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Abstract
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Introduction

Nanomaterials are recognized as structures whose dimensions 
are within the range of 100  nm or less. Characterization 
is essential to understand the properties of any specimen 
containing nanostructures. The scanning electron microscopy 
(SEM) has become a fundamental tool in the development 
of nanotechnology over the last decades. Similarly, 
advances in nanotechnology have also improved the SEM 
components enabling observations at better resolution of 
nanostructures with nanometer dimensions,[1] which allow a 
better characterization. The wide range of SEM applications 
and fields for characterization include coatings,[2,3] earth 
sciences,[4,5] energy, fuel production,[6,7] nanomedicine,[8] and 
optoelectronics,[9] among others.

Nevertheless, not all specimens are good candidates for SEM 
characterization. In particular, those specimens produced 
by ion implantation in a dielectric matrix require special 

consideration. In previous research, SEM analysis was 
limited to show a bright line near the surface, which would 
correspond to the implanted region.[10] Other authors only 
reported the damage on the surface of implanted samples with 
various types of matrices.[11‑13] Metallic nanoparticles (MNPs) 
embedded in dielectric matrixes have also been observed by 
high‑resolution transmission electron microscopy (HRTEM). 
For example, Eichelbaum et  al. reported the analysis of 
thin glassy silicate–titanate films in a cross‑section view by 
HRTEM but exhibited the surface by SEM.[14] Sharp et  al. 
showed a cross‑section view of germanium nanocrystals 
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embedded in sapphire.[15] More recently iron,[16] platinum,[17] or 
silicon[18] nanoparticles have been reported and characterized 
by HRTEM. However, the preparation of sample specimens 
produced by ion implantation for TEM analysis is destructive, 
arduous, and time‑consuming during the thinning process of 
the matrix. In addition, one micrograph cannot represent the 
variety of sizes, shapes, and morphologies of the nanoparticles 
formed within one implanted sample. Therefore, there is a 
need to explore some other optional microscopy methods, 
which allow us to investigate the samples produced by ion 
implantation using only a thin portion from the sample. 
Fortunately, modern scanning electron microscopes and 
appliances open up the possibility of exploring these types 
of specimens, and hence, they reduce the preparation time.

In this work, the microscopy analysis of spherical and 
deformed gold nanoparticles (GNPs) embedded in a sapphire 
matrix was carried out using a JEOL JSM‑7800F. SEM analysis 
has not usually been employed as characterization technique 
for MNPs synthesized by the ion implantation method due to 
the difficulty in that the MNPs are not on the surface; rather, 
they are encapsulated in a dielectric matrix. However, here, the 
observation of nanoparticles produced by the ion implantation 
methodology is proposed using mainly backscattered 
electron (BSE) imaging. The structure and optical properties 
of metal nanoparticles were also investigated using X‑ray 
diffraction (XRD) and optical extinction, both of which are 
nondestructive techniques, to study the crystallography and 
absorption of the whole sample. While this methodology 
cannot replace the high‑resolution analysis of implanted 
samples, it does offer a nondestructive, suitable, and cheaper 
alternative and complementary route for microscopy analysis 
when available.

Experimental Method

The samples were prepared by the ion implantation 
method, similar to that described in Sánchez‑Dena et  al. 
and Mota‑Santiago et al.,[19,20] by which GNPs embedded in 
sapphire were produced. The ion implantation method consists 
of (i) ion implantation, (ii) annealing, and (iii) nanoparticle 
deformation. The scheme for the sample preparation is 
exhibited in Figure  1. Three gold ion implantations in 
sapphire  (α‑Al2O3 bought from Guild Optical Associates, 
Inc.) were performed at room temperature, at an 8° off‑axis 
inclination to avoid channeling effects and using three different 
ion energies of 2.0, 1.5, and 1.0 MeV, successively [Figure 1a]. 
The fluences for each implantation were 7.52 × 1016 ions/cm2, 
7.52 × 1016 ions/cm2, and 7.26 × 1016 ions/cm2, respectively, 
with a current of 1 μA. After Au implantation, the samples 
were annealed at a temperature of 950°C, for 30 min in a 
reduced atmosphere of 50% H2 + 50% N2  [Figure 1b]. The 
deformation was carried out by subsequent Si ion irradiation, 
at an incidence angle of 75° and energy of 12 MeV [Figure 1c]. 
The current was measured at 1 μA in the sample holder, and 
the ion fluence was set to 2.34 × 1016 ions/cm2, as measured 
by the integrated current.

