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The shape and size dependent optical, physical and chemical properties of isotropic and anisotropic
gold nanoparticles (Au NPs) have attracted significant research interests for the applications in
various optoelectronic devices. In this paper, we systematically study the evolution of shape and
size of self-assembled Au NPs by the variation of Au deposition amount on Sapphire (Al,O3)
(0001). With the sufficient thermal energy (1000 °C) provided, dome shape Au NPs are fabricated
on sapphire based on the Volmer-Weber growth model, due to the isotropic surface energy
distribution. Furthermore, we observe the incremental variation of Au deposition amount is
responsible for the transformation of isotropic to anisotropic Au nanoparticles (nanocrystals). An
anisotropic nanoparticles reflect variant properties in their different crystalline surfaces and thus the
utilization of anisotropic nanoparticles can lead to the comparatively high efficiency of related
device applications. The addition of Au deposition amount leads to the facet formation on the
lowest possible energy crystalline planes of NPs such that the orientation of top facet of Au NPs are
(111) plane parallel to the (0001) plane of sapphire. However, due to many other higher index facet
formation, the NPs look almost dome shaped at high amount of Au deposition. Overall, the shape

transformation of NPs from dome, truncated hexagonal pyramid, elongated truncated hexagonal
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pyramid, truncated cone to multifaceted dome is observed along with the variation of Au deposition

amount on Sapphire (Al,O3) (0001).

Introduction

Metallic nanoparticles (NPs), both isotropic and anisotropic, have received considerable research
interests due to their highly efficient shape and size dependent optical, physical and chemical
properties.'” Thus, the precise control over their shape and size finds potentials for the fabrication
of memory device," electronic device,” solar cells,’ optical coating,” sensor® and bio-medicine’ as

%12 For instance, depending upon the size evolution of gold

well as an enhanced catalytic activities.'
NPs, the performance of memory transistor devices are strongly dependent with the incremental
change of NP size such that it can effectively control the mobility, on/off current ratios,
subthreshold swings and operation of memory devices.” Furthermore, based on the shape of Au NPs,
the conversion efficiency of solar cells with long Au nano-rods is higher than that of spherical Au
NPs because of stronger surface plasmon resonance (SPR) intensity of Au nano-rods.® In addition,
with respect to the shape and size of Au NPs, the SPR absorption and scattering properties of
various size of Au nano-spheres, nano shells and nano rods have led to the highly efficient
performance of biological applications.9 Meanwhile, metal NPs have been demonstrated with

8 and

various shapes such as cubic,” triangle,'* dome," bipyramids,'® octahedral,'” nanoprism,’
trisoctahedral '* in numerous growth techniques. It is rarely reported the shape transformation of
NPs in physical vapor deposition (PVD) growth technique. In early research, O. Malyi et al.

investigated the size and shape evolution of Au NPs on sapphire by the variation of annealing

duration at constant deposition amount (14 nm) and annealing temperature (750 °C).”° Taking into
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consideration, an appropriate shape and size of Au NPs have the potentials for the fabrication of
wide range of applications, it would be highly desirable to demonstrate various shape, size and
density of Au NPs, which has not been done to date. Thus, in this paper, we report the systematic
control of shape, size and density of self-assembled Au NPs on sapphire (0001) by the variation of
Au deposition amount at fixed annealing temperature (1000 °C) and duration (450 s). The shape
transformation of self-assembled Au NPs: dome shaped, truncated hexagonal, elongate truncated
hexagonal, truncated conical, multifaceted dome shaped and etc. is systematically investigated. Fig.
1 shows the shape and size evolution of self-assembled Au NPs on sapphire (0001) with the
variation of Au deposition amount. With 3 nm of Au deposition, small dome shaped self-assembled
Au NPs are fabricated according to the Volmer-Weber growth model. After increasing Au
deposition amount to 24 nm, the shape of Au NPs tends to be truncated hexagonal pyramids and
further increasing leads to the elongated hexagonal NPs at 55 nm of Au deposition amount.
Ultimately, the NPs retain its dome shape (multi-faceted) and truncated cone at 75 nm Au
deposition. The size, shape and density of the observed NPs are characterized by using AFM and

SEM in terms of top-views, side-views, cross-sectional line profile, FFT power spectra, plot and etc.

