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Abstract

The signal-to-noise ratio of infrared photodetectors can be improved by using resonant cavities,

whereas the enhancement effect usually occurs in a narrow wavelength range. Here, we propose a

dual-mode plasmonic resonant cavity which can enhance the performance of infrared photodetectors

in a wide range of wavelengths from 3.5 µm to 5.5 µm. The optical cavity consists of an Au grating,

an ultrathin (310 nm) detective layer of mercury cadmium telluride, and an Au film, which can

exhibit nearly perfect absorption at resonant wavelengths with using optimal parameters. For the

target wavelength range, the wavelength-averaged absorption in the detective layer can also be

62%, about 12 times of that without the resonant cavity. Such a high enhancement of absorption

can occur for incident light in a broad range of angle (θ < 450) and with different polarizations.
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INTRODUCTION

Infrared photodetectors and imaging systems are important in applications including

night vision, environmental monitoring, and astronomy research [1]. A significant issue

for infrared photodetectors is noise caused by thermal fluctuation that will disturb the

detection of signals [2–4]. To suppress the noise, a small volume of detective material can

be adopted in photodetectors [2–4], whereas it will reduce the absorbed light power. To

enhance light absorption, optical resonant cavities can be further applied [5–21]. However,

high absorption enhancement has usually been demonstrated for infrared photodectection

in a narrow wavelength range.

Recently, metasurfaces have been constructed to realize high light absorption in a broad

band, where multiple distinct metallic resonators exist in a unit cell [22–24]. Such metasur-

faces enable strong thermal emission, whereas they cannot be directly applied to enhance

infrared photodetection. To enhance infrared photodetection, detective materials need to

be incorporated in the structures and infrared light in target wavelength ranges should be

absorbed mainly by detective materials rather than metal. In addition, it would be bet-

ter to adopt connected metallic patterns in the metasurfaces which can serve as electronic

contacts. However, such requirements have not been met in previous designs.

In this paper, we propose a plasmonic resonant cavity which can enhance the performance

of infrared photodetectors in a broad range of wavelengths from 3.5 µm to 5.5 µm. The

optical cavity consists of an Au grating, an ultrathin (310 nm) detective layer of mercury

cadmium telluride (MCT) [4], and an Au film, where the metal regions also serve as electric

contacts. We show that by using appropriate structural parameters, two optical resonant

modes can exist simultaneously in the target wavelength range, and the whole structure

can exhibit nearly perfect absorption at resonant wavelengths. The wavelength-averaged

absorption in the detective layer over the target wavelength range can be 62%, about 12

times of that without using the resonant cavity.

RESULTS

The photonic structure under study is an MCT layer with thickness t, which is in the

x-y plane and sandwiched between an Au grating and an Au film, as shown in Fig. 1a and
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b. The top Au grating is an Au film perforated by a square lattice of square holes with size

∆ and period a. Both the top Au grating and bottom Au film possess the same thickness

t0. The structure is illuminated by light propagating in the x-z plane that has an incident

angle θ and wavelength λ. A finite-element method is adopted to simulate the light absorp-

tion in the structure based on COMSOL MULTIPHYSICS commercial software. Here, the

permittivity of gold is described by the Lorentz-Drude model [25], and the permittivity of

MCT (Hg0.83Cd0.17Te) is about 13 + i0.87 in the target wavelength range (from 3.5 µm to

5.5 µm) [26].

We first consider a photonic structure with parameters of a = 2.4 µm, ∆ = 0.85a, t = 0.31

µm, t0 = 0.1 µm. Figure 2a shows the absorption spectrum at normal incidence, where two

absorption peaks can be observed. The whole structure exhibits nearly perfect absorption at

resonant wavelengths of λ1 = 4.29 µm and λ2 = 5.11 µm. The absorption in the MCT layer

is about 80% at the resonant wavelengths, which is about 16 times of that in a free-standing

MCT layer [Fig. 2b]. For the target wavelength range, the MCT layer can also possess a

high wavelength-averaged absorption (62%), much higher than that in a free-standing MCT

layer (5%). Such a high absorption enhancement remains for a wide range of incident angles

(θ < 450) and for different polarizations [Fig. 2c and d].

