction

With the rise of nanoscience in recent decades, the design and development of advanced
functional nanomaterials has undergone a large and rapid expansion due to their high
potential in a wide range of applications such as electronics, energy storage, optics, catalysis,
and nanomedicine [1-5]. In this context, multifunctional core-shell nanoparticles have
emerged as attractive and promising nanoscaled entities, because they are able to combine
several functions into a single unit. The multifunctionality can be provided by the
combination of the different chemical natures and intrinsic properties of the core and parts of
the shell. In addition, the design of nanostructured porous inorganic structures such as
mesoporous silica, particularly in the shell, have been investigated to take advantage of their
possible covalent anchorage by several functional organic molecules [6—8]. Such a design
leads to so-called hybrid organic-inorganic materials characterized by novel or improved
properties arising from a synergetic effect between the organic and mineral portions [4].
Among the variety of core-shell nanoparticle architectures encountered in the literature [9—
13], the core noble metal-silica shell (NM@SiO;) configuration has recently received much
attention by researchers [14-20]. Our group recently demonstrated the possibility of coating
Ag/Au nanoshells with an organically modified mesoporous SiO, shell to provide new
photothermally responsive drug delivery nanomaterials [21,22]. The synthesis was performed
through a sol-gel process that obtained well-defined and fine-tuned particles at the nanoscale.
Nevertheless, given these dimensions in combination with the different chemical natures
(silver, gold, silica, organic agents, etc.) of the core-shell zones, the control of the synergetic
effect at the organic-inorganic and/or inorganic-inorganic interfaces becomes a key point in

obtaining good and/or improved performance of the nanomaterials.

As a consequence, a better understanding of such particle-formation mechanisms at the
nanoscale is required. Although it is challenging, it is now possible with the improvement of
many analytical techniques, as recently demonstrated by Mattei et al. [23] for bimetallic core-
shell nanospheres. Most micro-characterization techniques based on electron microscopy or
spectroscopy must be alternately performed and the results compared to access the pertinent
information about the considered nanosystems. For example, secondary electron microscopy
(SEM) and transmission electron microscopy (TEM) are systematically and successfully used
for metal core-SiO; shell morphological studies [24,25]. However, SEM is not sufficient to
provide the core-shell chemical information when coupled with energy dispersion

spectroscopy (EDS), because of the scale of the excitation volume. On the other hand, TEM
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coupled with EDS or electron energy loss spectroscopy (EELS) is even more restricted, due
to the possibility of sample preparation damage and analytical artifacts related to the thinning
methods used for electron transparence and the utilization of a high primary beam energy

[26-29].

In comparison, X-ray photoelectron spectroscopy (XPS) currently appears to be the most
useful technique to get direct surfaces/interfaces information (chemical state, composition)
for many research topics in advanced nanostructured materials [30,31]. The XPS sampling
depth range varies from 1-8 nm depending on the particular analytical mode (e.g., angle
resolved XPS; use of a higher energy than conventional Al-ka X-ray radiation).

In the case of core-shell structures, sometimes XPS analysis can be a powerful probe (even
if it is not really considered to be a tool with “nano” resolution), given its potential to highly
resolve chemical features [32,33]. However, if the analyzed core@shell particle size is larger
than the material electrons escape depth (=5nm) or if the inorganic shell is not porous
enough, the relevant analysis becomes less effective due to core area signal attenuation. To
overcome such limitations, and to record fine inner-particle chemical details, ion-milling
cross section operations can be applied [34], which this work has taken advantage of in

combination with a set of multiple high-resolution surface analytical techniques.

The cross-section preparation of samples has been possible for several years with dedicated
techniques, some of which [35] require special skills associated with freeze fracturing,
microtomy, or FIB methods. Other techniques [36] (e.g., mechanical polishing, cleavage,

crushing, or electro-chemical polishing) are easily performed, but can induce sample damage.

Available since 2006, the ion milling method tends to be essential for preparing
nanomaterials with regard to the efficiency of the polishing process [35,38]. The main
technical difficulty is to perform a cross-cut section with a sufficient number of “polished”
particles. Depending on the number of nanoparticles diluted in the matrix and the intersection
of the cutting plane with them, the polishing process leads to cut spheres with random depths
of cutting. To optimize the analysis conditions, the challenge was to define an appropriate
“area of interest” in the cross-section layer for which the nanoparticles could ideally be well
cut into half spheres. The cross-polisher method (CP) was then an original route to obtain a
highly defined layer of cross-cut nanoparticles suitable for morphological and chemical
surface analysis with uXPS, SEM, and SAM at the nanoscale. In particular, the extremely
high spatial resolution of SAM (= 12 nm) was well-adapted for the challenging chemical and
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morphological characterization of inorganic interfaces at the nanoscale. This constitutes a
major key point, because the interface features are known to impact directly on a number of
the properties of multicomponent based materials, especially core-shell nanoparticles. In
addition to the overall description and discussion of the results to follow, we describe specific
operational settings such as the excitation conditions, charging effect limitations, instrumental

drift, and sample preparation techniques.

