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This work compares the morphology of gold nanoparticles (NPs) produced at room temperature on single-
crystalline (MgO nanocubes and plates) and amorphous (carbon/glass plates) substrates by pulsed laser depo-
sition (PLD). The results show that similar deposition and nucleation rates (>5 X 10'3 ¢cm™2 s7!) are achieved
irrespective of the nature of the substrate. Instead, the shape of NPs is substrate dependent, i.e., quasispheres
and faceted NPs in amorphous and single-crystalline substrates, respectively. The shape of the latter is octa-
hedral for small NPs and truncated octahedral for large ones, with the degree of truncation being well ex-
plained using the Wulff-Kaichew theorem. Furthermore, epitaxial growth at room temperature is demonstrated
for single-crystalline substrate. The large fraction of ions having energies higher than 200 eV and the large flux
of species arriving to the substrate (10'¢ at. cm™2 s™!) involved in the PLD process are, respectively, found to

be responsible for the high nucleation rates and epitaxial growth at room temperature.
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I. INTRODUCTION

The control of the morphology (dimensions, shape, and
number density) of nanoparticles (NPs) is essential for ex-
ploiting their properties in many fields. Examples include
optical applications or biosensors based on the use of surface
plasmon resonances that depend on the NPs morphology' or
nanocatalysis in which the catalytic action depends on both
the NP shape and the nature of the support or substrate.”
However, controlling the shape of supported NPs by thin-
film technologies is generally difficult since it depends both
on kinetic and thermodynamic parameters.’ The NP equilib-
rium shape becomes generally defined by the surface energy
of the substrate if it is isotropic (typically glassy or amor-
phous), whereas the energy balance depends additionally on
crystal orientation in the case of single-crystalline substrates.
The latter has led to several studies on the production of
metal NPs on single-crystalline oxides as a means to produce
oriented or faceted NPs or even nanoarrays/wires. However,
this approach usually requires thermal activation through
heating the support.>-¢

Pulsed laser deposition (PLD) is well known for its supe-
rior capability for producing epitaxial growth especially for
oxides.” In addition, it has extensively been applied to pro-
duce metal NPs on amorphous substrates for which it is well
documented that PLD leads to quasispherical NPs for low
metal contents and to irregularly shaped NPs due to coales-
cence for higher values.®® The nucleation and growth mecha-
nism of metals on dielectric substrates appear to be qualita-
tively similar to that of other deposition procedures such as
evaporation, molecular-beam epitaxy (MBE), or sputtering,
i.e., of Volmer-Weber type that happens when the atoms (or
molecules) of the deposit are more strongly bound to each
other than to the substrate.?> The use of PLD for producing
NPs on single-crystalline substrates has much less been stud-
ied, and even when some degree of orientation has been
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reported,* no shape changes have been highlighted with re-
spect to what is observed on amorphous supports. In addi-
tion, shape and orientation are found to strongly depend on
the kinetic energy of the species involved in the deposition
process. %! The idea that species with high kinetic energies
promote epitaxial growth at low temperatures, even below
room temperature (RT), has long time ago been proposed for
the case of Ag.!”

Gold has been for many years a case metal to study be-
cause, on the one hand, the related surface plasmon reso-
nance can be tuned from the visible to the near IR range of
the spectrum by changing the NPs’ dimensions or shape.' On
the other hand, despite the generally considered inert charac-
ter of bulk gold, gold NPs become active if they are smaller
than 5 nm and are supported by an oxide catalyst.'® In this
work, we have used MgO because it is considered as a model
system for surface studies due to its simple rock-salt crystal
and highly ionic structure, as well as its low mismatch with
respect to Au. In addition, it exhibits catalytic activity for a
wide variety of reactions. Furthermore, MgO nanocubes
have recently been synthesized and used as substrates allow-
ing direct observation of the NPs in different orientations by
transmission electron microscopy (TEM) with no further
sample preparation.>!413

This work reports a comparison study of Au NPs pro-
duced simultaneously on single-crystalline (MgO) and amor-
phous (carbon/glass) substrates by PLD. The ultimate aim is
to investigate if PLD offers any advantage for promoting
epitaxial growth or controlling the shape of metal NPs when
compared to other techniques.