The characterization was achieved by JEOL Field Emission 
Scanning Electron Microscope JSM‑7800F. For the purpose 
of this investigation, the methodology for dielectric sample 
preparation is displayed schematically in Supplementary 
Information Figure SI1: (a) First, a thin layer (thickness 200–
300 μm) was cut from the dielectric sample, which contained 
the MNPs. (b) Next, the thin slice was placed onto the sample 
holder and attached by carbon tape. Most of the unimplanted 
dielectric region was covered with carbon ink, ensuring a 
good electrical contact with the sample holder, but leaving 
the implanted region uncovered. (c) Finally, the sample was 
carbon coated in an Ernest F. Fullam, Inc., carbon evaporator 
with three instant sparks to reach a thin layer of around 
15–20 nm on the top. For the analysis of the nanoparticles on 
the surface, Step 1 [Supplementary Information Figure SI1a] 
was distinct; the surface was polished and placed directly on 
the sample holder for FE‑SEM [Supplementary Information 
Figure SI1b] and carbon coated as shown in Supplementary 
Information Figure SI1c.

The specimens contained high‑Z MNPs embedded in a low‑Z 
dielectric matrix, and to characterize the sample, we needed 
to use an FE‑SEM in BSE imaging, gentle beam (GB), and 
cryo‑transfer system modes. In fact, these options are employed 
for different kinds of sample characterizations: GB mode 
was used because it gives a charge balance and extremely 
high‑resolution imaging in dielectric samples.1 Although 
the cryo system is widely used for frozen samples, it is also 
an option for better stabilization of a dielectric sample. The 
cryo‑transfer system allows an extended working time on a 
specific region of the sample by dissipating the heat that is 

1	� http://www.jeolusa.com/RESOURCES/Electron-Optics/Documents-
Downloads/EntryId/990

Figure  1: Formation and deformation schemes of gold nanoparticles 
embedded in a sapphire matrix. (a) Subsequent implantation using three Au 
ions in the following order: 2.0, 1.5, and 1.0 MeV. (b) Thermal annealing at 
950°C in a reduced atmosphere for gold nanoparticle formation at different 
times: 15, 30, 60 and 90 min. (c) Deformation of gold nanoparticles using 
Si ions with a tilde of sapphire matrix at an angle of 75°
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generated in the sample by the electron beam.2,3 The operational 
conditions are specified as follows: work distance between 3 
and 6 mm, 20 kV of acceleration voltage, 10 nm spot, and ~ 98 
nA probe current. The beam diameter for this current was 
12.6 nm; this value was estimated from the JEOL operating 
manual “SEM A to Z”.4 For the acceleration voltage, 20 kV 
was the most suitable for imaging using BSE in our sample, 
which contained MNPs in a dielectric matrix. The use of BSE 
requires a minimum acceleration voltage, as was previously 
suggested by Niedrig.[21]

The implanted samples were also characterized by Rutherford 
backscattering spectrometry  (RBS) in a Pelletron facility 
with a 2.0 MeV He+ beam, to determine the distribution of 
the implantation. Samples were also studied by XRD over 
the C‑plane direction of the sapphire matrix  (the C‑plane 
is parallel to the surface of the sapphire) using a Bruker D8 
Advance diffractometer with CuKα radiation (λ = 1.5406 Å). 
The diffractograms were recorded at room temperature in the 
2θ range between 20° and 90°. Optical characterization was 
carried out in the transmission mode in the UV–Vis region with 
an Ocean Optics USB2000 spectrometer to study the localized 
surface plasmon resonance present in the extinction spectrum 
taking into account the correction from the contribution of the 
refractive index of sapphire (1.76). To measure the samples 
with deformed nanoparticles, the samples were placed and 
oriented parallel to the minor axis and polarized light was used.