2. Materials and methods
2.1 Nanoparticles synthesis

Core-shell nanoparticles composed of an Au/Ag alloy core and a mesoporous silica shell
(Ag/Au@SiO; nanoparticles) were synthesized following a procedure our group recently
developed. The entire procedure and experimental details can be found in our recent
publication [21]. Briefly, the synthesis is based on a two-step process whereby silver/gold
alloy nanoshells were first elaborated by a galvanic replacement method using silver
nanoparticles as patterns. In the second step, a surfactant-assisted sol-gel process was

performed to coat the metal nanoshells with a well-defined mesoporous silica shell.
2.2. Preparation of nanoparticles for characterization

2.2.1 Non-cross-cut prepared particles
To prepare nanoparticles that were not cross-cut, the materials were simply deposited on

aluminum foil before mounting on the sample holder for the XPS and SEM characterizations.

2.2.2 Cross-cut prepared particles: lon-milling cross-section method

The cross-cut particles were prepared with a JEOL Cross-Polisher (JEOL Ltd, Tokyo,
Japan). The particles were first diluted in a carbon paint (colloidal graphite) laid out on a 5
mm? Si wafer and then exposed to the Ar" ion beam (working pressure of 1X10™ Pa; ion
beam energy varying from 1 to 6 keV; ion current approximately 120 pA). The cross-cutting
process is known to be precise and sharp, and it leads to a perfect planar surface as the beam
angle to the sample surface is close to 90° (Fig. 1a). The shield plate blocks around 50% of

the primary beam protecting the main part of the sample and then mainly allowing an edge
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erosion of the material. Fig. 1b shows a wide SEM view of a Si wafer ultra-clean polished
area (X, Y plane). Typical dimensions of the eroded area are 700 um (X) x 400 pm (Y) % 40
um (Z) obtained at 6 keV per 2 hours on the silicon wafer. In comparison with Ga" ions used
in classical focused ion beam (FIB), the Ar' ion beam of CP process is achieved at low
energy (1-6keV instead of 10-30 keV for FIB) and at grazing angle (typically 2° to the
surface instead of 30-45 © for FIB). Then it is less damaging for the specimen with extremely

limited implantation of Ar' ions in the eroded surface [37](very low atomic mixing).

Figs. 1a and 1b

2.3 X-ray Photoelectron Spectroscopy (XPS)

XPS analyses were conducted with a Kratos Axis Ultra DLD spectrometer (Kratos
Analytical Ltd, Manchester, UK) using focused monochromatized Al Ka radiation (hv =
1486.6 eV). The spectrometer was fitted with a double focusing 180° hemispherical analyzer
(HSA) and a spherical mirror analyzer (SMA), which were run in fixed analyzer transmission
mode (FAT) for the XPS data acquisition (FAT also known as constant analyzer energy mode
CAE). The detector system is based on a delay-line detection used for both spectroscopy and
2-D imaging applications. The instrument work function was calibrated to produce a binding
energy (BE) of 83.96 eV for the Au 4f7, line for metallic gold and a BE of 932.67 eV for the
Cu 2p3; line for metal copper. The performance of the spectrometer on the Ag 3ds;
photoemission line (BE 368.3 eV) was 250,000 counts at 0.48 eV full width at half maximum
normalized to the full X-ray power. The coaxial Kratos patented charge neutralizer was used
during the analysis to avoid any charge effect (i.e., coaxial electron flood gun working in
accordance with a magnetic immersion lens) [39]. Survey spectra (wide energy range from -
5.0 eV to 1200.0 eV BE) and parallel imaging were recorded at a constant pass energy (PE)
of 160 eV (CAE mode) in high magnification lens mode for high sensitivity conditions at a
power of 300 watts (20 mA/15 kV). Core ionization peaks were recorded at a constant PE of
80 eV (CAE mode) for the pXPS spectra and at 20 eV PE for the large area analysis (300—
700 pum). Moreover, the uXPS analyses were achieved in the 15um diameter selected small
area XPS mode with the use of a selected area aperture inserted in the electrostatic lens
column. Most XPS instruments are fitted only with optical microscopes suitable for

macroscopic XPS analysis, which makes the ability to select small objects (<100um)
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difficult. Prior to running the pXPS analysis, SEM and high resolution XPS parallel imaging
were both used to precisely define the position of the area of interest. For the high resolution
parallel imaging using the SMA, the field of view was 200 x 200 um with a spatial resolution

of approximately 3 pm.

