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We have investigated the influence of Ag nanorod radius (r) on the resonant modes of a two-dimensional plasmonic photonic 
crystal (PPC) with dipole sources embedded into the central vacancy area, using finite-difference time-domain methods. Both the 
localized surface plasmon (LSP) mode of individual Ag nanorods and the resonant cavity mode of PPC are found to vary as a 
function of r. The resonant cavity mode is strongly enhanced as r is increased, while the LSP signal will eventually become no 
longer discernable in the Fourier spectrum of the time-evolved field. An optimized condition for the nanocavity field enhancement 
is found for a given PPC periodicity (e.g. d = 375 nm) with the critical nanorod radius rc = d/3. At this point the resonant cavity 
mode has the strongest field enhancement, best field confinement and largest Q-factor. We attribute this to competition between 
the blocking of cavity confined light to radiate out when the cavity resonant frequency falls inside the opened photonic stopband 
as r reaches rc, and the transfer of cavity mode energy to inter-particle plasmons when r is further increased. 
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Light manipulation on the nanoscale is an important goal in 
nano-photonics [1]. An interesting material in this field is 
metallic nanostructures that support local surface plasmons 
(LSP). The highly confined electromagnetic field associated 
with LSP excitation can greatly enhance the efficiency of 
many optical processes [2], including surface-enhanced Ra-
man scattering [3–5] and metal-enhanced fluorescence [6,7]. 
There are two main strategies to achieve high field en-
hancement: one is to use the “nanogap” effect through the 
coupling of two metallic nanostructures [3,8], and the other 
is to use plasmonic photonic crystals (PPC) [9,10]. The sur-
face plasmon polaritons (SPP) in a PPC structure can be 
partly trapped in a nanocavity as a cavity plasmon mode. 
Thus, they offer the potential to manipulate light in a con-
fined space and to realize strong field enhancement at the 
nanoscale [11]. By introducing a defect into a PPC, a strong 
SPP resonant defect mode can be excited at the defect re-
gime by Bragg reflection [12,13]. 

Recently, we demonstrated the generation of anomalous 
molecular electroluminescence, the so-called “forbidden 
light” by resonant plasmons that are highly confined inside 
a nanogap between metallic nanotip and metal substrate in a 
scanning tunneling microscope [14,15]. However, the 
quantum efficiency detected there is still quite low, on the 
order of 105 photons per electron. To increase the quan-
tum yield and sharpen the spectral selection, in this work we 
carried out theoretical investigations to explore the feasibil-
ity of introducing a PPC structure to further tune the plas-
mon mode and increase field enhancement. A PPC structure 
could potentially support both the LSP mode and the reso-
nant cavity mode of a PPC, thus allowing tuning of the cou-
pling between the LSP and cavity mode through geometric 
modification. 

The field enhancement of a cavity is typically described 
by the Purcell factor defined as [9,16] 
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in which Q is the quality-factor, Veff is the effective volume 
of the resonant cavity mode and  is the wavelength of light. 
This formula states that the resonant mode volume Veff must 
be minimized to obtain a high P value. By confining the 
local plasmonic field inside a very small nanocavity, the 
spontaneous emission rate of molecules inside the nanocav-
ity could be greatly enhanced [9,17]. A further advantage of 
using a PPC structure is to fine tune the cavity mode to 
match particular molecular vibronic transitions. Sharpened 
emission could then be achieved through resonant excitation 
and emission enhancement. When the Q-factor of the PPC 
is sufficiently high, the coupling between the spontaneous 
emission within the cavity and the lasing mode can be 
greatly enhanced. This may lead to the generation of super-
radiance [18] or even plasmonic lasing, often referred to as 
a spaser [19–22]. 

In the present study, we studied the optimization of field 
enhancement and confinement of a two-dimensional (2D) 
hexagonal PPC with a periodicity of d and dipole sources 
located around the central vacancy area, by finite-difference 
time-domain (FDTD) methods. The Fourier spectrum of the 
time-evolved field is calculated to determine the resonant 
modes. The relative intensity between the LSP mode and 
the resonant cavity mode are found to vary with silver (Ag) 
nanorod radius r. Ag was selected as the material for calcu-
lation because of its strong surface plasmon effect [23]. 
Electric field distributions are also calculated for a PPC 
with a given periodicity (e.g. d = 375 nm), which shows an 
optimized ratio of PPC periodicity to nanorod radius (i.e. 
d/r) for the Q-factor and field enhancement of the resonant 
cavity mode. The optimization mechanism is discussed us-
ing calculated radiation power spectra through the mode 
location relative to the photonic stopband and mode energy 
transfer from the cavity to inter-particle gap plasmons. 
These results provide insight towards the realization of en-
hanced spontaneous emission of molecules in nanocavities. 

