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Abstract: Here we combined experiments and theory to study the optical 
properties of a plasmonic cavity consisting of a perforated metal film and a 
flat metal sheet separated by a semiconductor spacer. Three different types 
of optical modes are clearly identified—the propagating and localized 
surface plasmons on the perforated metal film and the Fabry-Perot modes 
inside the cavity. Interactions among them lead to a series of hybridized 
eigenmodes exhibiting excellent spectral tunability and spatially distinct 
field distributions, making the system particularly suitable for multicolor 
infrared light detections. As an example, we design a two-color detector 
protocol with calculated photon absorption efficiencies enhanced by more 
than 20 times at both colors, reaching ~42.8% at f1 = 20.0THz (15μm in 
wavelength) and ~46.2% at f2 = 29.5THz (~10.2μm) for a 1μm total 
thickness of sandwiched quantum wells. 
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1. Introduction 

Infrared (IR) technology is developing rapidly in recent decades due to numerous application 
requests from sciences, health, security and industry [1–6]. Semiconductor-based quantum 
well infrared photodetectors (QWIPs) [1,2] are widely used in this area, owing mainly to their 
excellent performance, high yield in semiconductor production, and feasible operability in 
highly uniform large focal plane arrays. To date, megapixel size QWIPs have already been 
realized [7]. However, most of QWIPs developed so far are single-color devices. The 
feasibility of single-color application relies on the gray-body assumption of the targets whose 
emission can be described as ( , ) = ( )em em PlanckI ε T ε f T⋅ , where emε , and ( )Planckf T  are the 

emissivity and Planck’s distribution of black-body radiation with T being the temperature of 
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the target. The spectroscopic features of the target’s emission are therefore completely 
neglected. These characteristics restrict single-color QWIPs from wider applications such as 
remote sensing where accurate temperature sensing of the target with unknown emissivity is 
needed or gas monitoring in which the spectroscopic fingerprints are crucial [8]. Also, in the 
imaging applications, simultaneous detection at several wavelengths is highly desired to 
obtain the full message of a target (both emε  patterns and T distributions) [9]. As a result, 

multicolor IR detections are attracting more and more attention recently. 
Some efforts have already been devoted to designing multicolor QWIPs [9–11], but 

attentions were mostly paid to optimizing the material growth and device processing. The 
problem of light-coupling efficiency in such devices was, however, generally overlooked. 
While a grating coupler can couple light into optoelectronic devices with reasonable 
efficiency, it typically works for only a single wavelength with relatively narrow bandwidth 
[2,11,12]. For a recently proposed multicolor detector, photo-coupler consisting of multiple 
independently optimized gratings was designed [9,11]. However, it appeared rather 
complicated and its performance seemed to be still restricted by its low light coupling 
efficiencies. A co-located and versatile photo-coupler functioning for multicolor detection is 
therefore highly desirable. 

Stimulated by the discovery of extraordinary optical transmission in periodically 
perforated metallic plate a decade ago, plasmonic structures began to draw intensive attention 
in designing high-efficiency photo-couplers for optoelectronic applications [13–15], thanks to 
their strong capabilities of coupling far-field light to near field and controlling the light in a 
nano-scale. Meanwhile, coupling of different optical modes such as plasmonic modes and 
photonic Fabry-Perot (FP) modes can enhance the photodetection and biosensing sensitivities 
[16,17]. However, so far, only a few designed or fabricated (two-dimensional) plasmonic 
photo-couplers are reported for QWIP applications and also are restricted to single-color 
applications [14,18], since typically these systems only support a single type of plasmonic 
mode. In this Letter, we show that a three-dimensional plasmonic cavity combining a 
perforated plasmonic metal with a FP cavity exhibits interesting optical properties. 
Interactions among resonant modes of different origins form a rich eignemode spectrum with 
spatially well-separated wavefunctions, making the system particularly suitable for high-
sensitive multi-color detections. As an illustration, we design a realistic two-color infrared 
detector by combining our cavity with two quantum-well (QW) layers, and show that the 
detection performances of the device can be enhanced significantly with respect to the non-
plasmonic case. 