II. EXPERIMENT

The samples were produced by PLD in vacuum
(5% 107 mbar) on a substrate held at room temperature and
placed 35 mm away from the target. Both target and sub-
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strate holders were continuously rotated. The center of the
substrate holder was shifted a few mm from the plasma ex-
pansion axis in order to produce a homogeneous deposit
(within 5%) in an area >150 mm?. Three substrates were
settled simultaneously on the substrate holder: a 1-mm-thick
glass plate, a 1.5-mm-thick [110] MgO plate, and a copper
grid covered by carbon and supporting MgO nanocubes. The
latter was produced following the procedure described
elsewhere. '

The Au NPs have been produced by focusing an ArF laser
beam (A\=193 nm and 7=20 ns full width half maximum)
to a spot of 1.1 0.1 mm? on a 99.99% Au target at an angle
of 45° with respect to the target normal. The laser repetition
rate was set at 20 Hz, and the fluence at the target site was
~2.0 Jcm™. The number of pulses on the Au target was
varied in order to change the amount of gold deposited on
the substrates and thus produce Au NPs having different di-
mensions. The gold content of the specimens deposited on
amorphous (glass) and single-crystalline (MgO) plates was
analyzed by Rutherford backscattering (RBS). A 2.0 MeV
*He* beam was used, and the experimental spectra were ana-
lyzed using the SIMNRA simulation code, with the error in the
determination of the gold content being 2%.

The morphology, size, and crystalline structure of Au NPs
were characterized by conventional TEM and high-resolution
electron microscopy (HRTEM), using samples on carbon
coated grids supporting MgO nanocubes. The observations
were performed using a TECNAI F30 transmission electron
microscope operating at 300 kV with point-to-point reso-
lution of 0.205 nm and a JEOL 4000EX (400 kV) TEM with
0.17 nm point-to-point resolution. The image analysis was
performed by studying areas of at least 200X 200 nm?.

III. RESULTS

Figure 1 shows the amount of gold [Au] deposited on
amorphous and single-crystalline substrates as a function of
the number of pulses used to ablate the Au target. The results
show that [Au] follows a similar linear dependence on the
number of laser pulses as reported earlier,®? irrespective of
the substrate used.

Figure 2(a) shows a low magnification TEM image where
several MgO nanocubes decorated by NPs can be seen. The
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FIG. 1. Gold content of specimens on (H) MgO and ((J) glass
plates as a function of the number of laser pulses used to ablate the
Au target.
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FIG. 2. (a) Low magnification TEM image of MgO nanocubes
having Au NPs on all their faces. HRTEM images of Au NPs at the
edge of (b) and (d) MgO nanocubes and (c) carbon for samples
having increasing [Au]: (b) 7.0, (c) 9.6, and (d) 10
X 10 at. cm™2.

nanocubes have an average side length of 60 nm, and it is
seen that the Au NPs are produced on all faces. Figures
2(b)-2(d) show images of Au NPs at increasing [Au]. Lattice
fringes are always visible evidencing the crystalline charac-
ter of the NPs. In all cases, the images have been taken at the
edge of one MgO nanocube [Figs. 2(b) and 2(d)] or at a
bended edge of the carbon supporting film [Fig. 2(c)]. This
allows appreciation of NPs in different orientations but
makes precise determination of the NPs dimension difficult
due to the uncertainty on the orientation of the substrate with
respect to the electron beam. In spite of these limitations, it is
seen that the overall dimensions of the NPs increase as the
metal content increases [from Figs. 2(b)-2(d)] as reported
earlier in similar experiments.®° Furthermore, the compari-
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FIG. 3. HRTEM images of samples on (a) amorphous and (b)
single-crystalline substrates produced simultaneously using 2240 la-
ser pulses.