Experimental details

Substrate preparation

In this study, the shape, size and density of self-assembled Au NPs were systematically investigated
with various Au deposition amount on Al,O3; (0001). Initially, 430 um thick Al,O3 substrates with
off-axis + 0.1° from the iNexus Inc. (South Korea) were cleaved and treated with the RCA for
cleaning. Then, the substrates were indium-bonded to an Inconel holder and degassed in pulsed

laser deposition (PLD) chamber at 350 °C for 1800 s under 1 x 10™* Torr to remove the contaminants.
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Fig. S1(a) shows the surface morphology of bare sapphire (0001) and Fig. S1(b) shows the surface
after the degassing, in which both surfaces were quite flat before and after the preparations. Fig. S2
shows the Raman spectra of corresponding sample in between 225 and 900 cm™, measured at room

temperature and in total 6 sapphire peaks were observed.
Sample Growth: Deposition of Au film and annealing

Various amount of Au was deposited on substrates at a growth rate of 0.05 nm/s at the ionization
current of 3 mA under 1 x 10" Torr in a plasma ion-coater chamber. The deposition amount was
controlled by the variation of the deposition time. Fig. S3 presents the surface morphologies of
various amount of Au deposited on sapphire in terms of AFM top-views, cross-sectional surface
line profiles, FFT power spectra and height distribution histogram. The plots of surface area ratio
and RMS roughness after the Au deposition are shown in Fig. S4, showing gradual increase in both
the surface area ratio and RMS roughness. After the Au deposition, self-assembled Au NPs were
formed on sapphire (0001) substrates by performing annealing at 1000 °C for 450 s in a PLD
chamber with the ramping rate at 2.3 °C/s under 1 x 10™ Torr. Immediately after the termination of
each growth, the temperature was quenched down to minimize the Ostwald’s ripening.*'** The
detailed growth parameters of Au NPs on sapphire (0001) with the variation of deposition amount

are listed in Table S1.
Characterization of Au NPs

The surface morphology of self-assembled Au NPs was investigated using an atomic force
microscopy (AFM) from the Park Systems Corp. (XE-70, South Korea) under a non-contact mode
at atmospheric pressure. The AFM tips with the radius of curvature ~ 10 nm, height 17 pm, force

constant 40 Nm™ and resonant frequency ~ 270 kHz were utilized for scanning. To minimize the
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tip effect and for the consistency of analysis, the same type of tips from a batch were utilized. The
acquired data was analyzed with the XEI software (Park Systems) in terms of AFM top-views, side-
views, cross-sectional line profile and Fourier filter transform (FFT) spectra. Also, a scanning
electron microscopy (SEM) from the COXEM (CX-200, South Korea) was used to observe the
large —scale area and clear view of Au NPs morphology. Energy dispersive X-ray spectroscopy
(EDS) from the Thermo Fisher Scientific (Noran System 7, USA) was performed for elemental
analysis. The Raman spectra were measured by UNIRAM II system, from UniNanoTech Co. Ltd

(South Korea).

Results and Discussion

Figs. 2 and 3 show the development of dome shape self-assembled Au NPs on Al,O3 (0001) with
the variation of Au deposition amount between 0.5 and 3 nm with fixed annealing temperature and
duration at 1000 °C for 450 s. Fig. 2 describes the morphology of Au NPs in terms of AFM top-
views, cross-section surface line profiles and FFT power spectra and Fig. 3 presents their
corresponding 3-D AFM side-views. In general, the self-assembled dome shaped Au NPs were
fabricated on sapphire surface and grew larger in compensation of the decrease in density
accordingly with the increased Au deposition amount up to 3 nm. The shape of Au NPs can be the
influence of various factors such as diffusion length, surface energy, deposition amount, size,
atomic structure of substrates. In our case, we systematically varied the Au deposition amount on
sapphire so that the size of fabricated Au NPs also increase resulting in the changes in surface
energy as a results the shape of the Au NPs also changes accordingly. With the sufficient thermal

energy at 1000 °C, the surface diffusion is also expected to be sufficient for the fabrication of 3-D