The spectra calibration was done by rescaling the experimental profiles based on the
hydrocarbon contamination component of the Cls peak (285.0 eV). The peak fitting was
processed with a nonlinear Shirley-type background [40], and the mathematical components
were optimized with a weighted least-squares fitting method using 70% Gaussian and 30%
Lorentzian line shapes. The quantification was performed with CasaXPS processing software
(CasaXPS Ltd, Teignmouth, UK) using Kratos relative sensitivity factors [41,42]. The
analysis chamber conditions were held constant under ultra-high vacuum (pressure<2.10”
Pa). To prevent moisture or air exposure of the samples, the XPS spectrometer was directly
connected to an argon dry box working at low H,O/O, levels (<10 ppm through a fast load

transfer chamber).
2.4 Auger Electron Spectroscopy (AES)/Scanning Auger microscopy (SAM)

The Auger analyses were carried out with a JEOL JAMP 9500F Auger spectrometer
(JEOL Ltd, Tokyo, Japan) working under UHV conditions (pressure<2.10” Pa). The UHV
equipment was a Schottky field emission Auger electron spectrometer (FE-AES) dedicated to
very high spatial resolution analysis and high brightness. The hemi-spherical electron
analyzer coupled with a multichannel detector (7 channeltrons) offered ideal settings for

energy resolved Auger analysis.

Two modes were available for measuring the electron kinetic energy: constant analyzer
energy (CAE) and constant retarding ratio (CRR). Classical AES experiments are usually
recorded in the CRR mode, for which the energy resolution (dE) linearly increases with the
measured electron energy (E) (the pass energy window varies to maintain a constant [1E/E
ratio). For comparison, the classical XPS analysis process runs with CAE with a constant
energy resolution, regardless of the electron energy measured (dE/E variable). Technically, in
CAE mode, the dE can be set at a value between 0.7 eV and 7.0 eV, corresponding to a fixed
pass energy window between 10 eV and 500 eV. The spectra are provided in a direct mode
N(E) (non-derivative mode expressed as the output signal of the electron detector using pulse

counting versus kinetic energy). Qualitative “survey” AES spectra (kinetic energy from 0 to
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2500 eV) were recorded using a focused probe and the CRR mode with a dE/E = 0.5% (high
sensibility).

Scanning Auger line scans and images acquisition was performed in CAE mode to enable
defining the useful energy width needed to obtain a significant peak background-intensity
difference with respect to the Auger transition and the background shape. Different
parameters such as the sample holder configuration (tilt angle), multi-detection conditions
(number of Channeltrons on duty), acquisition time, and scanning rate (inducing the electron

dose per point) were optimized.

A “soft etching” using low energy argon ion sputtering was applied to remove surface
contamination on the samples prior to analysis. The etching parameters for the ion beam
energy (500 eV), total ion current (0.1 pA), sputtering time (60s), and “compucentric”
rotation [43] were carefully adjusted to avoid preferential sputtering, minimize induced

sample roughness, and limit chemical damage.

An “auto probe tracking” correction was used to control and compensate for the drift, due
primarily to the balance of the sample surface charge effects and the instrument-dependent
fluctuations (e.g., vibrations, electronic and electromagnetic field variations, sample heat
dissipation, etc.). The SAM and SEM images were recorded after each frame sequence and

compared with an initial reference image to evaluate the total drift.
2.5 Scanning Electron Microscopy (SEM)

High resolution high-energy images were obtained with the previous JEOL JAMP-9500F
Auger spectrometer (30 keV, 2nA, working distance = 23mm; same conditions than Auger
spectroscopy analysis) fitted with a Schottky field emission electron gun using a conventional
secondary electron detector (SED) in the analysis chamber. The present analysis mode

permits a high depth of field for nanoparticles visualization.

High-resolution /ow-energy images were recorded with a JEOL JSM-7800F secondary
electron microscope (2.5 keV, 0.5nA, working distance = 3mm). In these experimental
conditions, the conventional SED minimizes the “backscattered” electrons coming out of the
material and only gives an extreme surface visualization of nanoparticles. In addition, in the
JEOL JSM-7800F secondary electron microscope, a second detector (in lens upper electron
detector, UED) offers the possibility to collect “low energy-backscattered electrons” (“Z”
contrast) [44—46].
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3. Results and Discussion
3.1 Morphological and chemical analysis of non cross-cut Ag/Au@SiO; nanoparticles