1  Model and methods 

The system we investigated is a 2D-PPC structure consist-
ing of a hexagonal array of Ag nanorods with the central 
rod absent. As shown in Figure 1, r is the radius of the Ag 
nanorods and d is the periodicity of the PPC, which was 
fixed at 375 nm for all calculations. The small dot at the 
center represents the magnetic dipole source inserted with 
orientation along the z-direction (i.e. perpendicular to the 
2D plane). M1 is the square monitor surrounding the dipole 
source(s), which is used to calculate the power injected 
from the source into the PPC system. M2 is the square mon-
itor surrounding the entire PPC structure, which is used to 
calculate the power radiating out of the PPC as a function of 
wavelength. The ratio between the two calculated spectra is 
the normalized radiation power spectrum, which is used to 
explain the optimization of the field confinement and the  

 

Figure 1  2D-PPC structure consisting of a hexagonal array of Ag nano-
rods with the central rod absent. 

Q-factor of the cavity mode. Strong resonant cavity modes 
can be formed at the defect regime by the Bragg reflection 
of photons in the periodic structure. The density of photonic 
states at the cavity can be greatly increased because of the 
strong localization of light at the nanocavity. This may re-
sult in high spontaneous emission rate for the molecule in 
the cavity. 

Two-dimensional FDTD simulations via a rectangular 
nonuniform mesh were performed using FDTD Solutions 
software (Lumerical Solutions Inc., Vancouver, Canada) 
[24]. The grid size used to mesh the PPC structure was set 

to dx=3.75 nm (i.e. d/100) and dy=3.2476 nm (i.e. 3 200d ), 

while that for meshing the region outside the PPC was set to 
~10 nm. The effect of the square boundary outside the M2 
monitor was also taken into account using a model com-
posed of 12-cell thick perfectly matched layers. The dielec-
tric function of the Ag material was obtained using a fitting 
routine, to generate a multi-coefficient material model of 
experimental data [25] over the wavelength range specified 
by the dipole sources under study. Figure 2 shows a nor-
malized spectrum of the dipole source, which was selected 
based on our interest in the visible-light region. To map out 
all the resonant cavity modes, two dipole sources are posi-
tioned at two asymmetric points near the central defect, to 
avoid a null solution for the calculated electric field intensi-
ty. The variation in electric field intensity with the time is  

 

Figure 2  Normalized spectrum of the dipole source. 
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calculated at four random points [24]; however, the overall 
physical picture is independent of point selection. The Fou-
rier spectrum of the time-evolved field is then calculated for 
different nanorod radii through summation of the Fourier 
transformation of the time-dependent electric fields and 
magnetic fields at selected points via the following equa-
tion:  
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in which N1 refers to the number of points calculated and 
has a value of 4 in our calculations; N2 refers to the number 
of dipole sources used and equals to 2 for the present calcu-

lation;  ,iE r t
 

and  ,iH r t
 

 are the calculated electric and 

magnetic fields at the ith point, respectively; sj(t) is the 
source time signal of the jth dipole source in the simulations. 
The resonant frequency res and the full width at half max-
imum of the resonant peak  can be obtained from the 
calculated spectrum F(). The Q-factor can therefore be 
calculated via Q=res/. The Purcell factor is calculated 
via eq. (1) with the effective volume Veff estimated as the 
product of the effective area Aeff and the effective height heff 
of the cavity resonant mode. The effective area is calculated 
by scaling the electric field energy in the PPC structure with 
the maximum electric field energy density that is confined 
around the central defect regime of the 2D PPC structure 
[26]. The effective height is chosen to be 500 nm, which is 
approximately one wave packet corresponding to the reso-
nant wavelength of the cavity mode.  

After obtaining all the resonant cavity modes and their 
quality and Purcell factors, we set the same dipole exactly at 
the center. The normalized electric field distribution at the 
resonant frequency of the cavity mode for different nanorod 
radii r is then calculated as 
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The power flow through monitors 1 and 2 is calculated as 
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 is the Poynting vector. Fi-

nally, the normalized radiation power is calculated as 
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2  Results and discussion 

Figure 3 depicts the change in calculated Fourier spectra of 
the time-evolved field and resonant modes of PPC for dif-
ferent nanorod radii. Several features are evident: (i) There 
exist two clear resonant modes in the PPC structure for 
small r (i.e. r less than 70 nm). One is located at 400 nm 
and is attributed to the LSP mode of individual Ag nanorods; 
the other is at ~500 nm arising from the resonant cavity 
mode. The mode assignment can be further justified by the 
field distribution given in Figure 4. (ii) The relative intensi-
ty of the LSP resonance peak with respect to that of the 
resonant cavity mode changes significantly upon varying 
the Ag nanorod radii. As r is increased, the resonant cavity 
mode is strongly enhanced while the LSP signal becomes 
less and less discernable. Such r-dependency for resonant 
modes of the PPC can be rationalized as follows: As r is 
increased, the LSP resonance of the single Ag nanorod be-
comes weaker because of its larger radius of curvature at the 
surface [1]. Meanwhile, the distance between neighboring 
Ag nanorods in the PPC structure becomes smaller and as a  