2. Results and discussion 

Figure 1(a) schematically shows the designed structure, in which the top metal layer is a Au 
film perforated with an array of cross-shaped holes and the bottom one is a continuous Au 
film. A dielectric spacer of thickness S is adopted to separate the two gold films. Each cross 
hole has a length L, width W, and the periodicity of the hole array is P. We first employed 
both finite-difference time-domain (FDTD) simulation [19] and experiment to characterize 
the optical properties of such a system. We fabricated a series of cavity samples with lateral 
size 36 μm x 36 μ 100 nm in thickness and the dielectric spacer is a GaAs film. Figure 1(b) 
shows the scanning m and different geometric parameters (P, L, S), in which the top and 
bottom Au films are both electron microscope (SEM) top-view image of one of our samples. 
Due to the continuous Au film on the back, our systems do not allow light transmission, and 
therefore, we only focus on its reflection properties in what follows. The reflection spectra of 
experimentally fabricated samples were measured under an infrared microscope (Bruker 
HYPERION 1000) with collimated light beam by using a Cassegrain lens with effective N.A. 
of 0.4 (+/−23.6°) and shade N.A. of 0.17 (+/−9.8°). Figure 1(c) compares the measured 
reflection spectra for two samples with the same lateral structure but with different thickness 
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S. In the studied frequency range, three resonance dips are clearly identified for each sample, 
indicating that photons can be significantly coupled into the devices at these frequencies. 
These are the precise signatures of the resonance eigenmodes for the designed system. The 
FDTD calculated reflection spectra are shown in Fig. 1(d), from which three sharp resonances 
can also be identified for each sample, whose positions are in excellent agreement with 
experiment. However, the calculated resonance dips are much sharper than the measured 
ones, probably due the structural imperfections of the fabricated samples. Comparisons 
between calculations and measurements also identity that the dip at ~31.4THz in the 
experimental spectra for the S = 0.8μm sample is induced by the incident angle distribution of 
the collimated infrared light beam used in the spectral measurements. Our additional 
simulation work (not shown here) indicate that it originates from a horizontal FP-like 
resonance which is reported in Ref [20]. 

 

Fig. 1. (Color) Schematic diagram of a plasmonic cavity designed for two-color quantum well 
infrared photodetectors. (b) A top view SEM image of a typical sample. (c) Experimental and 
(d) FDTD simulation reflection spectra of plasmonic cavities with S = 0.8μm (solid black) and 
1μm (dash blue). The lateral geometric parameters are fixed at P = 3μm, L = 2.6μm, W = 0.52 
μm 

To understand the physical origins of those optical modes, we systematically investigated 
the dependences of resonance frequencies on the geometrical parameters P, L, and S with 

= 0.2W / L  fixed. We first focus on the lowest-order resonance f1. Figure 2 depicts how f1 
depends on the array period P and cross-hole length L. Here we fix S = 1μm and our later 
analysis suggests that f1 is rather insensitive to S [21]. We note that f1 is generally a 
decreasing function of both P and L, and therefore, to obtain a given f1, L must increase when 
P decreases and vice versa. Without losing generality, we explicitly plotted the equal-
frequency line for 1 = 20 THzf   in Fig. 2 as a solid curve. As 0L →  (i.e., very small hole 

size), f1 becomes insensitive to the hole size and depends solely on the array period. In this 
limiting case, the resonance is dominated by the periodicity-induced surface plasmon (PSP) 
[22]. Treating Au as a good metal with an infinitely negative ε  and assuming the thickness of 
the GaAs spacer is infinite, we can approximate the frequency of such a resonance by, 