RSC Advances

Au NPs according to the Volmer-Weber growth model. The binding energy between Au adatoms
(Ea) can be higher than the Au adatoms and sapphire surface atoms (Es) such that, the E5 > Eg leads
to the stronger bonding between the Au adatoms, and as a result, the self-assembled Au 3-D NPs

can be formed on the surface of sapphire.>**

Due to the low surface energy of Au NPs fabricated
between 0.5 and 3 nm, the shape of Au NPs were dome that reflect the isotropic energy distribution
over all directions. Initially, at 0.5 nm of Au deposition, small size and low density Au NPs were
fabricated on sapphire as shown in Figs. 2(a) — 3(a). At very low amount of Au deposition, less
number (density) of Au NPs were observed which is an exceptional case compared with succeeding
samples and this may be due to the insufficient amount of Au on substrates area. With the increased
deposition amount double to 1 nm, the densely packed dome shaped Au NPs were observed with
the increased size and density as demonstrated by the AFM top-views and side-view in Figs. 2(b) —
3(b). At 2 nm Au deposition, the NPs grew and slightly separated apart whereas the density was
decreased as shown in Figs. 2(c) — 3(c). Finally, uniform sized dome-shaped self-assembled Au NPs
were observed at 3 nm Au deposition as shown in the Figs. 2(d) — 3(d). The AFM top-view and
side-view show the distinct shape, size and density of self-assembled Au NPs and the size was
gradually increased while the density was further decreased. The average height, average lateral
width and average density of self-assembled Au NPs with 3 nm Au deposition were 47.2 nm, 102.7
nm and 1.02 x 10" /em?, respectively as listed in Table S2. The surface morphology of Au NPs can
also be discussed in terms of the cross-sectional line profiles and FFT power spectra. For instance,
as shown by the cross-sectional surface line profiles in Figs. 2(a-2) — 2(d-2), initially the height of
Au NPs are short and low density, and with increased Au deposition to 1 nm, the height of NPs was

slightly increased, at 2 nm the height further increased with decreased density and eventually large

NPs were fabricated with 3 nm of Au deposition. Also, the cross-sectional line profiles showed the
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dome shape of the particular NPs marked with green lines in AFM top-views. Similarly, the FFT
power spectra also reflect the surface morphology of corresponding samples. As clearly shown in
Fig. 2(a-3), the FFT power spectra shows the bright round pattern due to the round shape of Au NPs.
The wide range height distribution of NPs result the larger and brighter FFT power spectrum in Fig.
2(b-3) compared with the preceding sample. Furthermore, due to the improvement in uniformity of
Au NPs, the FFT power spectra pattern became smaller and dimer, as shown in Figs. 2(c-2) — 2(c-d).

To support the above results, the diffusion length can be obtained from the following equation, Lp =

v/ (D t) where Dy is the surface diffusion coefficient and ¢ is the time between pulses. The surface

diffusion coefficient is the function of annealing temperature as known from the scaling relation of
Dy o exp (- E, / KT,) where E, is the diffusion barrier, K is the Boltzmann constant and 7, is the

annealing temperature.”> As the annealing temperature is high, the diffusion coefficient is expected
to be high and vice-versa. In this research, we have identical annealing temperature (1000 °C) for all
samples, so the diffusion length also can be sufficient and similar for every growth. Thus, with the
addition of Au deposition amount, the NPs absorb more Au adatoms as well as they can attract
nearby small NPs due to the lower surface energy of large Au NPs. As a result, small NPs migrated
towards the large NPs and aggregate until they reach in equilibrium. Thus, the size of NPs increased
as a compensation of density with increased deposition amount. Thereby, as shown in Figs. 2(b) —
2(d) and 3(b) — 3(d), the size of Au NPs grew larger whereas number of NPs was dropped. Also, the
size and density evolution of Au NPs with the incremental variation of deposition amount was
studied on GaAs, Si and TiO, substrates.”*” Similarly, the Pt NPs on Si and SiO, substrates,’**!