The distribution of electromagnetic power loss density q in the MCT layer is also calcu-

lated at resonant wavelengths, as shown in Fig. 1c. At resonant wavelength of λ1 = 4.29

µm, the maximal absorption occurs in the MCT region beneath the hole [Fig. 1c]. However,

the MCT region under the metal strongly absorbs light at resonant wavelength of λ2 = 5.11

µm [Fig. 1c]. We note that if the top Au grating is removed, the absorption will be uniform

in the MCT layer. In addition, the field decay along the z direction is different for the

two resonant modes [Fig. 1d]. For the mode with the longer resonant wavelength, the field

decays more quickly in the z direction and is more localized in the x-y plane.

The above simulations indicate that the resonant cavity possesses two resonant modes,

which can substantially increase the absorption in the MCT layer. To understand the origin

of the two resonant modes, we simulate the absorption for an MCT layer with thickness t in

three different structures at normal incidence, as shown in Fig. 3. For a free-standing MCT

layer, maximal absorption can occur at resonant wavelength

λR1 = 2nt/m, (1)
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where n is the real part of the refractive index of MCT and m is a positive integer [Fig. 3a].

When the MCT film is coated on an Au film [Fig. 3b], maximal absorption exists at lower

resonant wavelengths

λR2 = 4nt/(2m− 1). (2)

Such a resonant mode can split into two modes when an Au grating is covered on the MCT-

Au bilayer structure, as shown in Fig. 3c. For the fundamental mode with m = 1, the mode

splitting occurs in a wide range of thickness (0.2 µm < t < 0.5 µm). As will be shown,

the occurrence of the mode splitting strongly depends on the parameters of the Au grating

including the hole size ∆ and period a. If the hole size or the period is much smaller than

the working wavelength (∆ < 0.3λR2 or a < 0.3λR2), the Au grating will behaves like a

uniform film so that the fundamental resonant mode will not split. This also explains why

the mode splitting effect has not been discovered in previous studies [7]. In fact, when the

period is much smaller than the working wavelength, the top Au grating will provide the

same reflection phase as the bottom Au film, and thus the resonant wavelength of the Au

grating-MCT-Au sandwiched structure will be given by Eq. (1).

Figure 3d shows the wavelength-averaged absorption in the MCT layer over the target

wavelength range for the three structures. Since two absorption peaks simultaneously occur

in the target wavelength range, the Au grating-MCT-Au sandwiched structure enables higher

wavelength-averaged absorption in the MCT layer than the other two structures. When the

thickness t = topt = 0.31 µm, the MCT layer in the sandwiched structure can possess a

maximal average absorption in the target wavelength range. Such an optimal thickness can

also be estimated by

topt = λc/(4n) (3)

where λc = 4.5 µm is the central wavelength of the target spectral range.

The two absorption peaks in Fig. 2 originates from the splitting of the fundamental

resonant mode with m = 1 in the MCT-Au bilayer structure. To learn more about the

mode splitting effect, we simulate the sandwiched structures with different hole size ∆ in

the Au grating, as shown in Fig. 4a. Here, the parameters are a = 2.4 µm, t = 0.31 µm, and

t0 = 0.1 µm. When ∆ = a, a single resonant mode occurs at wavelength of λR2 = 4.5 µm.

When the hole size of grating ∆ is appropriately chosen (0.76 < ∆/a < 0.9), the resonant
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mode will split into two modes at wavelengths of λ1 and λ2

λi ≈ λR2 + βi(0.9−∆/a) (4)

where λR2 = 4nt, and β1 = −1.44 µm and β2 = 9.33 µm for a = 2.4 µm. The difference

between the two resonant wavelengths increase with decreasing the hole size. Compared

with the larger resonant wavelength λ2, the smaller resonant wavelength λ1 is closer to

the original resonant wavelength λR2. The wavelength-averaged absorption 〈A〉 in the MCT

layer over the target wavelength range strongly depends on the hole size. When ∆/a = 0.85,

the average absorption 〈A〉 in the MCT layer can reach maximum (62%), as shown in Fig.

