This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Diffraction resonance with strong optical‑field
enhancement from gain‑assisted hybrid
plasmonic structure
Zhou, Yanyan; Zhang, Haixi; Lu, Haifei; Ho, Ho‑Pui; Yu, Xia; Luan, Feng
2012
Zhang, H., Lu, H., Ho, H.‑P., Zhou, Y., Yu, X., & Luan, F. (2012). Diffraction resonance with
strong optical‑field enhancement from gain‑assisted hybrid plasmonic structure. Applied
Physics Letters, 100(16), 161904‑.

https://hdl.handle.net/10356/95143
https://doi.org/10.1063/1.4704360

© 2012 American Institute of Physics.This paper was published in Applied Physics Letters
and is made available as an electronic reprint (preprint) with permission of American
Institute of Physics. The paper can be found at the following official DOI:
[http://dx.doi.org/10.1063/1.4704360]. One print or electronic copy may be made for
personal use only. Systematic or multiple reproduction, distribution to multiple locations
via electronic or other means, duplication of any material in this paper for a fee or for
commercial purposes, or modification of the content of the paper is prohibited and is
subject to penalties under law.

Downloaded on 09 Jan 2023 03:55:24 SGT

Diffraction resonance with strong optical-field enhancement from gainassisted hybrid plasmonic structure
Haixi Zhang, Haifei Lu, Ho-Pui Ho, Yanyan Zhou, Xia Yu et al.
Citation: Appl. Phys. Lett. 100, 161904 (2012); doi: 10.1063/1.4704360
View online: http://dx.doi.org/10.1063/1.4704360
View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v100/i16
Published by the American Institute of Physics.

Related Articles
Optical response in subnanometer gaps due to nonlocal response and quantum tunneling
Appl. Phys. Lett. 101, 233111 (2012)
Contact-induced spin polarization in graphene/h-BN/Ni nanocomposites
J. Appl. Phys. 112, 114303 (2012)
High order standing-wave plasmon resonances in silver u-shaped nanowires
J. Appl. Phys. 112, 103104 (2012)
Photoluminescence and light reabsorption in SiC quantum dots embedded in binary-polyelectrolyte solid matrix
J. Appl. Phys. 112, 094315 (2012)
Localized surface plasmon resonances in highly doped semiconductors nanostructures
Appl. Phys. Lett. 101, 161113 (2012)

Additional information on Appl. Phys. Lett.
Journal Homepage: http://apl.aip.org/
Journal Information: http://apl.aip.org/about/about_the_journal
Top downloads: http://apl.aip.org/features/most_downloaded
Information for Authors: http://apl.aip.org/authors

Downloaded 10 Dec 2012 to 155.69.4.4. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

APPLIED PHYSICS LETTERS 100, 161904 (2012)

Diffraction resonance with strong optical-field enhancement from
gain-assisted hybrid plasmonic structure
Haixi Zhang,1 Haifei Lu,1 Ho-Pui Ho,1,a) Yanyan Zhou,2 Xia Yu,2 and Feng Luan3
1

Department of Electronic and Engineering, The Chinese University of Hong Kong, Shatin, N.T., HKSAR of
China, Pepole’s Republic of China
2
Singapore Institute of Manufacturing Technology, 71 Nanyang Drive, Singapore
3
School of Electrical and Electronic Engineering, Nanyang Technological University, Singapore

(Received 14 November 2011; accepted 31 March 2012; published online 18 April 2012)
We propose and analyze the diffraction coupling of localized plasmon resonances (LPRs) through
gain-assisted propagation surface plasmons (PSPs). The coupling process involves localization of
incident light by LPR and LPR-PSP interaction. We demonstrate a significantly strong
enhancement of electromagnetic power for LPRs in the event of diffraction resonance through
incorporation of experimentally feasible optical gain to the PSP. Based on such phenomenon, we
propose a hybrid plasmonic structure, which would potentially give rise to device realization of the
nano-lasers. In addition, it is also a promising platform for applications such as surface enhanced
C 2012 American Institute of Physics.
Raman scattering, nonlinear optics, plasmonic trapping, etc. V
[http://dx.doi.org/10.1063/1.4704360]