 

Figure 3  Fourier spectra of the time-evolved field for the resonant modes 
of the PPC, as a function of nanorod radii r. 
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result, the electromagnetic coupling between Ag nanorods 
becomes stronger, leading to the formation of a stronger 
resonant cavity mode. The observed rapid diminishing of 
the relative intensity of the LSP signal with respect to that 
of the resonant cavity mode in Figure 3 is the combined 
result of the above two factors. (iii) Of particular interest is 
the spectral tuning feature for the cavity resonant frequency, 
and the occurrence of a critical condition for achieving the 
maximum energy of this resonant cavity mode. While the 
peak position of the LSP mode appears to be relatively con-
stant, the resonant frequency of the cavity mode can be 
tuned over a relatively wide energy range by changing the 
nanorod radii, e.g. from 526 nm at r = 62.5 nm to 488 nm 
at r = 125 nm. In the present configuration setup, 125 nm 
appears to be a critical nanorod radius, represented by rc = 

d/3, for the PPC structure to have a maximum resonant cav-
ity energy. The gap separation between neighboring nano-
rods also equals 125 nm under this critical condition. Along 
with the increase in the nanorod radius, the resonant peak of 
the cavity mode is blue-shifted for r < rc and red-shifted for 
r > rc. These observations suggest that the resonant cavity 
mode can be tuned to match with particular optical transi-
tions of quantum emitters like molecules, by changing the 

geometric parameters of the PPC so that strong resonant 
excitation can be obtained. 

To examine how the critical condition affects the Purcell 
enhancement of the cavity, we show in Figure 4 the field 
distributions at the resonant wavelength (~500 nm) of the 
cavity mode for different r. The field distribution at the LSP 
resonant wavelength (405 nm) for r = 62.5 nm is also 
shown for comparison, to illustrate the differences in field 
enhancement and spatial distribution of resonant modes. 

There are two prominent features in Figure 4. The first 
and perhaps most important is what happens at the critical 
nanorod radius condition. When rc = d/3 = 125 nm, the reso-
nant cavity mode exhibits the strongest field enhancement, 
up to 29000 for the field intensity (|E|2). Under this critical 
condition, the resonant cavity mode also has the strongest 
field confinement with an effective mode area down to 
0.255 m2. This critical situation is also reflected in the 
Q-factor and the Purcell factor P. Plots of Q-factors and 
Purcell factors versus the radius r in Figure 5 indicate that 
both factors reach a maximum value at rc = 125 nm, 200 
for the Q-factor and 15 for the Purcell factor. These results 
suggest that at the critical nanorod radius condition, the 
resonant cavity mode offers the strongest field confinement  

 

Figure 4  (a)–(e) Field distributions (|E|2) at the resonant wavelength of the cavity mode for varying r; (f) field distribution of the LSP resonant mode of 
individual Ag nanorods for r = 62.5 nm. 
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Figure 5  Calculated Q-factors (open triangles) and Purcell factors (solid 
rectangles) of the resonant cavity mode versus r. The maximum value 
occurs at r = rc = d/3. 

and enhancement, as well as the best energy storage capa-
bility and probably also the longest photon lifetime [27]. 
These features may create favorable conditions for the res-
onant excitation of molecules in the cavity and lead to en-
hanced spontaneous emission rates. 

The second feature is related to the changing trend of 
field distribution as a function of nanorod radii, both on the 
intensity and spatial location of resonant cavity modes. For 
r > rc, the maximum field intensity of the resonant cavity 
mode is still relatively strong. However, it is localized at the 
inter-particle gap between the neighboring Ag nanorods, 
because of the stronger inter-particle plasmon interaction. 
By contrast, the local electric field for the resonant cavity 
mode around the central defect regime is decreased signifi-
cantly, and this tendency is also observed for r < rc except 
decreasing at a faster speed with a Purcell enhancement 
down to 1 at r = 62.5 nm (Figures 4 and 5). In this case, the 
electric field of the resonant cavity mode is no longer con-
fined to the small space around the dipole source, and thus 
light cannot be squeezed into the central regime. 