4b. When ∆/a < 0.3, the sandwiched structure will not enhance the absorption in the MCT

layer.

We also investigate the influence of the grating period a on the absorption in the MCT

layer in the sandwiched structure, as shown in Fig. 4c. Here, the parameters are ∆/a = 0.85,

t = 0.31 µm, and t0 = 0.1 µm. When a < 0.35λc, a single resonant mode exist in the target

wavelength range and the wavelength-averaged absorption in the MCT layer increases with

increasing the period a, as shown in Fig. 4d. However, when a > 0.35λc, two resonant modes

occur in the target wavelength range, resulting in a high wavelength-averaged absorption in

the MCT layer (from 54% to 64%). Here, the smallest optimal period can be estimated by

aopt ≈ λc/2 (5)

When the optimal period is adopted, the wavelength-averaged absorption in the MCT layer

over the target wavelength range can reach a local maximum (62%).

CONCULSION

In summary, we have investigated the enhancement effect of a plasmonic resonant cavity

on MCT infrared photodetectors working in the wavelength range from 3.5 µm to 5.5 µm.

The resonant cavity is composed of an Au grating, an MCT layer, and an Au film, which can

support two resonant modes in the target wavelength range. By optimizing the structural

parameters, the whole structure can exhibit perfect absorption at resonant wavelengths.

The wavelength-averaged absorption in the MCT layer over the target wavelength range

can be 62%, about 12 times of that without the resonant cavity. Such a high enhancement
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of absorption can occur for incident light in a broad range of angle (θ < 450) and with

different polarizations.
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FIG. 1. (Color online) A photonic structure and its resonant modes. The structure consists of

an Au grating with thickness t0, an MCT active layer with thickness t, and an Au film with

thickness t0. The Au grating has a hole size ∆ and period a. a A unit cell of the structure, which

is illuminated by light at incident angle θ. b Three layers in the structure. c Distribution of

electromagnetic power loss density q in the MCT layer at resonant wavelengths of λ1 = 4.29 µm

and λ2 = 5.11 µm. The top panels are at the upper surface of the MCT layer (z = 0), while the

bottom panels are in the x-z plane and across the center of the hole. Other parameters are the

same as in Fig. 2. d The average of q in the x-y plane as a function of z.
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 45°

FIG. 2. (Color online) Absorption in the photonic structure in Fig. 1 with parameters of a = 2.4

µm, ∆ = 0.85a, t = 0.31 µm, and t0 = 0.1 µm. a Absorption spectra of the whole structure

and each layer. The dashed line is the absorption of a free-standing MCT layer with thickness of

0.31 µm. b Absorption enhancement of the MCT layer by the photonic structure. c Absorption

spectra of the MCT layer at different incident angles for p-polarized light. d Wavelength-averaged

absorption in the MCT layer over the target wavelength range (from 3.5 µm to 5.5 µm) as a

function of incident angle.
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FIG. 3. (Color online) Absorption of an MCT layer with thickness t in three different structures.

a Absorption of a free-standing MCT layer. b Absorption of an MCT layer that is coated on an

Au film with thickness of 0.1 µm. c Absorption in the MCT layer in the structure in Fig. 1 with

a = 2.4 µm, ∆ = 0.85a, and t0 = 0.1 µm. d Wavelength-averaged absorption 〈A〉 in the MCT

layer over the target wavelength range.
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FIG. 4. (Color online) Absorption of the MCT layer in the structure in Fig. 1 with t = 0.31 µm

and t0 = 0.1 µm. a Absorption spectrum and b wavelength-averaged absorption 〈A〉 in the MCT

layer over the target wavelength range as a function of hole size ∆ with a = 2.4 µm. c Absorption

spectrum and d wavelength-averaged absorption 〈A〉 in the MCT layer as a function of period a

with ∆ = 0.85a.
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