The concentration of electromagnetic (EM) fields into
subwavelength volumes is crucial to the performance of surface enhanced Raman spectroscopy (SERS),1 nonlinear
optics,2 plasmonic trapping,3 photochemistry,4 and lightmatter interactions.5 It is, therefore, imperative to address
the question of achieving highest possible EM enhancement
factor (jEj2 ) from realistic designs. Surface plasmons (SPs)
are often categorized into two classes: the propagating surface plasmons (PSPs) and the localized plasmon resonances
(LPRs).6 It is generally accepted that a strong field enhancement arises from LPRs, and it is primarily responsible for
the excitation of SERS.7,8 Indeed, giant EM enhancement
has been demonstrated in a series of SERS strategies including gaps in metallic nanoparticle conglomerates,9 in the
vicinities of sharp metallic tips,10 cascaded enhancements,11
and diffraction resonances in silver nanoparticle arrays.12
Another interesting and noteworthy approach towards highfield dependent single-molecule SERS (SMSERS) has already been demonstrated through a gain-assisted gold nanobox. In this design, the nanobox acts as a cavity for the
surface plasmon amplification by stimulated emission of
radiation (SPASER), so that a highly intensified EM field is
created on the order of 108.13 However, there are several
drawbacks associated with aforementioned SERS designs
including small hot-spot volume,9,10 fabrication difficulties,9,10,13 unstable chemical properties,12 and unrealistic optical gain requirements.13 In this letter, we report a more
feasible configuration for the resonant cavity of SPASER.
Instead of a simple LPR, the hybrid SP resonances rely on
diffraction coupling via PSPs to achieve a strong EM near
field. Based on this hybrid plasmonic concept, we have
designed a SPASER device by incorporating optical gain in
the substrate14,15 in order to realize SPs’ amplification. The
device may constitute a platform for SERS detection, as well

as other high-field dependent applications at some convenient wavelengths such as 980 nm.
A schematic of the proposed hybrid plasmonic structure
is shown in Fig. 1. The structure (from bottom to top) consists of an active PMMA substrate in which optical gain is
made possible through doped with dye molecules, a 20 nm
silver film and a 15–30 nm SiO2 spacer. A two-dimensional
square lattice of gold nanopillars with periodicity of
D ¼ 865 nm is deposited on top of the spacer layer. The diameter of the gold nanopillars is 150 nm and their thickness
is 40 nm. We used finite-difference time domain (FDTD)
simulation to calculate the near-field spectral intensity with
the monitor placed at the edge of the nanopillar, as shown in
Fig. 1. The monitor is oriented in a way such that the radial
vector (from the disk center to the monitor) is along the
polarization direction of the illumination. A linearly polarized plane wave (i.e., x-polarized light in Fig. 1) illuminates
the device from the top at normal incidence. The dielectric
permittivity values of gold and silver are taken from those
reported by Johnson and Christy.16 The refractive index of
the SiO2 spacer is 1.46. The permittivity of the active region
is complex valued and is expressed as e ¼ e0 þ e}i. The real
part is fixed at e0 ¼ 2:25, while the imaginary part is related
to the amount of optical gain induced by external pumping.
In this study, a Lorentzian index profile with a peak at
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FIG. 1. Schematic of the proposed structure.
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980 nm, a 150 nm line width, and peak gain levels (e}) ranging from 0 to 0.027 is used to fit the gain spectrum used in
the active layer.14 We choose to terminate the simulation at
1.85 ps in order to allow the system energy decay to a negligible level and to ensure simulation convergence.
The full mechanism of diffraction coupling and hybrid
SPs resonance can be briefly described as follows. Incident
plane wave is first localized by LPRs in the nanopillars,
whereby the nanopillars act as dipoles and excite the PSPs.
In this case, the nanopillars couple their trapped EM energy
to the silver film in the form of PSPs. The PSPs are then able
to provide a path through which hybrid diffraction coupling
between nanopillars is achieved. At certain wavelengths, the
PSPs can form constructive interference, which is just the
condition for diffraction resonance. These wavelengths are
given by the extended Rayleigh cutoff wavelength
kði; jÞm;air;PSP ¼ ðD=mÞ  nair;PSP  ði2 þ j2 Þ1=2 , where D is
the grating constant, m is an integer, nair;PSP is either the refractive index of air or the effective refractive index of PSP
medium, and the integers i; j denote the grating diffraction
order.17 This process gives rise to the resonance peaks indicated by the near-field intensity enhancement (jEj2 ) spectra
of the monitor as shown in Fig. 2. At this stage, four different
thicknesses of the SiO2 spacer are investigated. The inset of
Fig. 2 shows the near-field spectrum of an isolated nanopillar
when the spacer has a thickness of 20 nm. The maximum
electric field intensity at the monitor is on the order of 105.
This amplitude is in line with results obtained from similar
structures reported in literature.18 In Fig. 2, the peaks found
in the 920–950 nm region (and also at 910 nm in the inset)
are attributed to the dipolar LPRs of the nanopillars and their
mirror images in silver film. The small peak at around
725 nm (and also at 643 nm in the inset) is induced by their
quadrupole LPR modes. The general red shift in the spectra
is due to collective plasmon resonance from interparticle
coupling. The peak at around 865 nm comes from the (1, 0)
order of normal diffraction coupling through air (i.e.,
kð1; 0Þ1;air ¼ 865 nm). The peaks at 980 nm and 1328 nm
(enlarged in the lower inset of Fig. 2) are from the (1, 1) and
(1, 0) order of the diffraction resonance via PSPs coupling
(i.e., kð1; 1Þ2;PSP ¼ 980 nm and kð1; 0Þ1;PSP ¼ 1328 nm, with
:
:
nPSP ¼1:6 and nPSP ¼1:54, respectively, which will be further
explained later). Their asymmetric shape suggests an associ-