son of Figs. 2(b) and 2(d) with Fig. 2(c) makes evident that
NPs on single-crystalline substrate are clearly faceted while
those on amorphous substrate are quasispheres or nearly cub-
octahedral as reported elsewhere for Au NPs on the surface
of a Stéber silica nanosphere.'®

Figure 3 shows approximately plan view images of two
samples that were produced simultaneously on (a) amor-
phous and (b) single-crystalline substrates. It is seen that the
size distribution of NPs in the former is smooth while that in
the latter shows a bimodal distribution; i.e., in addition to
large NPs, there are small NPs of about 2 nm whose image
overlaps in many cases with that of the large ones. Despite
the fact that the image in Fig. 3(b) has been taken with no
perfect alignment of the MgO nanocube surface with respect
to the electron beam, it is clear that the large NPs on single-
crystalline substrate are much bigger than those on the amor-
phous one [Fig. 3(a)]. The large NPs on the latter substrate
have average in-plane diameter of 5= 1 nm.

Figure 4 shows the number density of NPs on carbon
substrate as a function of [Au] where it is seen that it de-
creases as [Au] increases. Due to the alignment problems of
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FIG. 4. Number density of Au NPs on carbon as a function of
the metal content.
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FIG. 5. (a) HRTEM image of a sample on MgO nanocubes
having [Au]=7.0x 10" at. cm™2; (b) filtered image of the [110]
MgO substrate from dashed line square in (a); (c) diffraction pattern
of Au NPs on [110] MgO taken from full line square in (a); and (d)
reconstructed crystal fringes for [110] MgO and Au by inverse fast
Fourier transformation (FFT) of the MgO and Au (marked by ar-
rows) spots in the pattern in (c).

the MgO nanocubes and the bimodal distribution of NPs
observed in this case [Fig. 3(b)], the number density of NPs
on MgO could not be precisely determined. However, the
values achieved were all on the same order of magnitude
(20-50x 10" cm™).

Figure 5(a) shows a HRTEM image of the sample on
crystalline  substrate having the lowest [Au] (7.0
X 10" at cm™). We have used FFT to analyze NPs orien-
tation with respect to the substrate. The FFT of MgO related
image in Fig. 5(b) is determined from the filtered image of
an uncovered MgO region [area within dashed line square in
Fig. 5(a)]. The diffraction pattern of the area within the full
line square in Fig. 5(a) is shown in Fig. 5(c) where the (002)
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FIG. 6. (a) HRTEM image of sample on MgO nanocubes having
[Au]=12X 10" at.cm™; (b) and (c) are details of the cross-
section images of NPs highlighted by circles in (a). The area within
dashed diamond in (c) highlights one of the small NPs.

MgO spots and the (002) Au spots (faint spots indicated by
arrows) can be discriminated. Selecting the two pairs of
(002) spots and calculating the inverse FFT, we obtained the
images shown in Fig. 5(d) illustrating the orientation of
(002) planes of both MgO and Au. The comparison of these
images shows that the two crystalline lattices are nearly par-
allel, with a 2° tilt.

Figure 6(a) shows a HRTEM image of the sample on
single-crystalline substrate having the highest [Au] (12
X 10" at cm™) and aligned in order to image cross-section
views of some NPs with respect to the substrate. Figures 6(b)
and 6(c) show higher magnification images of NPs within
circles in Fig. 6(a) where it is further evidenced that the NPs
are faceted and the small NPs are attached in many cases to
the large ones. The analysis of the shape of the large NPs
shows that they are truncated octahedral with different de-
grees of truncation. Instead, the analysis of the small ones
shows that they have typically an octahedral shape [see the
NP within the dashed area in Fig. 6(c)]. Furthermore, the
aspect ratio of large NPs, defined as the height divided by the
lateral dimension, is <0.7. Instead, in spite of the overlap-
ping of images of NPs at different orientations, Fig. 2(c)
evidences that the NPs on amorphous substrates are rounder
and have an aspect ratio of >0.7, similar to earlier reports
based on real cross-section images of NPs on amorphous
substrates produced by a similar procedure.®

