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Broadband near-field enhancement in the
macro-periodic and micro-random structure
with a hybridized excitation of propagating
Bloch-plasmonic and localized surface-plasmonic
modes†

Haifei Lu,‡a Xingang Ren,‡a Wei E. I. Sha,a Ho-Pui Hob and Wallace C. H. Choy*a

We demonstrate that the silver nanoplate-based macroscopically periodic (macro-periodic) and micro-

scopically random (micro-random) structure has a broadband near-field enhancement as compared to

conventional silver gratings. The specific field enhancement in a wide spectral range (from UV to near-

infrared) originates from the abundance of localized surface-plasmonic (LSP) modes in the micro-

scopically random distributed silver nanoplates and propagating Bloch-plasmonic (PBP) modes from the

macroscopically periodic pattern. The characterization of polarization dependent spectral absorption,

surface-enhanced Raman spectroscopy (SERS), as well as theoretical simulation was conducted to com-

prehensively understand the features of the broadband spectrum and highly concentrated near-field.

The reported macro-periodic and micro-random structure may offer a new route for the design of

plasmonic systems for photonic and optoelectronic applications.

Introduction

Metal grating structures on the nanoscale have received a great
amount of attention and have been applied to various fields
because of their extraordinary optical properties from propa-
gating Bloch-plasmonic (PBP) modes. Because of PBP reso-
nance, very strong electric fields are concentrated around the
metal nanostructure. In terms of practical applications, the
metal nanostructures can be used to increase the effective
optical path length and absorption efficiency in the absorber
layer of photovoltaic devices.1–6 Meanwhile, the strong electric
fields around metal nanostructures will also affect the optical
properties of nearby materials, which have merits in different
applications, such as surface enhanced Raman spectroscopy
(SERS) and surface enhanced fluorescence emission, for bio-
sensing and lighting applications.7–11 However, typically
regular periodic metal gratings can only provide limited PBP
peaks with narrow bandwidths.12,13

Metal nanostructures with a broadband optical field
enhancement, on the other hand, would be of more interest to
a wide variety of applications.14,15 Recently, the aperiodic or
quasi-random nanostructures, which lie between the types
of periodic and disordered structures, have been receiving
increasingly more attention with the aim to explore their
unique optical properties in controlling light propagation and
localization. The existence of long-range order in such nano-
structures could enrich their optical resonance modes.16–20

Surface enhanced Raman scattering, and lasing and sensing
applications have been explored to achieve higher efficiency
through modulating the light–matter interaction with pro-
perties of long range order.17,20–30 Furthermore, solar cells
with periodic random structures, i.e. aperiodic or quasi-crystal
nanostructures, have been shown to have more significantly
improved performance because of their enriched spectral
frequencies.31–35 The macroscopically periodic (macro-peri-
odic) and microscopically random (micro-random) silver nano-
structures, which also lie between periodic and random
structures despite simultaneously breaking translational
symmetry and long-range order in the spatial domain, have
been theoretically and experimentally investigated in terms of
far-field response and diffraction.36

In this study, we show the primary merits of broadband
and strong field-enhancement from such silver nanoplate
based macro-periodic and micro-random structures through
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experimental and theoretical investigations. Through ex-
perimental measurements of SERS under the excitation at
difference laser wavelengths, we conducted a comparison
between the one-dimensional (1D) macro-periodic and micro-
random structure and conventional silver grating. Meanwhile,
theoretical near-field distribution of the plasmonic system was
studied using the finite-difference frequency-domain (FDFD)
method. Indeed experimental as well as theoretical results
demonstrated that a strong near-field enhancement over a
wide spectral range is present in the reported nanostructure as
compared to the conventional silver grating case. The broad-
band enhancement is due to the excited localized surface-plas-
monic (LSP) modes from randomly distributed nanoplates.
Moreover, PBP modes from the periodic pattern, hybridized
with the LSP modes, enhance the optical field further as indi-
cated by the polarization dependent Raman scattering results.
The results reported herein suggest that the macro-periodic
and micro-random structure may lead to many application
opportunities in photonics and optoelectronics.