and Ga NPs on GaAs substrate etc.>? demonstrated the increased dimension as well as decreased

density of NPs with the increased deposition amount.
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Fig. 4 shows the crystal structure of sapphire (0001), hexagonal representation of (0001) plane,
crystal structure of Au (111), crystal structure of Au deposited on sapphire and hexagonal self-
assembled Au NPs fabricated on sapphire (0001). The blue sphere represents aluminum (Al), red
sphere represents oxygen (O) and the blue shadowing shows the octahedral orientation of Al.
Sapphire has a trigonal crystal symmetry where oxygen atoms form hexagonal lattice. The crystal
structure of sapphire (0001) is formed by A" and O* ions with AI’* cations formed occupying 2/3
of the octahedral sites and O* anions organized in a hexagonal close packed structure. As shown in
Fig. 4(a), the unit structure of hexagonal crystal structure is surrounded by other six hexagonal
crystal structure and overall, the arrangement of Al also shows the hexagonal structure. The crystal
structure of Au (111) is also hexagonal in Fig. 4(c). We can say that the deposited Au films on the
sapphire (0001) after the annealing, the diffused Au adatoms will be positioned on Al accordingly
with the hexagonal arrangement of Al and crystal structure of Au (111), as shown in Fig. 4(d).Thus,
the influence of hexagonal crystal structure of substrate exhibits the actual morphology of formed
nanostructures by the appropriated control of deposition amount and annealing temperature, as
clearly seen the hexagonal NPs in Fig. 4(e). This can be evidenced by the previous results in which
the fabrication of Au and Cu on sapphire (0001) demonstrate the hexagonal shape NPs with the top

terminated (111) plane parallel to the base plane (0001) of sapphire.**~*

Fig. 5 shows the truncated hexagonal pyramid shape self-assembled Au NPs on Al,O3; with Au
thickness of 4, 24 and 55 nm at 1000 °C of annealing for 450 s. Generally, with increased Au
deposition amount, the shape of self-assembled Au NPs transformed from the dome shape to the
truncate hexagonal shape in Figs. 5(a) — 5(b) and eventually NPs got elongated in random directions
at high deposition amount in Figs. 5(c). As seen from the surface morphology in the Figs. 2, 3 and 5,

the increment of deposition amount is the fundamental mechanism for the shape transformation of
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self-assembled Au NPs on sapphire. The spherical cap on the top of dome shape Au NPs undergo
the transformation to the truncation of hexagonal pyramids. Initially, as the deposition amount was
increased to 4 nm, the addition of Au deposition lead to the increased in the size of Au NPs
resulting in the formation of truncated NPs. When the NPs grew larger i.e. reaches its critical size
around 100 nm, they cannot sustain with the spherical shape such that there appears facets on lowest
possible energy surfaces to be a thermodynamically stable.”” The energy distribution of NPs will be
anisotropic that they reflect variant properties in their various crystalline surface. The surface
energy of the different crystalline planes follows in the order of Au (111) < Au (100) < Au (110),
thus the Au (111) is the most stable plane.’® Most often the lowest energy facet (111) are clearly
observed by the AFM side-views that are parallel to the (0001) plane of sapphire. Although, there
are many other lower energy facets seen in AFM side-views in Figs. 5(a-1), only top facet (111)
crystalline plane is clearly distinguished by referring the similar results of Au and Cu on sapphire®”
7 and Au on graphite’® in previous research. The AFM top-view shows the regular hexagonal
shaped NPs and AFM side view shows truncated 3-D view of corresponding NPs in Figs. 5(a) —
5(a-1). The cross-sectional surface line profile indicated with the green line also evidence the
truncated nature of NPs, as mention in Fig. 5(a-2). The average height and average lateral width
were increased by 1.71 times to 80.9 nm and 1.46 times to 150.2 nm whereas density was reduced
by 5.33 times to 1.91 x 10° /cm?, as plotted in Fig. 6(c) — 6(¢) and listed in Table S2. With the small
increment on deposition amount between 4.25 and 5 nm, the size of truncated hexagonal pyramid
NPs increased while the density was decreased, as shown by AFM images, SEM images and plot in
the Figs. S5 — S7. When the Au deposition amount was highly increased to 24 nm, the size of NPs
increased whereas the shape remains hexagonal truncated, as shown by AFM top and side views in