3.1.1 SEM morphological analysis

After their synthesis, nanoparticles were characterized by SEM in order to control the
expected core-shell hierarchical assembly. Particles appeared to be core-shell structured with
a whole particle diameter of approximately 280 nm and a metal core size of around 100 nm
(Fig. 2a). Indeed, same Fig. clearly highlights that under high primary beam energy
conditions, two different material densities were observed: spherical shells and cores that
appeared as “ghost” features in the central part of the assemblies. Fundamentally, with high
primary beam energy, the SE contrast of the nanoparticles is composed of a direct shell
surface signal (SE typel) and an indirect shell surface signal (SE type 2) induced by
backscattered electrons interacting with the surface (Fig. 2b). Depending on the specific core-
shell architecture, different density areas could then be observed in relation to the elements
density (induced “Z contrast” SE image). Then, in the core@shell nanoparticles SEM image,
the outermost shell appeared “transparent” because of the low density of the expected SiO,
layer; particles of the second plane are even visible through this first low density zone.
Moreover, the brilliant zone observed in the center would correspond to the expected high

density metal core.

Figs. 2a and 2b

3.1.2 XPS chemical analysis

A classical XPS characterization was conducted to corroborate the previous SEM
observations and to determine the chemical environments in the core-shell structure. Based
on the high resolution core peak spectra shown in Fig.s 3a and 3b, the gold (Au4f) and silver
(Ag3d) signals were not significantly detected. In contrast, the carbon, oxygen, and silicon
(Si2p3/2-1/2 in Fig. 3c) peaks were recorded at BEs of 285.0 eV, 533.4 eV, and 103.6 &
104.2 eV, respectively, in agreement with carbon surface contamination (detected in all
specimens: CC/CH bonds) and the SiO, environment of the shell. The quantitative O/Si ratio
of approximately 1.4 was in good agreement with the common stoichiometry of unannealed

silica [21].
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In view of these results, although the silica shell was considered mesoporous structured
[21], its thickness was definitively more than the XPS sampling depth (SEM showed a 90 nm
thick SiO, layer around the 100 nm diameter Au/Ag core). Such XPS results point out the

limitations of XPS spectroscopy for the analysis of these core-shell nanoparticles.

Fig. 3

3.2 Morphological and chemical analysis of cross-cut Ag/Au@SiO, nanoparticles

To go deeper in the fine description of the synthesized Ag/Au@SiO, core@shell
nanoparticles, some well-defined planar sections of undamaged individual nanoparticles were
carried out. The preparation is supposed to reveal the inner core-shell structure and would
allow the full characterization (elemental distribution and local arrangement) using combined

and adapted techniques.

Fig. 4a displays a SEM large view of the cross-section area of in the carbon matrix (point 1)
supported on a Si wafer (point 2). A close-up view of the central area (blue rectangle in Fig.
4a) is shown in Fig. 4b at a higher magnification. All the characterizations were conducted on
the well-defined planar surface near point 3, as the present zone seems not to be affected by
some charging effects (few nanoparticles diluted into carbon matrix) on the contrary of large

aggregates near points 4 (high concentrated zone of nanoparticles with white SE contrast).

Figs. 4a and 4b

3.2.1 SEM morphological analysis
The images in Fig. 5 show an inclusion full of cross-cut nanoparticles (Fig. 5a) near the Si
wafer plane, although only a few nanoparticles are ideally cross-cut in half-spheres (red
arrows at the high magnification in Fig. 5b) due to their random distribution in the matrix.
Fig. 6 illustrates the random cross-cutting of agglomerated nanoparticles. Those located
partially above or below the ideal cutting-plane show a residual piece of sphere with an
unsuitable view of the core structure. Giving preference to the half spheres makes

morphological and chemical analyses of the whole core-shell structure possible.
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Figs. 5a and 5b

The close-up morphological observations (Fig. 5b) reveal a spherical, hollow core-shell
structure with a core ring approximately 20 nm wide and 100 nm in diameter. A noted benefit
of the carbon matrix was the dilution of the charges within the whole material, thus reducing

the charging effect inherent to the SiO; insulator.

Fig. 6

Finally, the cutting-plane offers a low surface roughness, reducing topographical
shadowing effects and differential charging gradients that generally disturb photoelectron

emission detection [31].

3.2.2 uXPS chemical characterization

The aim of next step of the study was to characterize by XPS, in the previous micro-
domain of about 15pm diameter (see Fig. 5a), the inner chemical distribution of the
aggregated cross-cut nanoparticles.