 2 2
PSP

GaAs

+
c

f i j
P ε

≈  (1) 

where {i, j} are integers and equal to {1, 0} or {0,1} for the lowest order resonance f1 in Fig. 
2, c is the light speed in vacuum and GaAsε  is the dielectric constant of the substrate. On the 
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other hand, as L P→  (i.e., large hole size), the resonance f1 is contributed mainly by the 
fundamental localized surface plasmon (LSP) of the cross holes [23–26], and can be 
approximately given by 

 LSP
eff

=
2

c
f

L n⋅
 (2) 

with ( )eff GaAs air / 2n ε ε≈ +  being the effective refraction index of the surrounding medium 

[27]. Figure 2 already suggested that all equal-frequency lines follow the same trend as the 20 
THz case. To quantify this universal behavior, we re-plotted all calculated results with respect 

to 1 GaAs( / )Pf cε  and 1 GaAs( / )Lf cε  in the inset to Fig. 2. All data points converge to the 

same curve, revealing the geometrical nature of such resonant modes. Available experimental 
data (hollow stars) further validate this universal behavior. To ease further discussions, we 
pick out eight points (A, B, C, D, E, F, G, H) from the solid curve in Fig. 2 (f1 = 20THz), with 
the A-structure defining the small hole limit (with PSP-like mode) while the H-cavity 
defining the large hole limit (with LSP-like mode) [28]. Note that both PSP and LSP modes 
contribute more or less for all structures studied in this work. The difference between A and 
H is that A (H) is dominated by PSP (LSP) mode with a very small contribution from LSP 
(PSP) mode. 

 

Fig. 2. Color contour plot of the lowest resonance frequency f1 against P and L for the studied 
plasmonic cavities according to FDTD simulation, with solid curve depicting the equi-
frequancy contour line with f1 = 20THz. Inset shows same results with normalized P (i.e., 
Pf1(εGaAs

1/2/c)) and normalized L, (i.e., Lf1(εGaAs
1/2/c)). Hollow stars are derived from 

experimentally measured spectra. 

We next study how the resonance modes depend on the cavity thickness S, paying 
attention to not only the lowest-order resonance but also higher-order ones. Choosing the 
lateral geometry as the A structure, we calculated by FDTD the reflection spectra for cavities 
with different S, and then plotted the reflectance in Fig. 3(a) as a function of 1/S and 
frequency. As denoted by vertical lines in Fig. 3(a), the PSP resonance modes remain almost 
unchanged as S becomes large, especially for the lowest two modes with indexes {0,1} and 
{1,1} [29]. Meanwhile, bulk cavity modes appear in the thick-cavity region (sloped lines in 
the left-down corner), and can be described by, 

 (n)
FP

2 GaAs

c
f n

S ε
= ⋅  (3) 
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with n being a positive integer. In the down-right region of Fig. 3(a) where both PSP and FP 
mechanisms are present, there appear plenty of hybridized resonance modes which can be 
approximately described by, 

 
2 2 22 2

PSP FP 2 2

GaAs

+
( , , ) =

2 4

c c i j n
f i j n k k

P Sπ ε
⋅ + ≈ +
 

 (4) 

For example, we plot in Fig. 3(a) the calculated dispersion curves for the {0,1,1} and {1,1,1} 
modes as dot-dash lines, which match excellently with the FDTD calculated reflection dips. 

 

Fig. 3. Color contour plot of the calculated reflection against f and 1/S for plasmonic cavities 
with lateral geometry chosen as (a) A-structure and (b) H-structure, where S is the cavity 
thickness. In both (a) and (b), the sloped dotted lines describes the Fabry-Perot (FP) cavity 
modes [Eq. (3)], the vertical dashed lines denote the PSP modes based on Eq. (1), and the 
parabolic-like curves describes the hybridized modes based on Eq. (4). The hollow circles in 
(b) display the experimentally measured resonances for S = 0.8μm,1μm and 2μm. 