Figs. 5(b) — 5(b-1). The cross-sectional surface line profile in Fig. 4(b-2) shows the increased
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dimension and truncated morphology of the self-assembled Au NPs. The hexagonal shape of
corresponding sample can be clearly viewed by the SEM image in Fig. 7(a). The average height and
lateral width of self-assembled Au NPs were increased by 7.78 times to 630.9 nm and 7.77 times to
1168.2 nm while the density was dropped by 147 times to 1.3 x 107 /cm?, as listed in Table S2 and
plotted in Fig. 6(c) — 6(e). With drastically increase of Au deposition amount to 55 nm, the
truncated Au NPs tends to be elongated in random directions as clearly shown by AFM images in
Fig. 5(c) and SEM image in Fig. 7(b). Most of the NPs are truncated irregular hexagonal with some
of the edge comparatively large, however few regular hexagonal NPs were also observed. The top
facet of Au NPs is an irregular hexagonal as clearly shown by the AFM side-view in Fig. 5(c-1) and
the truncated nature of NPs is evidenced by the cross-sectional line profile in Fig. 5(c-2). It was
observed that with increased Au deposition amount more than 2 times to 55 nm, the average height
was approximately increased by 1.19 times and lateral width is increased by 2.17 times whereas
average density is decreased by 1.69 times such that average height and lateral width were 751.1
and 2539.8 nm and average density was 1.91 x 10°/cm® as listed in Table S2 and plotted in Figs.

6(c) — 6(e).

Fig. 6 represents the truncated cone and dome shape self-assembled Au NPs on Al,O; (0001) with
the Au deposition amount 75 and 100 nm at 1000 °C of annealing for 450 s. In general, the size
increased and shape transformation and density reduction of self-assembled Au NPs were clearly
observed with the increased Au deposition amount from 55 to 75 and 100 nm. The hexagonal shape
truncated NPs are transformed to multi-faceted dome shape or truncated cone shape Au NPs with
increased Au deposition amount 75 nm, as shown by AFM top-view and side-view in Figs. 6(a) —
6(a-1). When the height of NPs become very large around 2 um or more, additional high index

crystalline planes or facets appear in NPs resulting in the overall shape of NPs appearing as curve or

10
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39,40
dome. 7

The cross-sectional profile line marked with the green line in Fig. 6(a-2) shows the curve
and plane at top such that the fabricated NPs are the truncated cone and dome shape. The top-view
of truncated cone and dome shaped Au NPs are round in shape which is also evidenced by the SEM
image in Fig. 7(c) and Fig. S8(a). The average height of self-assembled Au NPs was increased by
1.96 times to 1475.8 nm and lateral width by 1.42 times to 3609.1 nm but density was dropped by
5.34 times to 1.43 x 10° /cm”. At 100 nm of Au deposition, self-assembled Au NPs with multi-
faceted dome shape was observed. The AFM top-view shows round shape and side-view shows the
dome shaped self-assembled Au NPs in Figs. 6(b) — 6(b-1) and the corresponding SEM images are
shown in Fig. 7(d), Fig. S8(b) and Fig. S9. The cross-sectional surface line profile in Fig. 6(b-2)
clearly shows the curve shape of line profile obtained from the green line. The average height and
average lateral width were observed as 2591.5 and 6150.1 nm, respectively but the density was
reduced to 5.62 x 10° /em®. The average height was increased by 1.75 times, the average lateral
width increased by 1.70 times whereas average density was decreased by 2.55 times compared with
the preceding sample. Fig. 8 shows the energy dispersive X-ray spectroscopy (EDS) spectra of
various deposition amount of Au on sapphire (0001) annealed at 1000 °C for 450 s. Figs. 8(a) — 8(c)
show the EDS spectra of self-assembled Au NPs fabricated with 6, 30 and 45 nm of Au deposition,
respectively. The X-axis of EDS spectra denotes the energy level (keV) and Y-axis represents the
count of corresponding energy level. The enlarged peaks of Au Mal and Lal are shown in the
insets of 8(a-1) — 8(c-1) and 8(b-2) — 8(c-2), in which it is clearly observed, the evolution of Au
Mal at 2.131 and Au Lal peaks at 9.707 keV with the variation of Au deposition amount. For
example, the count of Au Mal peak at 30 nm deposition is approximately 3700 while that of 6 nm
Au deposition showed only ~ 1700. Similarly, the count of Au Mal peaks reached approximately