The main caution before running the pXPS analysis was to localize (coordinates X and Y)
[47] the previous selected area with SEM. Fig. 7a displays the uXPS imaging issued from the
overlay signals of carbon matrix (Cls peak (BE= 285.0eV, green)), silicon wafer (Si2p metal
(BE= 99.0eV light red)) and nanoparticles (Si2p of silicon oxide shell (BE= 103.7¢eV, dark
red)). The Fig. 7b presents the perfect matching between the SEM image and the XPS
parallel imaging, permitting to locate the center of the “selected area”. In this region, two
inclusions of cross-cut core@shell nanoparticles are pinpointed by the marks “2” and “3”
(Fig. 7c). The uXPS analysis was performed on the area “3” approximately 15 pm in

diameter (same region previously analyzed with SEM, Fig. 5a).

Figs. 7a, 7b, and 7¢

In contrast to the XPS data collected for the uncut nanoparticles (see §3.1.2, Fig. 3), all of

the expected element transitions corresponding to several chemical environments were now

Page 10 of 32



Page 11 of 32

Nanoscale

detected: silver metal (3d doublet at 368.6-374.5 eV; Fig. 8a), gold metal (4f doublet at 84.7—
88.4 eV; Fig. 8b), the silicon of SiO, (2p doublet at 103.6-104.2 eV; Fig. 8c), and the oxygen
of Si0O; (532.9 eV). Other components related to the matrix and the surface contamination
were also detected: the oxygen of the C-O-C bonds (534.6 eV), and the carbon of the C-C/C-
H (285.0eV) and C-O-C (286.5¢V) bonds (Table 1). In addition, the quantitative O/Si ratio
[22.2% Si (Si2p) and 30.3% O from SiO; (O1s)] was approximately 1.4, in agreement with

previous results obtained for uncut materials.

Figs. 8a, 8b, and 8c

Table 1

Even if the qualitative analysis of the inner nanoparticles was successfully done, the
quantitative chemical overview is less evident and limited by the number of ideally cross-cut
nanoparticles and the detection limit of puXPS (sensitivity). Some additional routes of
characterization are then needed as the puXPS is not enough adapted for individual

nanoparticle description even in the highest spatial resolution mode (3um).

3.2.3 AES characterization

In this section, some first considerations are announced as the Auger analysis of non-
conductive nanomaterials is rarely reported in the literature. Auger electron spectroscopy
(AES) provides spatially resolved surface elemental information analysis and is
complementary to the uXPS results [48,49]. Detected Auger electrons” are emitted from the
first few surface nanometers, forming a volume of few nm® based on an area having
approximately the size of the primary beam diameter and a depth resulting of Auger electrons

escape depth (2-5nm for kinetic energy in the range of 20 eV to 2.5keV).

Consequently, the emitted signal does not suffer from the undesirable emission-volume
effects generally observed with scanning electron microscopy coupled with X-ray emission
spectroscopy. To adjust the Auger experimental settings for non-conductive nanomaterials, a

preliminary step has consisted in: - finding the suitable operating conditions (excitations
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conditions which give high sensibility with the minimum beam diameter), - drawing a

strategy up to control the charging effect and the related drift parameter during the analysis. .

Several parameters of the excitation conditions could be optimized for the Auger signal to

emerge from an intense background [50-52] more detailed in ESI:

e The energy beam (E;) influences the ionization efficiency (o) [53,54] and the
background shape/intensity (BG), built up from the narrow secondary electron collection
(0-50 eV KE range) and the wide backscattered electron collection (50 eV-E( range) (see
Fig. ESI 1).

e The peak intensity (I""¢) is directly connected to the relevant current for the highest
sensitivity and a modulated probe diameter (Fig. -ESI 2).

Moreover, additional experimental cautions involved control of the charging effect of non-
conductive samples and the possible instrumental drift over time, often noticeable for high
magnification surveys. The electrical potential of the sample may be altered by the imbalance
between the incoming and outgoing electrons, resulting in a surface charge build-up [55].
Indeed, two electronic flows, the primary electron (PE) injections in the specimen and the

secondary electron emission, are in competition [56].

In the case of a non-conductive sample like the present Ag/Au@SiO, nanomaterials, the
charge compensation mechanisms are drastically affected, generating a surface potential (Vs)
that influences the energy, the direction of outgoing electrons, and the yield of secondary
electron emissions (SE, BSE, and Auger). A self-regulation process then occurs to reach a
steady state, with a residual Vs building up over time [57]. In general terms, to obtain a
correct analysis, it was advisable to reduce the primary beam energy (excitation conditions
optimization) and/or to use a defocused beam (increases the probed surface area, but loses

spatial resolution) [58].