FIG. 2. Near-field response spectra at the monitor for different SiO2 spacer
thicknesses. Upper inset: near-field response spectrum of an isolated nanopillar with spacer thickness ¼ 20 nm. Lower inset: enlarged view of nearfield spectra for the range of 1300–1350 nm.
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ation with Fano resonance,19 which is induced by interference between two energy coupling paths, namely the path
within a continuum of states (resonance of the isolated nanopillars and their images) and the one within a discrete state
(the diffraction resonances via PSPs). As shown in Fig. 2, at
980 nm, the highest coupling efficiency takes place when the
spacer is 20 nm thick. We also found out that the PSP
induced diffraction resonances (kð1; 1Þ2;PSP ¼ 980 nm) has
comparable intensities with that of the diffraction resonance
through air (kð1; 0Þ1;air ). This happens because the EM
energy of PSPs is more confined to a planar region than the
case of free-space or air, despite that the silver film has an
intrinsic ohmic loss. For SPs excited on the silver film, the
penetration depth is usually more than 30 nm for a spectral
range of 6001500 nm.6 Hence, a 20 nm thick silver film is
able to allow the optical gain applied to one side being used
to compensate for the PSP losses on both sides.
To understand the role of optical gain, as well as to demonstrate the mechanism of PSP induced diffractive resonance, we calculated the PSPs generated by a multilayer
structure in the absence of the nanopillar array. A reflection
pole method is formulated to enable computation of PSP’s
effective mode index.20 When the spacer is 20 nm thick,
from Fig. 3(a), we see that the real part of PSP’s effective
mode index (nPSP ) is about 1.6 at 980 nm, while e00 varies
from 0.01 to 0.03, and it experiences a sudden drop
because the mode cuts off at a longer wavelength. In Fig.
3(b), zero or negative values of the imaginary part denote
zero-loss or amplified PSPs, respectively. When the absolute
value of e} is larger than 0.01 (equivalent to a gain