6000 with 45 nm Au deposition. Likewise, the count of Au Lal peaks increased with increased

11
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deposition amount. Overall, an appropriate control of Au deposition amount, the shape of Au NPs
can be re-demonstrated such that dome shape self-assembled Au NPs were fabricated in small
amount of Au deposition amount between 0.5 and 3 nm as well as at high amount of Au deposition
amount of 75 and 100 nm. The transformation of self-assembled Au NPs shape from the dome to
the truncated hexagon, elongated truncated hexagon, truncated and dome were demonstrated with
systematic control of Au deposition amount between 0.5 and 100 nm at fixed annealing temperature
and duration. Similar to our results of shape transformation, the transformation of metal NPs have
been studied on various growth mechanism with demonstrating various shape and size of metal
NPs.*'* The Au nanocrystals in the shape of octahedra, truncated octahedra, cuboctahedra, cubes,
and higher polygons were observed by increasing the silver nitrate concentration.*’ The Au
nanostructures with octahedral, rhombic dedohedra, truncated ditetragonal prisms and concave
cubes have been demonstrated by the systematic increment change in the Ag" concentration in the
reaction solution using seed-mediated growth method.** Furthermore, during annealing an Au film
on graphene, the shape of Au NPs transform from hexagonal to triangular with increased the

amount of Au thickness.*

Conclusions

We have successfully investigated the shape, size and density of self-assembled Au NPs on sapphire
(0001) with increasing Au deposition amount. The shape, size and density of self-assembled Au
NPs were strongly dependent on the amount of Au deposition. Based on the Volmer-Weber growth
model, the Au NPs were successfully formed and depending on the surface free energy distribution

in relation to the volume of NPs, the transformation of NP configuration from isotropic to

12

Page 12 of 24



Page 13 of 24 RSC Advances

anisotropic and again isotropic (multi-faceted) was observed. With increasing Au deposition
amount, the shape of self-assembled Au NPs transformed from the dome to the truncated hexagon,
truncated hexagon to truncated cone, and truncated cone to multi-faceted dome and the size of self-
assembled Au NPs increased while density decreased. Initially, between 0.5 and 3 nm of Au
deposition amount, dome shaped self-assembled Au NPs were fabricated. With increasing Au
deposition between 4 and 55 nm, the truncated hexagonal shaped self-assembled Au NPs were
demonstrated. With 4 and 24 nm of Au deposition, the shape of self-assembled Au NPs were
truncated regular hexagon while the edge of hexagon were irregular at 55 nm such that the NPs
edge elongated in one direction. The hexagon shape were transformed to round at 75 nm of Au
deposition such that the truncated cone shaped self-assembled Au NPs were fabricated. At 100 nm
of Au deposition amount, the self-assembled Au NPs retained its dome shape. Also, the increment

in Au deposition amount led to the size increase of NPs whereas the density decrease.
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Fig. 1 Shape and size evolution of self-assembled Au nanoparticles (NPs) on Al,Os (sapphire)
(0001) with the variation of Au thickness at fixed annealing temperature and duration at 1000 °C
for 450 s. (a) Dome shaped and small size Au NPs with 3 nm Au deposition. (b) Truncated
Hexagonal pyramid shape Au NPs with 24 nm of Au deposition. (c¢) Elongated truncated
hexagonal pyramid shape Au NPs with 55 nm of Au deposition. (d) Truncated cone shape and
dome Au NPs at 75 nm of Au deposition. (e) Ideal evolution of size and shape of self-assembled
Au NPs. (a) — (d) Atomic force microscopy (AFM) top views of 1 x 1, 10 x 10, 10 x 10, and 40
x 40 um?, respectively. (a-1) — (d-1) and (d-3) Enlarged 3-D side-views of Au NPs marked by
green and blue squares. The marked region in (a) — (d) are of 125 x 125 nm?, 1.5 x 1.5 ym?, 2.5
x 3 umz, 5x5 umz, respectively. (a-2) — (d-2) and (d-4) Cross-sectional surface line profiles of
corresponding NPs obtained from the white lines. The insets in (b) — (d) are scanning electron
microscopy (SEM) images of 5 x 5, 10 x 10, and 20 x 20 pm®.
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Fig. 2 Dome shaped self-assembled Au NPs on Al,O3 with the increased Au deposition amount
between 0.5 and 3 nm annealed at 1000 °C for 450 s. (a) - (d) AFM top views of 3 x 3 um?. (a-1)
- (d-1) AFM top views of 1 x 1 umz. (a-2) - (d-2) Cross-sectional surface line profiles acquired
from the green lines. (a-3) - (d-3) Fourier filter transform (FFT) power spectra.