Classically effective methods that prevent a charging effect during AES experiments are
primarily the charge neutralization [59], tilting [60], and sample thickness reduction methods
[58]. In this work, we focused on the latter method, which is suitable for diminishing the
number of surface residual charges (positive holes or primary electrons) that have diffused in

the specimen. Our method using the cross polisher is consistent with the thickness reduction
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strategy, as particles can be isolated (single or agglomerate) in a matrix and then cross-cut
through the center. The area exposed to the electron beams or X-rays is then more strongly
reduced than are the particles prepared without cross-cutting. The CP method also improves
the electron transmission for a conductive sample holder (electronic dissipation) and the

specimen heat dispersion.

3.2.3.1 AES characterization of cross-cut Ag/Au@SiO, nanoparticles

3.2.3.1.1 AES single point spectra
A quick AES survey was in a first time conducted on different points of the material to
demonstrate the ability to chemically resolve the core and shell of the particles. Fig. 9 shows
the high resolution SEM image (Fig. 9a) and AES spectra (red and black curves in Fig. 9b) of
two characteristic points: the core (point 1) and shell (point 2) of a single cross-cut

nanoparticle.

The analysis of point 1 showed unambiguously elements transitions for Agyvnn, Okir,
CkLL, Aumnn, and Sigpp which attests of both the analysis of the metal core ring but even of
the boundary of the SiO; shell. In contrast, only silicon, oxygen, and carbon were detected for
point 2 as expected for the inorganic shell. For this set of analyses, the electron probe size
was estimated at approximately Snm during the applied excitation conditions (30.0 kV, 2nA),
with a corresponding AES emission diameter of about 12 nm. These dimensions were
compatible with the core-shell structure, and the recorded AES spectra confirmed the
“gspatially AES resolved analysis” on such nanostructured materials with clear electron

transition signals.

Figs. 9- a) and b)

3.2.3.1.2 AES elemental mapping
Once the elements transitions detected, the second objective was to achieve a 2D elemental
mapping of the observed species (Scanning Auger Mapping) to clearly overview the element

distribution.

The RGB (Red Green Blue) synthesis (Auger relative intensity overlay) is displayed (Fig.

10 right) for any constitutive element in connection with the associated SEM image (Fig. 10
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left). Results of an individual nanoparticle mapping have shown the core ring is clearly
associated with silver (red) and gold (green), and the outermost shell is only made of silicon

oxide (blue), as previously assumed.

Fig. 10

3.2.3.1.3 AES line profile experiments

An additional experiment was run in line scan mode to better understand the bimetallic
alloy (fine elements spatial distribution at the nanoscale) and the metal/inorganic interfaces
between the core and the shell. Line scan method offers the opportunity to significantly
increase the signal to noise ratio (increase of the time per analyzed point) and to limit the
irradiation damages onto the material as time of whole analysis is shorten than 2D mapping

analysis.

Line profile experiments were performed continuously recording the AES peak intensity
above the background along a straight line over the region of interest (Fig.11a). The probe
displacement relative to this linescan is typically defined using a SEM image (bold horizontal
white arrow in Fig. 11b). The AES signal-intensity variation corresponding to the previous
main elements (Sikrr, OkrL, Aumnn, and Agynn) were recorded and then overlaid with the
corresponding SEM image to gain a better understanding. The “experimental” Auger spatial
resolution was evaluated in our conditions to be better than 12 nm (20-80% intensity

variation)
The linescan analysis pointed out the following results:

- The Si and O intensity signals are mainly found across the outermost shell and vary in
the same way while the Au and Ag signals are only detected in the core ring location as
expected (see linescan from point 1to point 5, Fig.11b). Si signal is non-existent in the
hollow region of the core@shell assembly (e.g., point 3, Fig.11b).

- Moreover, the Au and Ag intensity curves overlay together but in different proportions
(see points 2 and 4 on Fig.11b) which confirms the non-homogeneous elemental

distribution of metals in the core ring.

Figs. 11- a) and b)
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In the hollow region of the nanoparticle (see point 3), the metals signals deeply decrease (but
still existing) according to the half-sphere geometry (Fig. 12b). This evolution cannot be
associated with a lack of metals in this zone as the high resolution low energy backscattered
image (BSE) contrast of the same nanoparticle clearly demonstrated an intense emission
coming from constitutive metals of the core ring (Ag , Au) confirming a nanoshell structure.
This last information could not have been deduced from SEM image (Fig. 12a). On the basis
of these considerations, one can better understand the 2D elemental maps (Fig.10 right) and
the differences of brilliance due to geometrical effects (edge effects due to the oblique
position of the analyzer relate to the cross-cut plane and the curved morphology of the core

particle).

Figs. 12- a) and b)

This third Auger acquisition mode using a “line scan” appears very adapted to precisely
describe a nanostructured assembly. Indeed, by continuously recording the small Auger
intensity signal variation, one has then the capability to detect small concentration variation
even smaller than the lateral resolution (given by the probe diameter dy). It should then be
noted the difference which exists between the ability to separate two nearby points (resolving
power of imaging mode) and the smallest detectable detail (spectroscopic mode). The
smallest detectable detail is related to the minimum detectable concentration x,, (correlated to

the Auger peak, the background intensity and the acquisition time) [61].