The SRIM (http://www.srim.org/) and Casino Monte Carlo 
(http://www.gel.usherbrooke.ca/casino/) codes were used to 
simulate the interaction of radiation with sapphire. SRIM 
estimated the implantation depth of Au ions into the sapphire 
matrix and compared with the experimental results. CASINO 
simulated the penetration of electrons into sapphire containing 
gold layers.

Results and Discussion

Backscattered electron imaging for spherical gold 
nanoparticles
The JEOL JSM‑7800F FE‑SEM has specific characteristics 
and multiple components for different analyses; these 
components include a backscattered electrons detector. The 
BSEs are incident electrons that come back out of a target 
and are imaged with the scanning electron microscope.[22] 
This method is particularly suitable for the characterization 
of composite samples formed by elements with markedly 
different Z atomic numbers. The image is formed in the SEM 
through different contrasts; while the Z increases, the number 
of BSEs also increases.[23]

2	� https://www.jeolusa.com/DesktopModules/Bring2mind/DMX/Download.
aspx?EntryId=710&Command=Core_Download&language=en-
US&PortalId=2&TabId=320.

3	� JSM-7800F Schottky Field Emission Scanning Electron Microscope 
https://www.jeol.co.jp/en/products/detail/JSM-7800F.html

4	� Scanning Electron Microscopy A to Z. Basic Knowledge for Using the 
SEM. https://www.jeol.co.jp/en/applications/pdf/sm/sem_atoz_all.pdf

Figure  2a displays a typical micrograph from the matrix 
containing embedded MNPs in a transversal view, captured 
by scanning BSEs. This kind of image shows distinct 
contrasts for distinct atomic numbers; Au has an atomic 
number Z = 79, which is considerably higher than the matrix 
elements of Al2O3, Z = 13 (aluminum) and Z = 8 (oxygen). 
Consequently, GNPs appear more brilliant than the matrix. 
The Z‑contrast in nanoparticles can be enhanced using the 
inverse mode, as shown in Figure  2b. Both micrographs 
were captured at a magnification of  ×100,000. Such 
micrographs exhibit GNPs after thermal annealing. A similar 
surface was previously observed without any carbon layer 
[Supplementary Information Figure SI2], allowing an 
estimation that the implantation zone, where nanoparticles are 
formed, begins ~ 110 nm distance from the surface.

Valuable information was recovered from the micrographs, 
which shows the implantation zone after thermal annealing. 
The line in magenta color, drawn in Figure  2a, indicates a 
line profile illumination carried out by the image processing 
program, Image‑Pro Plus software (http://www.mediacy.com/
imageproplus),  of the transversal view of the implantation 
zone. The line profile records the intensity of illumination 
for any image. The illumination line profile has been applied 
previously to appreciate and differentiate metals with diverse 
Z numbers.[24,25] Diverse lines (30) are measured at the same 
height along the micrograph and then averaged. Figure  2c 
shows a plot for the average of these 30 line profiles over 
the micrograph as exhibited in Figure 2a. This information 
gives qualitative information about the gold content and its 
distribution in the implantation zone beneath the surface. 
However, the gold content can be estimated by the RBS 
spectrum performed over the sample before annealing, depicted 
in the plot of Figure 2d, where the signal peak of the implanted 
gold ions can be observed between the 400–600 channels. The 
gold content in atomic percentages was calculated from the 
RBS spectrum as a function of depth [Figure 2e]. The estimated 
number of ions that were implanted in the sapphire from this 
plot was 5.58 × 1016 ions/cm2.

