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Highly ordered noble metal nanoparticle (NP) arrays are produced using a glancing angle
deposition on stepped substrates. The versatility of the technique is demonstrated by depositing
different metals, resulting in shifts of the resonance positions. The behaviour of the NP arrays
grown is predicted by a dipolar model, and it is measured using reflectance anisotropy
spectroscopy (RAS). Fine tuning of the resonances can be finally realised by selecting the
deposition parameters. The combined application of both RAS and deposition at glancing angles
provides a unique tool to grow NP arrays with the tunable plasmonic resonances in the entire
visible range. © 2012 American Institute of Physics. [doi:10.1063/1.3674982]

Metallic nanoparticle (NP) arrays have proven to be of
fundamental importance for optoelectronic applications' and
improved solar cells.”> Such interacting metallic systems
have been intensely investigated as templates for surface
enhanced spectroscopy.>* For these spectroscopic techni-
ques, the resonant energy of the structures needs to match
the energy of the exciting laser.” If the interparticle separa-
tion is smaller than the average NP diameter,6 the electric
field in the interstitial space is enhanced at resonance by
orders of magnitude.’

The required NP arrangements can be readily obtained
using lithographic techniques,' but these are unsuitable for
the production of large scale active areas. Typical colloidal
processes could be a solution,® but ordered deposition onto a
substrate is required. The resulting optical spectra depend
also on the parameters governing the coupling between NPs
and on the morphology of the resulting structures. These
growth methods are material specific and thus require unique
preparation recipes, depending on the material utilised.
Glancing angle deposition of adatoms can provide a possible
solution (see Fig. 1).°7'* A collimated adatom flux is directed
towards the steps, which act as preferential growth sites.
Adatoms then diffuse along the steps and coalesce, forming
NP arrays. This self-assembled technique is simple, easily
scalable, and mainly dependent on geometrical considera-
tions. It is then conceptually independent of the deposition
material. This letter demonstrates that NP arrays of different
materials can be produced using this deposition method. The
resulting resonances can be tuned over the whole visible
range once the material choice is combined with different
deposition parameters. At the same time, reflectance anisot-
ropy spectroscopy (RAS) can be used to monitor, in situ, the
evolution of resonance profiles during the growth. Structures
with a particular resonance energy suitable for enhancements
spectroscopy can then be obtained following this route.

Advantages in a material independent production
method of NP arrays can be readily demonstrated by simula-
tions. The anisotropic optical response can be reproduced by
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modelling each identical NP as a supported ellipsoid placed
on a rectangular lattice. Once the dimensions involved are
much smaller than the wavelength of light, the NP layer can
be approximated as a continuous layer having an effective
anisotropic in-plane dielectric function,'?
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where i = (x,y), &, and ¢, are the dielectric functions of the
surrounding medium and of the metal, respectively. The
standard shape depolarization factor L; (Ref. 15) is modified
in Eq. (1) to LY = L; 4+ fV, thus taking into account the NP
interaction and substrate effects through the f; coefficients
and the NP volume V (Refs. 11 and 14). If wp and I' are the
free electron plasma frequency and the scattering rate of the
metallic NP, respectively, the dielectric function can be mod-
elled as &= ¢ + @) /(0* +iowl) + g, where the core
electrons contribution &., and interband transitions ¢ are
explicitly included. The resonance frequency can be found at
the poles of Eq. (1), where
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The resonance frequency of Eq. (2) depends on three factors:
the dielectric function of the surrounding medium g, the

FIG. 1. (Color online) A schematic view of the deposition technique: a flux
of collimated adatoms is sent towards the surface at a glancing angle of inci-
dence and coalesces on the step of a patterned surface, forming NP arrays.
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FIG. 2. (Color online) (a) Normalized absorption profiles of metal NP
arrays. During the simulations, the light was sent along the array axis and
the tabulated bulk dielectric functions were utilised.'®!” (b) The plasmonic
energy position, for different metals, as a function of 1 JL”. The arrows indi-
cate the positions of the peaks in (a). Shifts in the resonance can be obtained
using different metals and different geometries.

geometry of the system expressed through the L! coeffi-
cients, and the material properties via the other quantities.
Fig. 2(a) shows the simulated absorption profile for identical
spherical NP arrays supported on Al,O5 for light polarized
along the array axis for different metals. The NP radius R
was assumed to be 12nm, the interparticle centre-to-centre
distance was fixed to 25 nm, and the inter-array distance to
100nm. It can be noted that different materials produce
resonances at different energies as a consequence of their
different dielectric properties. In Fig. 2(b), it is shown that
the resonance position of the NP arrays when L" is varied.
Once the exciting light is polarized along the array axes,
both increases of the aspect ratio along the same direction
and stronger interactions between NPs result in lower L.
Resonances over the whole visible range can in principle be
realised.