We now study the case when the lateral geometry is chosen as the H-structure, in which 
the LSP dominates the plasmonic surface mode (f1). As shown in Fig. 3(b) where the 
reflection spectra are plotted, the resonant modes exhibit dramatically different behaviors as 
compared with the A-cavity case (Fig. 3(a)). Available experimental data are denoted in Fig. 
3(b) as open circles, agreeing well with the FDTD results. For comparison, resonances 
predicted by Eqs. (1), (3) and (4) are again drawn as dotted lines in Fig. 3(b). Agreement is 
observed only for pure FP modes in the low-frequency region where plasmonic modes do not 
appear. In the high frequency region where LSP mode comes in, a series of hybridized 
eigenmodes are formed, with resonance frequencies deviating significantly from the 
predictions based on Eqs. (3) and (4). 

The dramatic difference between the A and H cases already implied the different 
interaction mechanisms between the LSP (PSP) and the FP modes. To illustrate, we 
numerically calculated the electric-field distributions for (nearly) pure FP, LSP and PSP 
modes (FP: P = 3.2μm, L = 2.8μm, S = 3.3μm; LSP: P = 3.2μm, L = 2.8μm, S = 1μm; PSP: P 
= 4.1μm, L = 1.4μm, S = 1μm. W is fixed to be 0.52μm). Figure 4 depicts the distributions of 
Ey and Ez on the x-y plane located at the cavity center for three modes [30]. While a FP mode 
exhibits predominantly Ey field component on the x-y plane, the PSP mode has very small Ey 
component but has large Ez component, which is a common feature for a surface plasmon 
polariton on a flat Au surface. Due to their orthogonal field components, these two modes 
have very weak coupling strength despite of their large spatial overlapping. However, as 
shown in Figs. 4(d) and 4(e), the LSP mode has more complicated fringe field distributions 
around the cross holes, and the maximum values of Ey and Ez components differ only by a 
factor of about ~3, implying both components are important. Noting that the Ey component of 
LSP mode matches the dominant component (i.e., Ey) of FP mode, LSP and FP modes not 
only overlap spatially, but also can interact strongly; Similarly, the Ez component of LSP 
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mode allows its strong interactin with PSP (whose Ez is dominant). This well explains why 
the optical modes are hybridized considerably as shown in Fig. 3(b) and those hybridized 
modes deviate significantly from Eq. (4) obtained under weak-coupling assumption. It is 
noteworthy to point out that the unique polarization property of LSP mode (with both large Ey 
and Ez components) not only allows it to efficiently couple with PSP mode (Fig. 2) and FP 
mode (Fig. 3(b)), but also enables its coupling with external plance waves, which is critical 
for photodetection applications.. 

 

Fig. 4. Color contour plot of the simulated electric-field distribution of the photonic FP mode 
(a)-(c), plasmonic LSP (d)-(f), and PSP (g)-(i). (a),(d),(g) and (b),(e),(f) are the Ey and Ez 
distribution over x-y plane (at the cavity center, i.e., z = -S/2) for FP, LSP and PSPs. (c),(f),(i) 
are the Ey,E,Ez distributions over y-z plane (at x = 0) of FP, LSP and PSP modes, respectively. 
z/S = 0 and z/S = −1 refer to the positions of top and bottom Au/GaAs interfaces. (j) Ratio 
between the averaged amplitudes of Ey and Ez components on xy-plane, i.e., ‹Ey›/‹Ez› values 
for FP, LSP and PSP states as functions of depth z 

The rich optical properties of these plasmonic cavities, contributed by the fascinating 
interactions of optical modes with different origins, offer the systems many opportunities for 
designing optoelectronic devices facing different applications. For example, noting that the 
PSP-like hybridized modes generally have large quality (Q) factors (see Fig. 3(a)) while the 
LSP-like ones generally exhibit wider and deeper reflection dips (see Fig. 3(b)), one may 
“tune” the optical resonance to be more PSP-like or FP-like in applications where a higher Q-
factor is desired, but be more LSP-like when the coupling efficiency with external light is 
more important. In what follows, we design a realistic two-color detector by combining our 
plasmonic cavity with QW active medium, and test the performance of such a device. 