The line profile from Figure 2c measured from the micrograph 
can be correlated to the RBS spectrum and the atomic 
percentage of gold, by means of a deconvolution into three 
Gaussian plots. The maximum values of each Gaussian give 
information about the depth position of each implantation. The 
values for depth for RBS are similar to the ones observed for 
the line profile [Figure 2c], but differences could be attributed 
to thermal annealing, which was carried out for 30 min. The 
values for the gold concentration in the sapphire matrix were 
esimated for each energy using the SRIM[26] program: the 
depth implantation values were 146 nm for implanted ions 
of 1 MeV, 208 nm for 1.5 MeV, and 272 nm for 2 MeV. The 
quantities we observed were quite different for several reasons 
from the ones calculated using SRIM: (i) maybe the ions were 
removed during the subsequent ion implantation and (ii) the 
gold distribution changed due to the presence of nanoparticles 
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formed after annealing of the sample. When comparing the ion 
distribution seen by RBS with the results from microscopy 
techniques, we find a good agreement for the GNP distribution 
for a large portion of the surface sample.
The size and percentage of MNPs can also be estimated as a 
function of depth from the FE‑SEM micrograph [Figure 2a], 
which was divided into 50  nm slabs throughout the 
implantation zone. Figure 2f depicts the plots for the radius 
versus the percentage of GNPs as a function of depth measured 
from the surface. The GNPs were measured and counted in a 
section of the micrograph. As can be noted, the plots for radius 
and percentage of nanoparticles versus depth exhibit behaviors 
similar to the line profile  [Figure  2c] and the gold content 
[exhibited in Figure  2e]. Despite the wide size distribution 
of nanoparticles synthesized by the ion implantation method, 

the measured radius averages are of the same order when the 
depths are measured at 150–400  nm intervals, indicating a 
consistency in the dimensions of the nanoparticles formed 
in the main implantation zone. However, the percentage of 
nanoparticles (% GNPs) within the same region increases due 
to the contribution of small nanoparticles to the statistics. This 
effect is also notable in the increment of error bars for average 
sizes of the radii at some points from an interval, indicating 
at this position that the sample has more small nanoparticles.

Top view of the sample
Figure 3a shows an inverse BSE micrograph for the top view 
of the sample exhibited and studied as shown in Figure 2. The 
micrograph in Figure 3a was performed after polishing the 
surface, to reach the nanoparticles, and following Step 2 and 
Step 3 for the sample preparation [Supplementary Information 

Figure 2: (a and b) Typical field emission scanning electron microscopy micrograph of metallic nanoparticles embedded in a matrix observed in a 
transversal view. (c) Average line profile of intensity at long ion implantation observed in field emission scanning electron microscopy micrograph and 
decomposed into three Gaussian distributions. (d) Plot from Rutherford backscattering spectrometry. (e) Gold content as a function of depth. (f) Plots 
for the radius and the percentage of gold nanoparticles as a function of the depth
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Figure 4: (a) Backscattered electron micrograph for deformed nanoparticles observed by a transversal view including a red square for (b) energy 
dispersive X‑ray spectrum analysis

ba

Figure 3: (a) Top view of the gold nanoparticles embedded in the sapphire matrix and formed after 30 min of annealing. (b) Histogram of the radius 
for gold nanoparticles

ba

Figure SI1]. A  diameter histogram of Figure  3b shows the 
tendency in the dimensions of GNPs formed after 30 min of 
annealing. This tendency demonstrates a preferential formation 
of small nanoparticles around 2 nm in radius. An average radius 
of 3.2 ± 0.1 nm was measured over 300 NPs, but a standard 
deviation of ~40% was observed, indicating a dispersion in the 
variety of radii, where the minimum and maximum values were 
1.86 nm and 11.21 nm, respectively. The average indicates that 
the sapphire was removed by polishing at about 150 nm and 
350 nm as can be confirmed by the plot for radius average as 
a function of depth [Figure 2f].

Deformation of gold nanoparticles and elemental analysis
Figure 4a displays scanning BSE micrographs for the edge of 