Results and discussion

The silver macro-periodic and micro-random nanostructure
was grown on a glass substrate in a large area through a seed-
initiated photochemical process. Because of the presence of
twinned defects in the silver nano-seeds and the use of a low
photon energy light source (632.8 nm), silver atoms will
deposit on the defect regions due to the high potential energy,
which induces the growth of nano-seeds along the twinned
planes and their transformation into silver nanoplates with
{111} stacking fault planes inside. In addition, the periodicity
of the structure can be feasibly altered by adjusting the inter-
fering laser beams’ angle of incidence.36 The scanning elec-
tron microscopy (SEM) image of one typical sample is shown
in Fig. 1(a). The randomly distributed silver nanoplates can be
readily distinguished and are periodically arranged on the
glass substrate. Because of their size variation and random dis-
tribution, a large number of LSP modes can be excited in the
silver nanoplates. Hence they result in a broadband optical
response from UV to near-infrared shown in Fig. 1(b) and (c),
where we show the absorption spectra (1-T-R) obtained with
the periodic strips perpendicular (TM) and parallel (TE) to the
polarization of the incident light. In addition, a red-shifted
resonance peak with increasing incident angle can be clearly
observed in Fig. 1(b). This is caused by one of the PBP modes
at the silver/air interface, which can be evidenced by the simu-
lation result of perfect silver grating in Fig. S1.†

On the other hand, no obvious peak shift has been
observed in the absorption spectra for TE illumination as
shown in Fig. 1(c). The optical properties of the sample under
TE illumination resemble that of an absolutely random struc-
ture. Despite the fact that the structure is comprised of aniso-
tropic nanoplates, the total optical response from LSP modes
of silver nanoplates would show less dependency on the polar-
ization of the characterization light, due to their random

distribution and the large area of light beam. Thus, as shown
in Fig. 1(d) through subtracting the absorption spectra under
TE illumination from the one under TM, their difference, in
some degree, can be considered as the absorption induced by
the PBP modes caused by the periodicity of the pattern. The
PBP excited at the interface of air/silver can be more clearly
distinguished as in Fig. 1(d). As indicated by the red and blue
arrows, under the oblique incidence, the features of red- and
blue-shifts for the two split PBP peaks have also been observed
as the incident angle increases, respectively. The shift of PBP
peaks in the macro-periodic and micro-random structure is
coincident with the trend of PBP modes in perfect grating as
illustrated in Fig. S1.† Therefore, the periodic arrangement of
the randomly distributed nanoplates has been demonstrated
to preserve the propagating Bloch-plasmonic (PBP) modes,
which introduces more optical resonance modes than purely
random structures, and will broaden and strengthen the
optical enhancement of the nanostructure.

Then, the broadband near-field enhancement feature has
been investigated through comparing SERS signals from the
macro-periodic and micro-random structures with that of con-
ventional silver grating, whose extinction spectra characterized
under TM illumination of normal incident light are shown in
Fig. 2(a). In the SERS measurement, three excitation wave-
lengths of 488 nm, 633 nm and 785 nm, and 4-mercaptoben-
zoic acid (4-MBA) as Raman tags were studied. In order to
assess the average field enhancement from the patterns, low
magnification objectives (×20) were used for Raman character-
ization so that the laser spot covered more than five periodic
strips. As shown in Fig. 2(c), the Raman peak at 1586 cm−1

(corresponding to 704 nm) under the excitation of 633 nm
laser light is quite close to the PBP peak of the conventional
silver grating. After calculating the area integral of the Raman
peak at 1586 cm−1 in Fig. 2(c), the signal intensity in the case
of nanoplate-based periodic structure was 1.5 times higher
than that of the conventional silver grating. In addition,
Raman spectra under the excitation of 488 nm and 785 nm
shown in Fig. 2(b) and (d) indicate that the macro-periodic
and micro-random structures exhibit a stronger enhancement
3.5 and 9 times than that of conventional silver grating
with respect to the Raman peaks at 1586 cm−1 and 1076 cm−1

respectively. Consequently, our experimental results have
revealed a superior SERS signal intensity from the nanoplate-
based periodic pattern over a wide spectral range, which can
be mainly attributed to the higher near-field enhancement
offered by the macro-periodic and micro-random structure
compared to the conventional silver grating.

To theoretically understand the optical field enhancement
effect of the macro-periodic and micro-random structure, the
random nanopattern was studied by solving the Maxwell
equations of the system numerically using a combination
of supercell approximation37 and Monte Carlo analysis38

implemented with the finite-difference frequency domain
(FDFD) algorithm.39,40 To simplify the simulation, we adopted
a 2D model (680 nm in periodicity, 300 nm in strip width,
50 nm in strip height) by merely considering the cross-
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sectional near field distribution and generating multiple
random elements in each unit cell (one grating period) to form
a supercell (including five unit cells) as shown in Fig. 3(b). The
filling factors of silver and air are crucial to the optical
response of such macro periodic and micro-random struc-
tures.36 With the same fixed filling factors of silver and air as
previously reported values (i.e. 0.4 and 0.6 respectively),36 the
great amount of supercells have been generated by the Monte
Carlo method to model the random feature of the macro-
periodic and micro-random structure. Here, we choose 785 nm
as the excitation wavelength for comparison. Theoretically, the
SERS enhancement factor (EF) of metal nanostructure is
majorly attributed to the electric field enhancement of two
parts: (1) the local field enhancement corresponding to the
electric field at the excitation wavelength (λexcite = 785 nm, exci-
tation laser wavelength); (2) the radiation field enhancement
estimated from the electric field at a Raman emission wave-
length of λemit = 860 nm (corresponding to the Raman shift at
1076 cm−1) as shown in Fig. 3. The EF is proportional to the
square of the local electric field multiplied by the square of
the radiation electric field.41 Here, a ratio (R) is defined for

comparing the average EF of the nanostructured pattern with
the conventional grating as follows:

R ¼
Pn
i¼1

EranðλexciteÞ�EranðλemitÞ
EincðλexciteÞ�EincðλemitÞ

� �2
iPn

i¼1

EconðλexciteÞ�EconðλemitÞ
EincðλexciteÞ�EincðλemitÞ

� �2
i

¼
Pn
i¼1

½EranðλexciteÞ�EranðλemitÞ�2i
Pn
i¼1

½EconðλexciteÞ�EconðλemitÞ�2i
;

where Eran(λexcite) and Eran(λemit) are the electric fields at the
excitation and emission wavelengths for the macro-periodic
and micro-random patterns, respectively, and Econ(λexcite) and
Econ(λemit) correspond to those of the conventional silver
grating. The ratio (R) is obtained through dividing the
summation of EF at all the positions above the silver micro-
random structure by that of the conventional grating. Finally,
the average EF ratio (R) converges to 11.4 after simulating 120
random structures using the Monte Carlo method. In addition,
using a similar simulation approach, the SERS average EF
ratios under 488 nm and 633 nm excitation are calculated to
be 5.5 and 1.6 respectively as shown in Table 1. The relative
low average EF ratio under 633 nm excitation can be attributed

Fig. 1 (a) SEM image and absorption spectra of one typical macro-periodic and micro-random structure (588 nm in periodicity) characterized by
p-polarized light with polarization (b) perpendicular (TM) and (c) parallel (TE) to the metal strips. (d) The difference of absorption efficiencies
between TM and TE illuminations at different incident angles.
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Fig. 2 (a) Extinction spectra of conventional and macro-periodic and micro-random silver nanoplate based structure. (b–d) Their Raman spectra
with the excitation of 488 nm, 633 nm and 785 nm lasers respectively.

Fig. 3 Structures and the corresponding simulated electric field profiles of (a) conventional grating and (b) supercell of a typical macro-periodic
and micro-random structure at 785 nm and 860 nm, with an enlarged cell in (b) for better view. a(i) and b(i) are structural profiles, a(ii) and b(ii) are
electric field profiles at an excitation wavelength of 785 nm, and a(iii) and b(iii) are electric field profiles at an emission wavelength of 860 nm.
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to the high optical field enhancement of conventional silver
grating at a wavelength of Raman emission of 1586 cm−1

(corresponding to 704 nm), which is quite close to the PBP
mode of the conventional silver grating as shown in Fig. 2(a).
The experimental SERS enhancement as well as the theoretical
ratio of the average EF confirms that the macro-periodic and
micro-random structure can offer much higher field enhance-
ment as compared to that of the conventional grating. As evi-
denced by one typical electric field distribution in Fig. 3(a), the
hot-spots only occur at the corners for the conventional
grating, whereas more hot-spots are present in the micro-
random structures as shown in Fig. 3(b), which will strengthen
their field enhancement effect definitely. In the ESI,† we also
show the electric field distribution of the same typical random
nanostructured pattern and conventional grating under the
excitation of 488 nm, and 633 nm and their corresponding
emission wavelengths.

Because of the broad LSP plasmonic response, the fre-
quency of PBP plasmonic mode would easily overlap with the
LSP modes, which allows the hybridized excitation of the
modes by the same wavelength of light. To understand
the near-field enhancement contributed by the hybridized
excitation of plasmonic modes in the macro-periodic and
micro-random nanostructure, we measured the polarization
dependent Raman spectra from a 1D silver nanoplate-based
periodic structure. With the consideration that the PBP mode
from the interface of silver/glass can be easily extended to
longer wavelength (larger than 900 nm), we choose a sample
with the PBP mode from the silver/air interface (790 nm) close
to the wavelength of the excitation laser (785 nm). The extinc-
tion spectra characterized under TE and TM illumination have
been provided as shown in Fig. S3.† Through changing the
polarization angle that was defined as the angle between the
polarized direction of the E-field at 785 nm laser and the
lateral direction of periodic strips, a series of Raman
spectra have been obtained as shown in Fig. 4(a). As depicted
in Fig. 4(b), the Raman signals obtained at different angles all
exhibit a relatively high intensity through calculating the area
integral of the 1076 cm−1 peak. Interestingly, the Raman
signals oscillate sinusoidally with increasing polarization
angle. The highest signal intensity occurs at the polarization
angles of 90 and 270 degrees, which means that the polari-
zation direction of the excitation laser is perpendicular to the
periodic strips (namely, TM excitation). The oblique polariz-
ation angle will result in the weakened PBP mode, which
induces the decrease of the Raman signal intensity. When the

polarized direction is parallel to the periodic strips (namely,
TE excitation), the Raman intensity reaches the minimum
value.