Since the coupling with external light is crucial for detector performance, we choose the 
H-structure to design a two-color detector. We utilize LSP-like state for lower detection 
frequency (f1) and strongly hybridized state for the higher one (f2). We set S = 1μm without 
losing generality, although we have much wider freedoms to achieve our design with target 
functionalities. As schematically shown in Fig. 1(a), we assume that two photo-active QW 
layers (denoted by QW1 and QW2) will be inserted into our plasmonic cavity, aiming to 
response at two different working frequencies (f1 = 20.0THz and f2 = 29.5THz) matching the 
resonances of the plasmonic cavity. To determine the optimized positions of these two QW 
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layers, we calculated the average field enhancements on different xy-planes within the cavity 
by 

 
2 2

2 2 2
0 0

z zE E dxdy

E E P
=   (5) 

where E0 and Ez represent the incident and local electric fields and …  stands for field 

amplitude average on the x-y plane. Only Ez-component is considered because the quantum 
well is only sensitive to this field component [31]. Therefore, the profiles of ‹Ez

2›/‹E0
2› 

represent the abilities of two QW layers to absorb light waves. Figure 5 shows that the local 
field is strongly enhanced for two target frequencies f1 and f2. While the peak enhancement 
factors ‹Ez

2›/‹E0
2› had already reached 7 and 4.5 for two frequencies, we note that they are 

actually much higher if we compare with the case without any plasmonic coupler. When 
infrared lights impinge on the GaAs medium normally, the electric field is reduced by a factor 
of ‹E2›no-plasmonic/‹E0

2› ≈0.21. Therefore, the real enhancements achieved with our plasmonic 
cavity are ‹Ez

2›plasmonic/‹E
2›no-plasmonic ≈33.3 and 21.4 for two colors, respectively. For 

comparison, a previous work of a single-color application only showed ‹Ez
2›plasmonic/‹E

2›no-

plasmonic ≈5 in a single-layer circular hole array plasmonic coupler [32]. 

 

Fig. 5. (a) FDTD calculated profiles of ‹Ez
2›/‹E0

2› averaged over x-y plane for the H-cavity 
with S = 1μm at two resonances f1 = 20.0THz and f2 = 29.5THz. z = 0 refers to the top 
Au/GaAs interface and z = −1μm, the bottom one. (b) and (c) FDTD calculated field mapping 
of Ez component of the highly hybridized mode (at f2) over yz-plane at x = 0 (b) and over xy-
planes at depths of z = −0.1μm, −0.5 μm and −0.9 μm (c). 

We note that two curves in Fig. 5 exhibit distinct z-dependences, which are very helpful 
for us to select the optimized positions to place the two QW layers. The f1-curve is a 
decreasing function of z, which is again dictated by the “surface” nature of this mode (a 
nearly pure LSP mode). In contrast, the f2–curve exhibits more complicated dependence on z, 
which is contributed by the “hybridized” nature of this mode. To illustrate, we showed in Fig. 
5(b) and 5(c) the distributions of Ez on yz-plane (at x = 0) and 3 typical xy-planes, 
respectively. The considerable field outside the cavity (Fig. 5(b)) is a clear characteristic of 
the LSP state. In addition, the LSP field penetrates into the cavity interacting with the 
plasmonic PSP and photonic FP modes. The induced PSP components are more clearly 
identified in Fig. 5(c) as the stripe-like distributions over xy-plane at several depths, and the 
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photonic FP fraction is evidenced by the Ey distribution which is though not shown but 
appears similar to Fig. 4(c). To summarize, the LSP portion not only couples far field 
excitation into the plasmonic cavity, but also couples to and mediates the mutual couplings 
between PSP and FP modes, eventually forming highly hybridized resonant state at f2. The 
interactions among different modes result in a complex field pattern, which leads to the 
nonmonotonous distribution of ‹Ez

2›/‹E0
2› as shown in Fig. 5(a). The Ez field minimum 

appearing near z = −0.2μm is induced by the interaction between the LSP and FP modes, 
where the former provides a non-zero Ez component while the latter causes the field 
oscillations. As a result, the maximum in the f2-curve appears at a position different from that 
of the f1-curve, which is the desired property that can be utilized in multi-color optoelectronic 
applications. We emphasize that it is the interaction between different modes in such a 
plasmonic cavity that leads to such fascinating behaviors, which are difficult to obtain with a 
conventional device. 