the sapphire matrix in transversal view with a magnification 
of ×200,000. With this micrograph, it was possible to observe 
the deformed nanoparticles with variable sizes and degrees of 
deformation as well. The sample described here corresponds to 
the nanoparticles deformed by Si ions. An elemental analysis 
of GNPs deformed by silicon irradiation was carried out on the 
implantation zone by energy dispersive X‑ray spectrum (EDS) 
analysis [over the red square of Figure 4a]. Figure 4b exhibits 
the EDS for deformed GNPs from the area inside the red square 
as shown in Figure  4a. The corresponding X‑ray emission 
peaks are labeled with each element in the sample; carbon was 
set in the software as a coating. The inset details the weight 
percentage of each element (O, Al, Au, and Si).
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Figure 5: Morphology comparison between as‑annealed and deformed 
gold nanoparticles using the same magnification in field emission scanning 
electron microscopy for backscattered electrons. (a) Implanted sample 
with gold nanoparticles annealed for 30 min in a reduced atmosphere. 
(b) Side view and (c) head‑on view of deformed nanoparticles using a 
postirradiation with 12 MeV Si ions over spherical gold nanoparticles. 
(d) Optical extinction spectra of the same sample using polarized light, to 
selectively excite the resonant modes of the major or minor axis

dc

ba

d

ba

Figure 6: (a) Histogram for the radius of spherical gold nanoparticles. (b) Histogram for the effective radius of the deformed nanoparticles. (c) Aspect 
ratio versus effective radius. (d) Classification of nanoparticles with the aspect ratio

c

Morphology comparison and optical extinction
Higher magnification was performed to appreciate the 
morphology and size distribution of MNPs embedded in the 
sapphire matrix. Figure 5 shows BSE micrographs by inverse 

mode using a magnification of × 400,000. These micrographs 
correspond to the sample before  [Figure  5a] and after 
[Figure 5b and c] deformation with Si ions and were captured 
at the same depth for each one (~200 nm). This magnification 
was enough to observe nanoparticles in some detail as well as the 
change in morphology between the as‑annealed sample and the 
samples with deformed nanoparticles by means of postirradiation 
with Si ions in two views: Figure 5b side view and Figure 5c 
head‑on view. As can be seen, the as‑annealed sample exhibits, 
in general, nanoparticles with spherical morphology and a wide 
variety of diameters while the postirradiated samples contain 
embedded deformed nanoparticles with a prolate morphology, 
where the major axis resulted in an alignment with the direction of 
irradiation with the silicon ions (~15°) from the surface. Optical 
extinction spectra are shown in Figure 5d. While the original 
spectrum is strong and well defined for spherical nanoparticles, 
in the spectrum of the deformed nanoparticles after Si irradiation, 
the two resonances could be the effect on the polarization of light 
or the geometrical orientation of the sample in relation to the 
incident angle, which is distinguished with the proper alignment 
and polarization to the light used to analyze the sample. This 
effect has been previously found and explained in terms of the 
two normal oscillation modes of the electron clouds confined 
within the MNPs.[27‑30]

The average size of the nanoparticles (as‑annealed gold and 
deformed) was measured from several images similar to those 
displayed in Figure  5a and b. A  total of 300 nanoparticles 
were measured in each case. The radius histogram for the 
as‑annealed (for 30 min) ones is presented in Figure 6a, where 
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Figure 8: Monte Carlo simulation for electron beam interaction in (a) sapphire and (b) sapphire with a carbon coating of 10 nm

ba

Figure 7: (a) X‑ray diffractograms carried out over the composite formed by gold nanocrystals embedded in a sapphire matrix, (b) schematics for the 
measurement of diffractograms, (c) unit cell of gold

a c

b

it can be seen that the predominant morphology was spherical 
and that the average radius was 5.58 ± 0.14 nm. Figure 6b shows 
the effective radius histogram of the deformed nanoparticles, 
where an average value of 6.11 ± 0.21 nm was found. The 
effective radius (reff) is defined as the radius of a sphere of the 

same volume 2 3
eff

3 3( )
4 4

a c rπ π= . Where a is the minor axis 
and c is the major axis of the prolate spheroid. Figure 6c shows 
the effective radius (reff) versus the aspect ratio (c/a). Figure 6d 
shows the percentage of the aspect ratio measured in deformed 
nanoparticles.