In fact, the Raman spectra obtained with a TE excitation
can be considered as a contribution solely from the LSP
modes of the random silver nanoplates; and the PBP modes
cannot be excited significantly. Therefore, the direct evidence
of Raman intensity variation upon changing the polarization
angle indicates that the PBP mode readily offers additional
near-field enhancement of our nanostructure. Furthermore,
we also adopt a simple numerical simulation to reveal the
hybridization effect on near field enhancement. As the results
indicated in Fig. S4,† the periodic arrangement of the micro-
random structure can achieve a higher near field intensity as
compared to the single strip of a micro-random structure
due to the excitation of PBP modes. Finally, it has been
demonstrated that the hybridized excitation of LSP and PBP
modes in the macro-periodic and micro-random nanostructure
would provide the highest near-field enhancement. As the
macroscopic period can be easily tuned from 500 nm to
several micrometers with appropriate fabrication conditions,
PBP modes are able to be engineered for achieving higher field
enhancement at specific frequency. One also needs to note
that by using such a photochemical approach, a two-dimen-
sional macro-periodic and micro-random structure can also be

Table 1 Simulated and experimental average EF ratios of the macro-
periodic and micro-random structure to conventional silver grating
under 488 nm, 633 nm and 785 nm excitation

Average EF 488 nm 633 nm 785 nm

Simulation ratio 5.5 1.6 11.4
Experiment ratio 3.5 1.5 9

Fig. 4 (a) A series of Raman spectra of 4-MBA on a macro-periodic and
micro-random structure at different angles between light polarization
and periodic strips. (b) Raman intensity variation with the angle. The red
curve is fitted from the experimental data.
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easily fabricated to meet more of the requirements in practical
applications, such as polarization independent near-field
enhancement.

Conclusion

In conclusion, we have experimentally and theoretically investi-
gated the near-field enhancement of the macro-periodic and
micro-random silver nanoplate structures. Our experimental
results show that the averaged EF of SERS from the macro-peri-
odic and micro-random nanostructure has 3.5, 1.5 and 9 times
improvement over that from the conventional grating under
laser excitation at the wavelengths of 488 nm, 633 nm and
785 nm, respectively. Remarkably, because of the hybridized
excitation of PBP and LSP modes in macro-periodic and micro-
random structures, their optical near-fields have been effec-
tively broadened and strengthened as demonstrated by the
polarization dependent absorption spectra and SERS features.
Consequently, the proposed macro-periodic and micro-
random silver nanostructures with a strong near-field enhance-
ment over a wide spectral region would be beneficial to appli-
cations in photonic and optoelectronic devices.

Experimental section

The silver nanoplate-based macro-periodic and micro-random
structure was fabricated according to a previous report.36 Typi-
cally, a glass substrate modified with a layer of small silver
nanoparticles was fixed on a glass prism with the metal layer
exposed to the reaction solution filled in a PDMS chamber.
A mixture of silver nitrate (0.4 mM) and sodium citrate
(2.5 mM) aqueous solution was used as the reaction solution.
The glass prism and the substrate were placed on a rotation
stage, which was used to adjust the incident angle of the
expanded 632.8 nm laser beam. After light illumination, the
1D periodic nanostructure with a specific periodicity will
gradually form on the glass substrate depending on the inci-
dent angle. The conventional silver grating was prepared by
thermally evaporating 100 nm silver on a PDMS template with
an 1D periodic pattern.

The sample morphology was investigated by using a LEO
1530 FEG scanning electron microscope. The optical extinction
and absorption spectra were obtained from a home built goni-
ometer. To characterize the SERS properties of the nanoplate-
based macro-periodic and micro-random structures and con-
ventional silver grating, 20 μL of 4-MBA in ethanol (0.002 mM)
were dropped on the two samples respectively, and allowed to
dry before Raman spectroscopy measurements. Three lasers
(488 nm, 633 nm, and 785 nm) have been used to excite the
samples for Raman characterization, and the areas of laser
beam are large enough to cover more than 5 periodic strips. In
addition, a series of Raman spectra (785 nm excitation) from
the same position of the silver nanoplate-based macro-periodic
and micro-random structure were acquired by rotating the

sample for different angles between the polarization of exci-
tation laser and the periodic strips. In each measurement, the
laser spot on the sample was of the same size.
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