4. Conclusion

This work described a deep and detailed morphological and chemical characterization of
Ag/Au alloy@SiO, core-shell nanoparticles. For such “as-prepared” materials, it appeared
difficult to extract some morphological information from electron microscopy survey (SEM).
In the same time, it was not possible to access to the elemental distribution with the different
high-resolution surface-analytical techniques (XPS, Auger). The aim of this work was then to
propose a new route to reach the whole description of such core@shell assemblies. In this
case, a set of different methods of characterization (SEM, uXPS, and AES) were combined
with a specific cross-section preparation method using a cross polisher as an original and

unique tool to reveal the inner structure of nanoparticles. The low energy SEM analyses
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clearly demonstrated a hollow core structure. Moreover, depending on the random cross-
cutting process, the images illustrated different “levels of cut,” making it possible to
reconstruct the inner geometry of the particles. The core and shell sizes could then be
measured with a high accuracy. The whole core-shell nanoparticles had a circular shape, with
a homogeneous diameter of 280 nm and consisted of a SiO; shell approximately 90 nm wide,
hollow cores featuring a pseudo-circular shape with a diameter of about 100 nm, and a 20 nm

homogeneous section.

The uXPS analysis on the small-cut clusters assembly compensated for the random
distribution of the single-cut particles in the cross section. We then demonstrated the ability
to characterize the core and the shell elemental composition (chemical state and content) at
the same time. The binding energies of the XPS core peaks for Si2p, Ols, Ag3d, and Audf

were characteristic of silicon oxide for the shell and of an Au/Ag alloy for the core.

To improve the quantitative study of such core@shell assembly new routes could be
investigated: improvement of the detection limit of the technique and/or higher concentration

of nanoparticles in the cross section.

The original cross-section preparation method also appeared particularly well-adapted to
Auger spectroscopy and mapping (AES, SAM) characterization due to the reduction of the
surface roughness. Indeed, a well-defined surface with extremely low defects and good
planarity induces a limitation on the geometrical effects and improves the electronic/heat
dissipation in the matrix containing the nanoparticles. By optimizing the excitation
conditions, very highly and spatially resolved Auger spectroscopy was performed
successfully on a single cross-cut nanoparticle, with the line profile analyses correlated to the
Auger mapping revealing the differences in gold and silver content between the innermost

and outermost structure of the nanoparticle.

Finally, this is the first time to our knowledge that Auger spectroscopy has been used at
such a level of resolution (=12nm). Interestingly, these techniques open promising
opportunities for a better understanding of solid-solid interface phenomena and are not
limited to core-shell nanoparticles, but can also be used for numerous kinds of “composite”

materials such as thin solid films.

Compared to the often damaging sample preparation methods inherent to conventional
analytical techniques, including TEM, EDS, and EELS, the preparation technique utilizing a

cross polisher allowed for an easier-to-handle procedure and non-damaging implementation,
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which was associated with reduced roughness and a high degree of definition of the analyzed

surface.
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Figs. Legends

Fig. 1. (a) Schematic view of the cross-section polishing process: the sample side not
protected by the shield plate is polished with the Ar" ion beam; (b) SEM image of a Si wafer
cross section obtained with the ion-milling polishing method (XY plan).

Fig. 2. (a) High energy (30 keV) SEM image of the non cross-cut Ag/Au@SiO,
nanoparticles; (b) Schematic view of the “Z” core contrast origin for a single core-shell
nanoparticle: secondary electrons induced by the primary beam (SE1) and secondary
electrons induced by primary backscattered (SE2) electrons.

Fig. 3. XPS core peaks of non cross-cut Ag/Au@SiO, nanoparticles: (a) Ag3ds»s; (b)
Audfy,.sn; and (c) Si2pspn-12. On Fig. (b), 20 and 3o of background intensity level (BG) have
been reported (o=VBG, Poisson statistics, Rose Criterion for a confidence level of 95 %).

Fig. 4. Low (a) and high (b) magnification SEM images of the prepared cross-section sample
with nanoparticles. Panel 4b is an enlarged view of the blue rectangle in panel 4a.

Fig. 5. Low (a) and high (b) magnification SEM images of a small inclusion of core-shell
cross-cut prepared particles embedded in a carbon matrix. Panel 5b is an enlarged view of the
red rectangle in panel 5a. Arrows point to nanoparticles ideally cross-cut in half spheres.