X‑ray diffraction analysis
The crystal structure of the GNPs formed in the sapphire matrix 
was verified by means of XRD analysis. Figure  7a presents 
the diffractograms of both, i.e. the sample with nanoparticles 
before  (a) and after  (b) being deformed with Si ions. The 
composite sample formed by an α‑Al2O3 monocrystal with 
embedded Au nanocrystals showed three main peaks; one of them 
is Sharp and located at 2θ = 41.7° that corresponds to the (0006) 
plane of the sapphire, measured in the C‑direction [perpendicular 

to the C crystallographic plane of the sapphire, Figure  7b], 
while the peaks located in 2θ at 38.4° and 64.9° correspond 
to the (111) and (220) planes of the face‑centered cubic (FCC) 
gold, represented in the schematic of Figure 7c.

In comparison with standards of power diffraction for FCC gold, 
the peaks that usually appear in 44.46° (200) and 77.45° (311) 
are not significantly present in the diffractograms of our 
samples. The first one (200) was marked in the diffractograms 
where it should appear. These facts could be attributed to the 
gold crystallites, which are homogeneously and preferentially 
oriented in the sapphire monocrystal. The ratios between the 
intensities of the (220) and the (111) peaks decreased after Si 
irradiation of the samples, 0.64 (before) and 0.29 (thereafter), 
suggesting an increment in the tendency of the (110) facet to 
be oriented parallel to the C‑plane of the sapphire. The grain 
size and the lattice constant of the GNPs were calculated by 
peak indexing from d‑spacing of the main peak. For the (111) 
peak of the as‑annealed nanoparticles, the d‑spacing was 
2.34 Å, resulting in 5.31 nm and 4.04 Å as grain sizes and 
lattice constant, respectively. For deformed nanoparticles, 



Figure 9: Monte Carlo simulation of electron beam interaction for layers of sapphire/gold/sapphire using (a‑c) 5 keV and (d‑f) 15 keV, and for (g‑i) carbon/
sapphire/gold/sapphire, varying the sapphire1 layer: 0, 10, 30 and 50 nm
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the d‑spacing was 2.34 Å, resulting in 6.02 nm and 4.04 Å as 
grain sizes and lattice constant, respectively. The values are 
in agreement with the literature.[31,32] The grain sizes match 
the measured values for nanoparticles in micrographs from 
Figure 5 and histograms from Figure 6, indicating the fromation 
of nanometric crystaline monodomains. Similar d‑spacings 
and lattice constants were measured from as‑annealed and 
deformed nanoparticles, but a particle size difference was 
observed: deformed nanoparticles were slightly bigger than 
the as‑annealed ones which may be due to the fact that the 
measurement was carried out over elongation (major axis).

Charge on the sapphire matrix
Scanning electron micrographs generated by SEs provide 
information about the surface of any specimen. SEs are usually 
generated by ionization of bound electrons or excitation of 
conduction electrons during the incidence of electrons, where 
energy is in the KeV range. They emerge chiefly from a thin 
layer some nanometers below the surface (~5 nm).[21,33] In the 
case of insulators containing embedded nanoparticles, such 
as those synthesized by ion implantation, it is difficult to 
obtain the relevant information about the morphology of the 
nanoparticles.

Furthermore, experimentally, a charge accumulation on the 
surface of the matrix occurred and precluded observation 
of the nanoparticles in the matrix by SEM characterization. 
Some difficulties regarding the dielectric nature of the matrix 
containing the MNPs were overcome in the proposed sample 
preparation before optimization. Most of the difficulties 
were due to charging of the sapphire:  (i) the movement of 
the image while capturing the micrographs [Supplementary 
Information Figure SI3] involved solving this situation using 
the cryo system, implemented the carbon coating over a small 
fraction of sample, as proposed by our methodology. (ii) An 
effect noted in the resolution between the nanoparticles was 
solved using a thin fraction of the sample and increasing 
the acceleration voltage from 15  kV  [Supplementary 
Information Figure SI4 for the entire sample] to 20  kV 
[Supplementary Information Figure SI5 for a thin layer of 
sample] for comparison.  (iii) The total charging over the 
sapphire surface led to the observation of the inner part of the 
microscopy  [Supplementary Information Figure SI6]. The 
mirror behavior of the sapphire was observed and solved by 
adding carbon ink at the edges with contact with the sample 
holder and next adding a carbon coating over the surface. (iv) 
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Charging beneath the individual nanoparticles [Supplementary 
Information Figures SI7] was noted. We used the cryo system 
and stabilization around 1 h before characterization to help 
reduce this problem.