IV. DISCUSSION

The dependence of the number density of NPs on time/
coverage, or [Au] as shown in Fig. 4, is typically reported to
first increase for low coverage during the nucleation process
and to reach a saturation value for higher coverage during
pure growth process. It finally decreases once coalescence
occurs, typically around 0.5 ML.>!7 Both the minimum [Au]
value in this work that is significantly higher than 0.5 ML
and the decrease in the number density of NPs as a function
of [Au] shown in Fig. 4 evidence that we are working in the
coalescence regime. In spite of being in this regime, the
minimum number density of NPs (50X 10'! cm™) is ap-
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proximately 1 order of magnitude higher than the saturation
value reported for gold irrespective of the substrate nature or
temperature.>7!8 Interestingly, an intermediate value (16
X 10" ¢cm™) was reported for a similar amount of [Au] de-
posited on amorphous carbon using ion-beam deposition.'”
Values in the range of 3—5X 10'"' cm™ were reported for
gold produced by Knudsen cell evaporation on MgO at
600 °C (Ref. 5) or by electron-beam evaporation on KBr at
room temperature!” or on MgO at various temperatures.'®
These works conclude that nucleation occurs preferentially
on point defect sites rather than by random nucleation.

As opposed to these earlier works, PLD is a transient
process. It has recently been reported that the average time of
flight from target to substrate of neutral species ablated under
similar conditions than in this work was close to 4 us (Ref.
20) and that this average time varies little with fluence.?!
Assuming 10 us as a conservative approximation for the
deposition time in our conditions as was earlier done in Ref.
8, the average flux calculated dividing the number of depos-
ited atoms per pulse by this deposition time is in the range of
0.5-1.5X 10" at. cm™2 s~'. Earlier works using nontran-
sient techniques reported fluxes in the range of
102-10"% at. cm™2 57131718 j e, close to 3 orders of magni-
tude lower. Assuming that nucleation occurs at point defects
(i.e., nucleation rate is linear in flux),>?? using the scaling
factor reported in Ref. 18, and provided that the higher the
saturation value of the number density of NPs the higher the
nucleation rate, we calculate a minimum nucleation rate in
our case of 5X 103 ¢m™2 s™!. This value is five times higher
than the saturation number density extrapolated at room tem-
perature from the Arrhenius dependence reported elsewhere
for gold on MgO (100) produced by conventional evapora-
tion techniques.’ This very high nucleation rate is most likely
related to the very high number of defects created during the
PLD growth process. It has recently been reported that the
ionization fraction of the laser-produced gold plasma under
similar fluence conditions than in this work is approximately
60%.?" Tt contains in addition a similar number of electrons
since the plasma should be neutral. Therefore, more than half
of the high flux refers to charged species bombarding the
substrate with enough ions having energies well above 200
eV.2! It is interesting to point out here that the charge emitted
during electron-beam deposition of gold generated surface
defects that acted as preferred nucleation sites for gold,!”
even when the flux was 3 orders of magnitude smaller than
in the present work. Also, the use of ion beam deposition
leads to intermediate values of the number density and thus
an enhanced nucleation rate.'® It is thus concluded that the
high nucleation rate achieved in PLD is controlled by the
special features of the process, namely, by defects created
during growth by high energetic species bombardment rather
than by the nature, structure, or surface energy of the sub-
strate.

A condition generally acknowledged for epitaxial growth
to occur is that the lattice mismatch of film and substrate is
small as it occurs for the case of Au on MgO. In addition,
epitaxial growth is considered to be characterized by D/F
>10° where D is the diffusion rate and F is the deposition
flux.?>23 This relation technically means that it is achieved at
high temperatures when D is high. This reasoning is however

235409-4



ROLE OF SUBSTRATE ON NUCLEATION AND...