FIG. 3. PSP’s effective mode refractive index versus different optical gain
levels (in terms of e}) in the substrate with (a) for the real part and (b) for
the imaginary part. (c) Near-field spectra for different gain levels. Inset
shows an enlarged version of response spectrum when the optical gain
approaches a level of e} ¼ 0:025.
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pﬃﬃﬃ
coefficient ð2p=kÞe}= e0 ¼ 427:42 cm1 at k ¼ 980 nm),
the optical gain can fully compensate the intrinsic PSPs loss
in silver at around 980 nm. This critical gain level is in line
with the value reported in literature.21 In reality, the overall
structure requires a slightly higher gain level because of
losses in the gold nanopillars and imperfect LPRs-PSPs coupling. The near-field spectra of the monitor for a 20 nm thick
spacer and for different gain levels are shown in Fig. 3(c).
Without optical gain, strong resonance is barely observable.
As optical gain is introduced into the system, the near-field
intensity at 980 nm increases dramatically. The inset in Fig.
3(c) reveals more details when the optical gain is
e} ¼ 0:025, a level that approaches but is still below the
lasing threshold at 980 nm. This value corresponds to a gain
coefficient of 1068.57 cm1 and the near-field intensity has
increased to 2:38  107 V2 =m2 in this case. If the gain level
is further increased to reach the lasing threshold
(e} ¼ 0:027), amplification of light will balance the extinction of the system. To obtain the near-field spectra, the system is first illuminated by a multi-frequency pulse, followed
by applying Fourier transform to its time-domain response.
The lasing threshold is determined as such because the system will no longer decay but diverge in the time domain if
the absolute value of e} is bigger than 0.027. Consequently,
a SPASER-like phenomenon occurs with the emergence of a
very sharp LPR peak. In Fig. 3(c), the plot produced with
e} ¼ 0:027 (i.e., the lasering threshold) is a manifestation
of the SPASER-like process. In this study, we simply use
negative imaginary part of permittivity to represent the substrate’s optical gain, which is a common approach adopted
by many other studies.13–15,22–26 Note that, such treatment of
the optical gain accurately presents an effective gain level
within the scope of small signal gain, and it contains simulated analysis of the entire dynamic saturation phenomenon
in a real lasing system. Our treatment facilitates a comparison with the results of other work that have adopted similar
treatments of the optical gain and reveals a lower threshold
requirement in terms of gain level in our device.13,23 In view
of the complexity of this type of system, many research
groups are focusing on the analysis of more detailed and indepth physical processes involved.24,27 It is shown that the
fluorophore-doped PMMA can be represented by a dipolar
gain medium having a permittivity with its imaginary part
dependent on the pump light distribution and quenching
effect from metal surfaces.24 From an experimental viewpoint, a more detailed and comprehensive consideration of
the pumping and quenching should be deliberated in order to
achieve a specific effective gain for certain PSP modes.
Fig. 4(a) shows the electric field intensity pattern when
e} ¼ 0:025 and k ¼ 980 nm, for a unit element of the grating
in a XY plane at the nanopillar-spacer interface. In this case,
the EM enhancement factor is on the order of 107. It is
observed that the maximum field intensity focuses on the circumference of the nanopillar rather than some narrow gaps or
small spots. Such distribution pattern increases the SERS
detection volume, which in turn makes the SMSERS device
more feasible. Figure 4(b) shows the directional pattern of the
Poynting vector at the lower surface of the silver film, which
clearly reveals the underlying mechanism of the PSP induced
diffraction resonance. In Fig. 4(b), the diagonal in a quaternary
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FIG. 4. (a) The local-field distribution pattern for a unit element of the grating when we use e} ¼ 0:025 and resonant wavelength of 980 nm. It comes
from an XY plane located at the nanopillar-spacer interface. (b) Directional
pattern of the Poynting vector at the lower surface of the silver film. The
dash box represents the two nearest nanopillar (highlighted by dash circle)
in a diagonal direction. (c) Schematic of the charge distribution for highlighted region shown in (b).

unit of the grating contains two entire wave profiles (m ¼ 2)
that are associated with the (1, 1) order diffraction resonance
generated through PSP coupling with (i.e., kð1; 1Þ2;PSP ¼
:
980 nm with nPSP ¼1:6). We also schematically show in Fig.
4(c) the charge distribution around a cross-section covering
two nanopillars. The laser threshold in terms of gain coefficient
in our design is 103 cm1 , which is within the limits of semiconductor polymers and laser dyes (highly concentrated).6 As
compared to the device scheme based on nanobox,13 our design
offers several significant merits: simple fabrication, lower gain
requirement, and larger “hot spots” volume. With these attributes, diffraction coupling of LPRs through gain-assisted PSPs
offers an ideal platform for SERS. In SERS theory, it is well
accepted that the metal nanoparticles act as efficient antenna
that couple light energy (with frequency x) to nearby molecules while at the same time capture and re-radiate the energy
of the Raman-shifted light (with frequency x0 ). Kerker et al.
have demonstrated that this leads to a strong enhancement factor which is proportional to the local field jEðxÞj2 multiplied
by jEðx0 Þj2 .7,8 It is possible to further optimize this platform
through better selection of nanoparticles to cater for the amplification of specific peaks or to carefully choose the grating constants in order to generate multi-peak resonance for doubleresonance SERS,28 as well as SMSERS, which usually requires
an enhancement factor of 106–108.1
In conclusion, we have presented a theoretical analysis
of diffraction coupling in a gain-assisted hybrid plasmonic
structure. Based on this concept, we demonstrate a device
that can provide an EM enhancement factor as high as 107.
Our hybrid structure is observed to exhibit merits such as
multiple tunable resonant peaks and large high-field volume,
which are attractive for ultra-sensitive SERS detection, nonlinear optics, plasmonic trapping, etc. Moreover, the Fano
resonances in the hybrid structure are very useful for sensing
applications based on customized plasmonic properties.
Finally, our results reveal that gain-assisted hybrid SPs may
provide a SPASER design framework in which the gain medium is separated from the nanoparticle.
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