In general, carbon coating reduced the accumulation of charge 
on the sapphire surface and BSE allowed the analysis of 
MNPs. The BSE signal provided depth information, and this 
information was much better defined than the SEs because it 
essentially depends on imaging the scattering properties of the 
atoms which compose the solid and on the arrangement of the 
atoms within it.[21]

Monte Carlo simulation
A Monte Carlo simulation was carried out to study the 
electron–beam sample interactions that occur in SEM when 
using sapphire. The parameters employed in this work were 
as follows: the beam diameter was 12.6 nm and acceleration 
voltage was 20 keV. The results were compared with some 
experimental examples. The results were classified as follows:

The effect of the beam diameter and the carbon layer 
added to the sapphire at an acceleration voltage of 
20 keV
Figure 8 exhibits the maximum penetration depth in the sample 
of (a) sapphire or (b) sapphire with a 10 nm carbon layer of 
electron trajectories that will escape to the surface (BSE). The 
plots simulated at 20 keV at distinct beam diameters (5, 10, 15, 
and 20 nm) exhibit Gaussian behavior. The variations in beam 
diameter and carbon layer do not imply a marked impact on the 
penetration depth of the electrons escaping from the sapphire 
surface. However, the addition of a carbon layer affects 
the trajectories and the number of electrons that penetrated 
the sapphire and will escape as BSE. For clean sapphire, the 
dispersion with respect to the Gaussian distribution is bigger; 
it implies that electrons have a variety of trajectories to follow, 
reducing the probability of achieving the maximum penetration 
in the material. When adding a carbon layer of ~10 nm, the 
dispersion is lower with respect to Gaussian distribution and 
the probability of having more electron heating and more 
information with BSE at a depth of 420  nm in sapphire is 
bigger than for clean sapphire.

Gold nanoparticle observations at different voltages and 
depth
Figure 9 displays the result of simulating an electron–sample 
interaction at different voltages and also for gold at different 
depths. Figure 9a‑c presents the analysis for an acceleration 
voltage of 5 keV and a beam diameter of 12.6  nm for 
sample conditions with sapphire (110 nm), gold (5 nm), and 
sapphire  (1000  nm) layers. The analysis in CASINO for 
these conditions provides an energy distribution, exhibited 
in Figure  9a, where the maximum value  (black zone) did 
not reach the gold layer. Figure  9b shows a black plot for 
penetration (ZBSE) of electrons that will be BSEs versus the 
number of hits normalized and a red plot for the radius of 
BSEs  (RBSEs) that will escape from the surface versus the 

energy density per nm2. The maximum penetration of ~40 nm 
of electrons that will be backscattered is not enough to show 
information about gold embedded in the sapphire matrix. 
In addition, the maximum value of the radius for electrons 
escaping from the surface was  ~11  nm, and a substantial 
amount of energy was lost; certainly, the electrons never 
reach the BSE detector, as exhibited by the micrograph in 
Figure 9c. That micrograph was captured at these conditions, 
at the surface of the sapphire which contained embedded GNPs 
where the implantation zone began at ~110 nm depth.

Figure  9d‑f shows results of CASINO and SEM for an 
acceleration voltage of 15 keV and a beam diameter of 12.6 nm 
for the same sample conditions as those previously described. 
The energy distribution, exhibited in Figure  9d, achieves a 
maximum value (black zone) that reached the gold layer of 5 nm. 
Figure 9e shows the black plot for ZBSE, where the maximum 
value of electrons that will be BSEs should be due to the gold 
layer, and most of the BSEs that escape from the sapphire surface 
will have a RBSE distribution with a maximum value of ~5 nm, 
but it is possible that some BSEs reach the detector and form 
an image with low quality as shown at Figure 9f.