 

Fig. 6. FDTD calculated absorption spectra of each QW layer, QW1 (a) and QW2 (b), for the 
designed two-color plasmonic detector (solid dots), a single layer coupler with same cross hole 
arrays (solid triangles) and 45° edge facet incidence without any metal structures (hollow 
dots).The cavity is H-structure with S = 1μm. 

We performed FDTD simulations to quantify the detecting efficiency of the proposed 
device. In our simulations, we assumed that the permittivity of QWs are given by [33] 

 
2

,
, GaAs 2 2

0 0

1
( ) =

( - ) -
s i osc

i z
eff i i

N e f

m L i
ε ω ε

ε ω ω γ ω
+  (6) 

in which i = 1,2 denote the QW number, Ns and 2
, = (2 )i osc if m / dωћ  are the electron density 

and inter-subband transition oscillation strength of the ith QW, Leff is the effective QW width, 
m0 is electronic rest mass, iω are the center angular frequencies of inter-subband transitions, γi 

intersubband linewidth, d the dipole matrix element between the envelope function of two 
subbands which is set as 2nm here. Note that we have set GaAsx yε ε ε= = since the QWs are 

only sensitive the Ez component due to the polarization selection rule. Setting Ns = 5 × 
1011/cm2, Leff = 60nm, 0.15i iγ ω= based on typical experimental conditions, we performed 

FDTD simulations to separately calculate the light absorptions in each QW layer under 
normally incident light illuminations. As a reference, we calculated the absorption spectrum 
of the same QW layer which is standing alone without any plasmonic coupler. In such a case, 
we studied the 45° edge facet incidence which is commonly used to quick test the QW 
response to IR light, the incidence schematic diagram is shown in Fig. 6(b) insert, light 
normally incident to a 45° facet of the QW, and the QW growth direction is the same as Ez. 
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As an additional reference, we also calculated the absorption spectra for the same QW layer 
when it is coupled with a conventional single-layer photo-coupler consisting of a metal film 
perforated with cross-hole array (identical to the top layer in our device). As shown in Fig. 6, 
the absorption efficiencies of the QWs in our plasmonic cavity reach ~42.8% (at f1 = 
20.0THz) and ~46.2% (at f2 = 29.5THz), respectively. In contrast, they are ~2.0% at both f1 
and f2 in the non-plasmonic case [34], and ~10.0% at f1 and ~1.46% at f2 in the single-layer 
coupler case. The enhancement factors compared to non-plasmonic coupler case are therefore 
21.4 at f1 and 23.1 at f2, manifesting the excellent functionality of the designed device [35]. 
Finally, we mention that a similar work [36] also indicates that metal-dielectric-metal 
plasmonic structures are very useful in tailoring the single-band or multi-band infrared optical 
properties and are therefore attractive for thermal infrared applications. 

3. Conclusion 

We investigated the rich optical properties of a particular plasmonic cavity and designed a 
realistic multi-color photodetector device. We find that the plasmonic and photonic modes as 
well as their hybridization in this system can be well adjusted by the geometric parameters 
including the hole size, array periodicity and semiconductor layer thickness. The spectrally 
tunable multiple resonances and their spatially distinct profiles well match the multicolor 
QWIP applications. The absorption efficiencies of an exemplified two-color QWIP are 
significantly enhanced and reach ~42.8% and ~46.2% at two colors (20.0THz and 29.5THz), 
which are more than 20 times higher than the non-plasmonic case. 
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