17



RSC Advances Page 18 of 24

Fig. 3 AFM side-views of dome-shaped Au NPs fabricated on sapphire with the variation of
deposition amount between 0.5 and 3 nm. (a) - (d) AFM side views of 1 x 1 pm®.
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Fig. 4 (a) Crystal structure of Al,O3 (0001), where the blue balls denotes aluminum and red balls

denotes oxygen. (b) An illustration of a hexagonal (0001) plane. (c) Crystal structure of Au (111).
(d) Crystal structure after Au deposition on Al,O3 (0001) and Au atoms sit on top of Al atoms. ()
Atomic force microscopy top view of hexagonal self-assembled Au NPs fabricated on Al,O;

(0001) with 4 nm of Au deposition after annealing at 1000 °C for 450s.
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Fig. 5 Truncated hexagonal pyramid shape self-assembled Au NPs on Al,O; (0001)with Au
thickness of 4, 24 and 55 nm at 1000 °C of annealing for 450 s. (a) - (¢) AFM top views of 3 x 3,
40 x 40, and 40 x 40 pm? with small scale AFM top view of 1 x 1, 10 x 10, and 10 x 10 pm?,
respectively. (a-1) - (c-1) AFM side views of corresponding small scale AFM top views. (a-2) -
(c-2) Cross-sectional surface line-profiles acquired from the green lines. (a-3) - (c-3) FFT power
spectra.
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Fig. 6 Truncated cone and dome shape self-assembled Au NPs on Al,O3(0001) by the control of
Au deposition amount at 75 and 100 nm at 1000 °C of annealing for 450 s. (a) - (b) AFM top
views of 40 x 40 um’. (a-1) - (b-1) AFM side views of corresponding samples. (a-2) - (b-2)
Cross-sectional surface line-profiles acquired from the green lines. (a-3) - (b-3) FFT power
spectra. Plots of (c) average height (AH), (d) average lateral width (AW) and (e) average density
(AD) of self-assembled Au NPs with various deposition amount between 3 and 100 nm. Error
bars: + 5 %.
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Fig. 7 Scanning electron microscopy (SEM) images of various Au NPs fabricated on Al,O3
(0001) to illustrate the evolution of shape and size of self-assembled Au NPs. (a) Truncated
hexagonal pyramid shape Au NPs at 24 nm of Au deposition. (b) Elongated truncated hexagonal
pyramid shape Au NPs at 55 nm of Au deposition. (c) Truncated cone shape self-assembled Au
NPs at 75 nm of Au deposition. (d) Dome shape self-assembled Au NPs at 100 nm of Au
deposition. (a) — (d) are of 40(x) % 24(y) umz. (¢) SEM image. (e-1) Enlarged view of
multifaceted dome Au NP.

22

Page 22 of 24



Page 23 of 24

Fig. 8 Energy dispersive X-ray spectroscopy (EDS) spectra of various deposition amount of Au
on Al,O; (0001) at fixed annealing temperature and duration at 1000 °C for 450 s. (a) 6 nm of Au
deposition. (b) 30 nm of Au deposition. (¢) 45 nm of Au deposition. (a-1) — (c-1) Enlarged
spectra between 2 and 2.5 keV. (a-2) - (c-2) Enlarged spectra between 9 and 10 keV. The Y-axis
and X-axis are the count and the energy level, respectively.
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