Figure  9g‑i presents the analysis for the simulation of a 
specimen where a sapphire layer of ~110 nm was polished and 
used an acceleration voltage of 20 keV. The simulation was 
carried out using a layer of gold at different depths in sapphire: 
0, 10, 30, and 50 nm. A 10 nm carbon layer was also added 
in order to perform a simulation similar to the experimental 
condition. Figure 9g shows the energy distribution for each 
case, where the maximum energy is mainly localized in the 
gold layer, independent of the sapphire thickness. This fact can 
also be appreciated by the ZBSE, at distinct depths in Figure 9h, 
where most of the BSEs would come from the gold. However, 
not all the BSEs from the gold have an impact on the resulting 
micrograph, mainly because they are less energetic with short 
RBSE and come from 30 and 50 nm of sapphire, so they should 
lose energy from the inelastic interaction with sapphire.

If any BSEs that escape from the surface contribute to the 
micrograph formation, then the area under RBSE distribution can 
be correlated with the intensity of objects for any micrograph, 
as exhibited in Figure 9i. The area under RBSE plot for 50 nm 
is almost 30% of the curve for 0 nm. The micrograph contains 
objects with a distinct bright intensity; however, the less intense 
has ~20% brightness with respect to the brightest. This then 
means it is possible that these parameters (20 keV acceleration 
voltage, 12.6 nm beam diameter, and carbon layer of 10 nm) 
could give information at a depth of 50-60.

Conclusions

This microscopy study by field emission scanning microscopy 
was carried out on sapphire samples containing embedded 
GNPs. We described in detail the best methodology to produce 
and observe spherical and prolate GNPs. The parameters 
we used were implemented in a CASINO simulation to 
estimate the achievements of our methodology. Despite the 
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adverse properties of the matrix, we managed to observe 
and characterize the GNPs with spherical and elongated 
morphologies as well as their dimensions, composition, and 
distribution near the surface. The distribution that was studied 
by line profile of the illumination in the micrographs was 
consistent with the implantation content profile measured by 
RBS. XRD studies confirmed the crystallinity of the GNPs 
formed in the sapphire matrix. The grain size calculated from 
indexation of the main peak  (111) for FCC gold had good 
agreement with the values for GNP sizes measured from 
the FE‑SEM images. In the case of elongated nanoparticles, 
the (220) peak of the diffractogram exhibited a decrease in 
intensity, indicating that the (110) facet of the FCC gold unit 
cell was reoriented during the deformation of the nanoparticles. 
The optical extinction spectra also revealed that optical 
properties are dependent on the morphology. In general, it can 
be concluded that the proposed methodology is a desirable 
route for characterization of MNPs embedded in a dielectric 
matrix, which can give relevant information, not always 
obtainable by other methods. From the CASINO simulation 
with our parameters, we established that information could be 
obtained from a depth of 50–60 nm.

It is important to mention that imaging of the deformed 
nanoparticles is also of fundamental scientific importance since 
it proves the formation of ion tracks in sapphire and therefore 
the feasibility of deformation of the nanoparticles, as we have 
reported previously for platinum nanoparticles embedded in 
sapphire and silicon matrix.[34] However, a discussion of the 
process is beyond the scope of this paper and will be discussed 
elsewhere in the future.
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Figure SI2: Typical FESEM micrograph using backscattered electrons 
of metallic nanoparticles embedded in sapphire matrix, observed in 
transversal view without carbon layer Figure SI3: Movement of the sample while capturing micrographs. Main 

charge effects observed during analysis in FESEM of samples produced 
by ion implantation

Microscopy Study, Structural and Optical Properties Correlated with the Morphology of Metallic 
Nanoparticles Embedded in Synthetic Sapphire

Figure SI4: Effect by the size of specimen: the thin layer of dielectric 
reduces the charge effects. Complete piece of sample Figure SI5: Effect by the size of specimen: the thin layer of dielectric 

reduces the charge effects. Using a thin layer of carbon coating 
(10-15 nm)

Figure SI1: Schematic methodology for sample preparation of GNPs embedded in a dielectric matrix in order to be observed in a JEOL FE-SEM 7800

b ca



Figure SI6: Total charge of the sapphire surface when observing the 
surface, catching the inner part of microscopy (mirror behavior of 
sapphire)

Figure SI7: Charging around around individual nanoparticles