Figure 4 also indicates that the resonant cavity mode at 
~500 nm in Figure 3 is primarily localized around the cen-
tral defect regime, in particular for the maximum Purcell 
enhancement at the critical nanorod radius. For the LSP 
mode at ~400 nm, it is predominantly localized around the 
nanorod itself, as illustrated in Figure 4(f), through the di-
polar pattern of the field distribution of individual Ag na-
norods. The field enhancement of the LSP resonant mode is 
much weaker than that of the resonant cavity mode (see 
Figure 4(c) and (f)). This observation suggests that the res-
onant cavity mode of a PPC structure may increase the effi-
ciency of many optical processes to a large extent, with the 
enhancement effect much greater than what could be 
achieved by the LSP enhancement alone. 

To understand the optimization mechanism of the field 
enhancement and the Q-factor of the cavity mode, we cal-
culated the normalized radiated power for different r. As 
shown in Figure 6(a), for r<rc, no photonic stopband is 
formed in the range of visible light for the normalized radi-

ation power spectra. Shallow dips in the spectra at the reso-
nant wavelength (marked by arrows) arise from the field 
confinement property of the resonant cavity mode. Because 
the resonance wavelength of the cavity mode is outside the 
photonic stopband, the energy of the cavity mode can easily 
escape from the cavity and the light confinement property 
of the cavity mode is poor. As a result, either the Q-factor or 
the Purcell enhancement is small. Nevertheless, as r is in-
creased, the dip becomes deeper, which implies a better 
field confinement. In particular, when r is increased to the 
critical radius rc (i.e. 125 nm), a photonic stopband is 
opened up in the visible range with one band edge located at 
~500 nm (Figure 6(b)), and equally importantly, the reso-
nant wavelength of the cavity mode, 488 nm shown in 
Figure 3, also falls inside the photonic stopband. Conse-
quently, the confined light of the resonant cavity mode 
cannot radiate out from the nanocavity, which results in a 
highly confined field and therefore a strong local field en-
hancement in the cavity. This efficient energy confinement 
also leads to a high Q-factor and Purcell factor. However, as 
r is further increased above rc (e.g. to 145 and 165 nm), the 
separation between neighboring Ag nanorods decreases to 
dozens of nanometers and a strong localized inter-particle 
plasmon mode forms instead. The field is more confined at 
the gaps between the Ag nanorods in the first central ring 
than those in the central cavity regime (Figure 4(a) and (b)). 
The coupling between the cavity mode and inter-particle 
plasmons will lead to an energy transfer from the former to 
the later. Therefore, although the resonant wavelength of the  

 

Figure 6  Normalized radiation power spectra versus r. (a) r < rc; (b) rrc. 
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cavity mode for r > rc moves into the middle region of the 
opened photonic stopband, the local field intensity inside 
the central nanocavity is still reduced because of energy 
transfer to inter-particle plasmons. As a result, both the 
Q-factor and the Purcell factor are decreased as r is further 
increased above rc, yielding the observed optimization situ-
ation at the critical nanorod radius. 

The critical condition of rc = d/3 for the field enhance-
ment appears universal for other periodicities, provided that 
the LSP mode and cavity resonant mode are well separated. 
This is confirmed by the calculated results for d values of 
330, 450, 510 and 570 nm. The physical origin behind the  
rc = d/3 critical condition is currently unclear and requires 
further investigation, but it might be related to the Bragg 
reflection. It should be noted that the normalized radiation 
power spectra in Figure 6 also suggest the possibility of 
tuning the magnitude and band-edge energy of opened pho-
tonic stopbands through changing nanorod radii.  

3  Conclusions 

We theoretically investigated the optimization of electric 
field enhancement of the resonant cavity mode, by varying 
metallic nanorod radii in a 2D-PPC structure. An optimized 
condition for the Q-factor and the Purcell enhancement of 
the cavity was found for a given PPC periodicity with the 
critical nanorod radius rc = d/3. At this point the resonant 
cavity mode has the strongest field enhancement, best field 
confinement and largest Q-factor. This enhancement opti-
mization is attributed to competition between the blocking 
of cavity confined light to radiate out when the cavity reso-
nant frequency falls inside the opened photonic stopband as 
r reaches rc, and the transfer of cavity mode energy to inter- 
particle plasmons when r is further increased. Under the 
critical nanorod radii condition, light can be squeezed into 
the smallest space with the strongest field enhancement and 
best quality factor of a cavity. This condition offers the 
highest density of photonic states in the resonant nanocavity. 
Our calculation results also indicate a possibility not only to 
tune the maximum field enhancement, but also to tune the 
energy of resonant cavity mode and the position of photonic 
stopband through the nanorod radii so that strong resonant 
excitation can be realized. These results may provide new 
routes to the resonant enhancement of spontaneous emission 
rates of quantum emitters in nanocavities, and lead to an 
improvement in the quality of PPC plasmonic nanolasers. 
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