Stepped Al,O3 (0001) substrates, miscut 6° along the
[1210] direction (MTI corp., USA), were obtained by anneal-
ing in atmosphere at 1420°C for 24h.'® Samples were
loaded into a high vacuum chamber (base pressure 2 x 10°®
mbar), and collimated adatoms were deposited at a tilted
6° angle with respect to the average surface orientation.
Constant deposition rates on a substrate perpendicular to the
collimated beam of F =0.23 nm/min were measured, and a
deposition time of 30 min was used. Figure 3 shows a scan-
ning electron microscope (SEM) image of the resulting mor-
phologies obtained by glancing angle deposition of Au and
Cu. The steps are decorated by NP arrays elongated along
the chain axis. Glancing angle deposition is thus virtually in-
dependent on the material deposited. The method was tested
for different elements and NP arrays could be produced, pro-
vided the deposition parameters were optimised. Au and Cu
were finally chosen as they survive atmospheric exposure
and produce narrow resonances in the visible range, in ac-
cordance with Fig. 2(a). The average NP dimensions are
below lithographic resolution (see Table I), and the surface
morphology remains unchanged throughout the entire
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FIG. 3. (Color online) SEM images of Au (a) and Cu (b) NP arrays grown
by glancing angle deposition with a 95 nm template periodicity. Au (c) and
Cu (d) RAS spectra taken in situ at different deposition times and after expo-
sure of the sample to ambient conditions.

5 x 5 mm? sample. The ratio between the diameter and aver-
age interparticle separation is 5.5 and 8 for Au and Cu,
respectively; a strong field enhancement is thus expected.’

The optical features were measured in situ using RAS.
RAS measures the difference of the in-plane complex reflec-
tion coefficients r; measured along two orthogonal direc-
tions, normalised to the overall reflection at normal
incidence. The positive direction is related to the direction
along the array axis. After deposition, the recorded spectra
show only positive peaks. The sharp resonances at low ener-
gies represent the plasmonic resonances along the array
axes, while the additional positive features at higher energies
are related to inter band contributions. For any enhancement
spectroscopy, the exciting light needs to be polarized along
the arrays axes and RAS can then measure its resonance
position directly during the growth.

The plasmonic peaks measured by RAS appear broader
than shown in Fig. 2(a) due to the increased scattering rate at
the NP boundaries and to size distribution. The peak inten-
sities increase with the amount of deposited material and the
plasmonic peaks red shift for both Au and Cu, due to
increases in the NP volume and, hence, in the coupling
between neighbouring NPs.'® The peaks are shifted further
in the IR if compared with Fig. 2(a) as a result of the NP
elongation along the array axis. The exposure of the sample
to the atmosphere produced additional spectral changes, with
the positive peaks red shifting by 0.04eV for Au and by
0.26 eV for Cu. These modifications are attributed to the cre-
ation of an oxide/sulphide layer surrounding particles,'*'>

TABLE I. The number of particles N per unit area, the average center to
center distance /, and semiaxes R along (x) and perpendicular (y) to the array
axes, for Cu and Au samples grown at glancing angle of incidence. An effec-
tive shape depolarization factor 1/L} has been calculated using the same
morphology. For the calculation, it was assumed R, =5nm and ¢, being a
homogeneous mixture of air and Al,O5 in order to take into account for the
presence of the steps.

N (NPs/um’z) [, (nm) [,(nm)  R.(nm) R, (nm) 1/L;
Au 421 = 140 95+22 25%*6 11=3 7*+2 15
Cu 390 = 130 95*+22 27*6 12+3 8+ 1 17
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FIG. 4. (Color online) RAS spectra of samples after exposure of the samples
to the atmosphere. The NP arrays were produced using different metals, tem-
plate periodicities, and deposition angles and times. Vertical lines represent
energies of common lasers.

confirming Cu is particularly reactive to atmospheric
exposure.

The fine tuning of the spectral resonance position in the
visible range is obtained by modifying L* as suggested in
Fig. 2(b). This has been realised by changing in the deposi-
tion parameters, resulting in different NP morphologies and
interparticle distances. The resulting optical response is
shown in Fig. 4, where the normalized RAS spectra for vari-
ous deposition parameters of NP arrays made of Ag, Au, and
Cu are presented. Ag NP arrays result in positive resonances
placed at higher energy, in accordance with Fig. 2(a). Nega-
tive peaks related to resonances perpendicular to the array
axes can also be observed due to the absence of interband
related structures. Larger template periodicities (TPs) result
in red shifts of the resonances along the array axes. The right
combination of material and deposition parameters allows
one to produce structures with a resonance energy matching
the particular laser line used. At the same time, RAS can be
used to measure the resonance profile during growth and also
estimate the NP morphological dispersion via the Gaussian
broadening of the peaks.'” The current experimental arrange-
ment does not allow the substrate temperature to be varied
during deposition. However, we believe that deposition on
substrates at higher temperatures could further increase the
order of the NP arrays and result in narrower resonance
profiles.

In conclusion, we described a self-organized approach
for the large scale physical synthesis of anisotropic plas-
monic NP arrays supported on a dielectric substrate. The

Appl. Phys. Lett. 100, 031102 (2012)

technique is independent of the deposited material and could
also be generalized to different substrates, obtained by
patterning of the surface using low-angle ion sputtering.'?
The resulting structures present strong dichroic plasmonic
resonances, and they offer themselves naturally as candidates
for enhanced spectroscopy. The exact resonance energy
required can be obtained by choosing the appropriate mate-
rial and deposition parameters. RAS can measure the reso-
nance profile during the growth, and the deposition can be
interrupted to obtain structures with the required resonances.
The produced NP arrays can also be used as a building block
for waveguiding applications or as catalysts for the growth
of low-dimensional out-of-plane structures, such as ZnO.'®
Finally, by combining different materials, core/shell meta-
materials could be grown utilising this method.
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