in contrast with very early observations of epitaxial growth
of silver at low temperatures using sputtering and a deposi-
tion rate of 0.16 nms™' (F~10" at cm™2s7!).!> The high
average kinetic energies of the species (10-50 times higher
than in a thermal evaporation process) were considered re-
sponsible for the epitaxial growth on the bases of the species
increased mobility. This reasoning has also been applied
more recently to explain the oriented growth of Au NPs by
PLD at room temperature.*' Furthermore, a comparison
study of Fe produced by MBE and PLD on Mo(110) shows
that the diffusion rate in the latter is 4 orders of magnitude
higher leading to the same D/F value at 300 K for both
techniques.?* The power law D/F =I°/In(I?) relating the flux
and diffusion rates with the mean island distance I (Refs. 23
and 24) allows us to estimate the diffusion rate in the case of
Au on MgO produced by PLD in this work [Dpp (RT),
where RT stands for room temperature deposition] with re-
spect to that reported earlier for the case of electron-beam
evaporation at 381 °C (Dgg (T=381))."8 The mean separa-
tion in the latter case was Izg=9.5 nm whereas in our case,
Ip; p can be determined as the center-to-center separation of
NPs in Fig. 3(a) and is approximately 4.5 nm, i.e.,
Igp(T=381)=2lp;, (RT). The comparison leads to
Dy p(RT)/Dg(T=381)=2.5X 10 If we assume that the ac-
tivation energy for diffusion of Au on MgO is 0.2-0.3 eV,
Dy p(RT)/Dgg(RT) = 10*~10°. This result agrees well with
the earlier report for Fe on Mo(110) in spite of the very
different systems studied, i.e., metal-metal in Ref. 24 and
metal-oxide in this work. This allows the conclusion that the
4-5 orders of magnitude enhancement of diffusion rate is
related to the special features of PLD rather than to the sub-
strate used.

Generally, the equilibrium shape of large metal NPs on a
support can be predicted from the Wulff-Kaichew theorem.
For fcc structures, the equilibrium shape is a truncated octa-
hedron in which the metal-oxide adhesion energy E 4 to sur-
face energy 7; ratio determines the degree of truncation
through the expression E,4/ y;=Ah/h;, where h; is the cen-
tral distance to the facet parallel to the interface and Ah is
the degree of truncation.’ There are several reports providing
similar values for the adhesion energy for Au on MgO (100),
whereas the values reported for the surface energy of
Au(100) have much higher dispersion. Using both data re-
ported in Ref. 26, E 4/ y;=0.62 and thus partial wetting is
predicted by the Wulff-Kaichew theorem. This prediction is
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in agreement with our experimental results in Fig. 6 showing
that the aspect ratio defined by the height to lateral dimen-
sion ratio is well below 1. From the large crystal whose
cross-section view is seen in Fig. 6(b), Ah/h;~0.55 within
20% that is in excellent agreement with the prediction of the
Waulff-Kaichew theorem. When the NPs are smaller [see the
one highlighted in Fig. 6(c)], they are typically octahedral
with limited or not significant degree of truncation. This
modification in shape is most likely due to the large fraction
of edge sites for such small sizes as discussed elsewhere for
the case of Pd on MgO.?

V. CONCLUSIONS

Pulsed laser deposition of gold on amorphous (carbon/
glass) and single-crystalline (MgO) substrates leads to simi-
lar deposition and nucleation rates irrespective of the nature
of the substrate, supporting that nucleation is dominated by
defects created by the large fraction of ions having energies
higher than 200 eV rather than by different surface energies
of the substrates. A minimum nucleation rate of 5
%1013 ecm™2 57! has been estimated, which is much higher
than that achieved with more standard evaporation tech-
niques. Instead, the structure of the substrate plays an essen-
tial role on the oriented growth and shape of nanoparticles.
The large flux of species promotes epitaxial growth on MgO
at room temperature due to a diffusion rate that is 4—5 orders
of magnitude higher than in electron-beam evaporation. This
leads to faceted nanoparticles with height to lateral dimen-
sion ratio <0.7 as opposed to those on amorphous substrates
for which this ratio is >0.7. Furthermore, the shape of the
large faceted NPs on MgO is well explained using Wulff-
Kaichew theorem. It is concluded that pulsed laser deposi-
tion in combination with single-crystalline substrates is a
promising means to achieve control over the shape of metal
NPs at room temperature.
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