Fig. 6. Correspondence of schematic cross-cut view of nanoparticles and the low energy (2.5
keV) scanning electron microscopy image: relative particle positions to the cut plane
correspond to different cross-cut diameters.

Fig. 7. (a) High resolution parallel XPS mapping of a cross-section; (b) Same HR XPS map
overlaid onto the cross section SEM image; and (c) Panel 7c is an enlarged view of the red
rectangle in panel 7b showing the small 15 um inclusions of particles in the carbon matrix.

Fig. 8. u-XPS spectra of cross-cut prepared particles: (a) Ag3ds-312; (b) Audfy,.s,; and (c)
Si2p3-152.

Fig. 9. Analyzed point 1(red) and point 2 (black) of a cross-cut Ag/Au@SiO, nanoparticle:
(a) high magnification SEM image; and (b) corresponding wide energy range AES spectra.
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Fig. 10. High resolution Auger mapping (SAM) of a single cross-cut Ag/Au@SiO,
nanoparticle (red dotted square in the left SEM image) - RGB synthesis from element SAM
overlays (right): red (Au); green (Ag); blue (Si).

Fig. 11. AES “line scan” analysis of a cross-cut Ag/Au@SiO,: (a) schematic view of the
probe displacement during the line scan experiment; (b) AES elements line profiles overlaid
with corresponding SEM image.

Fig. 12. Low energy (2.5 keV) SEM images: (a) SE image; and (b) BSE image of a cross-cut
Ag/Au@SiO;.
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Table captions

Table 1
Micro X-ray photoelectron spectroscopy quantitative composition table of cross-cut
Ag/Au@SiO, nanoparticles.
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Position FWHM Atomic %
Name (eV) (eV) Conc.
Au 4f7/2 84.7 09 03
Au 4f5/2 88.4 0.8
Si 2p 3/2 (Si0,) 103.6 1.6 292
Si 2p 1/2 (Si0y) 104.2 1.6
Ag3d5/2 368.6 1.1 02
Ag3d3/2 374.5 0.7
0O 15 (Si0y) 5329 1.5 33.6
0O 1s (C-0-C) 534.6 2.3
C 1s (CC-CH) 285.0 1.5 437
C 15 (C-O) 286.5 2.9




Page 29 of 32 Nanoscale

Sputtering direction
Fig2:

a) b)

Primary
e beam

Additional
contrast
Fig3:
a) b) <)
Audf Ag3d Si2p
120 7503430
s 7403 420 3000
730 2500
2 110 n % =2000
S1as Emo &1s00
- =707 =1 000
100 7004 . 500
V‘)Z 9 88 86 84 82 80 i 375 370 365 I;“ Kl;K Il')() I('N [(;2 Ill)(l ‘I‘K
Binding Energy Binding Energy Binding Energy

Si wafer




Nanoscale

Fig6 :

No core Upper core Middle core
intersection Intersection Intersection
diameter d,  diameter d,>d, -\\\'\“%

o o
o> w“’

C\\
l Relative

particle
position

o ‘dzl'
d; i s

100nm JEOL 7/18/2012

2.50xV LED SEM WD 3 .Omm

Fig7:

a) b)

C s /matrix
@285 eV (BE)
Si 2p /Si0,
@l02 eV (BE)
Si 2p /Si wafer
a99 eV (BE)

Au4f Ag3d Si2p

0 80 140
N 120
R R 100
£20 £60 Z 80
= = 2 60
50 =~ 4
10 " 20

92 90 88 86 84 82 80 375 370 365 110 108 106 104 102 100 98

Binding Energy Binding Energy Binding Energy

Fig9:

Page 30 of 32



Page 31 of 32 Nanoscale

s> Al

X140,000

1000 1500 2000
KE(eV)

e
0 500

Fig 10 :

Fig 11 :

a)

20nm
Ag/Au
core ring

\\\ Si0, Shell //

Fig 12



Nanoscale

ESI 1:

30KV 2nA m— AU My
: 2 —
Au vy 10kV 2nA
&>

Intensity (cps)

o8
nd ®

ygro”

»AC

T T T

0 500 1000 1500 2000
KE (eV)

ESI2 :

taay d ]
i . 0 —_—
wso - SEM spatial resolution kv
1839 1 (20-80% Intensity variation) 25kV =—
130 100 | 30KV =L
uo N . T o
1080 £ i
0 £
50 o
0 N
“o «n
FE
50 =]
sso [ . & '
10 2nA/30keV
10 —
b = 2 dy=onm
1L i i i i
Yo @ w2 me ms a7 s s W T ms om o 10 0 0 0 07

Probe current(A)

Graphical abstract:

g/Au@SiC

=

SEM & Auger §

Page 32 of 32



