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Abstract: A new dual band thin film metal-semiconductor-metal infrared photodetector 

base on InGaAs for wavelength of 1.1-1.7 µm and InSb for wavelength of 3-5 µm is 

proposed and investigated numerically. One major problem of thin film photodetectors is 

low quantum efficiency that originates from low optical absorption. The quantum 

efficiency of proposed structure is improved by locating the array of optimized aluminum 

nanostructure (Al-NS) between the InGaAs and InSb layers. Using optimized Al-NS 

between the stack of InGaAs and InSb (InSb/Al-NS/InGaAs) results in plasmon 

excitation inside the photosensitive layers and so, higher photocarrier generation. 

Moreover, locating zinc oxide nanorode as an antireflection coating on top of detector 

reduces the incident light reflection in both spectrum of 1.1-1.7 µm and 3-5 µm.  The 

finite different time domain method is used to investigated the optical properties of 

proposed structure and optimize the structure. According to the simulation results, 

designed structure gives rise to 108.1%, 110% and 320% light absorption enhancement 

at wavelength of 1.33 µm, 1.55 µm and 4 µm, respectively compared to reference 

conventional structure.
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1. Introduction  

Recently, dual band infrared (IR) photodetectors has attracted lots of attention due to its 

ability to detect two different wavelengths band separately and independently [1]. Dual 

band detection at near infrared (NIR) and middle wave infrared (MWIR) have lots of 

application, including environmental monitoring, night vision devices, infrared 

spectroscopy, target tracking and, etc. This kind of IR detectors benefit from better image 

contrast, higher resolution and longer detection distant compared to conventional single 

band detectors [2]. Conventional IR detectors are fabricated on photosensitive material 

such as InGaAs, InSb, HgCdTe, InP, InAs, PbI2 and etc [3–8], with large thickness that 

can cause some difficulties such as high production cost and large stress. Using thin film 

as a photosensitive layer reduces the production cost and complexity of high quality 

material deposition process and leads to decrease in dark current of detector [9]. 

Moreover, thin film detectors can be fabricated on flexible substrates that have attracted 

lots of attention in the last decade due to the new area of researches. The major drawback 

of thin film detector is its low optical absorption due to the short optical path inside the 

photosensitive material. Therefore, physical investigation of optical absorption 

mechanism inside the thin film IR photodetector and finding a scheme to enhance the 

optical absorption is critical for its application at imaging and detection [10]. Lots of 

research is done to improve the performance of IR photodetectors by increasing the 

optical absorption, such as, graphene plasmon excitation [11,12], plasmonic enhanced 

carbon nanotube detector [13],  muli-layer hetro-structure [14,15], Fabry Perot cavity 

resonance[16], dielectric photonic crystals [17], distributed brag reflectors [18], and 

surface plasmon excitation [19,20]. Localized surface plasmon resonance (LSPR) in the 

interface of noble metals leads to the strong local field and hot points inside the 

photosensitive layers and makes this technology an effective method for light-matter 

interaction at subwavelength dimensions. Strong local field results in more photocarrier 

generation and so the enhancement of photocurrent [21–23]. Thanks to the new 

nanostructure fabrication methods, different kind of metallic nanostructure have been 

applied to the wide range of optoelectronic devices to enhance the light-matter 

interaction, such as, solar cell, photoconductive source and detectors, photodetectors, and 

etc [24,25]. Most of the LSPR research work is done at visible rang of electromagnetic 



spectrum that indicates the vital need to study this area of science at IR spectrum. Multi-

band photodetector as a next generation of IR detectors, can benefit from multi band 

resonance of plasmonic structure due to the multiple resonance mode of single array of 

plasmonic nanostructure [26,27].  

Dual band thin film IR detector at NIR and MWIR band based on InGaAs and InSb thin 

film is proposed in this work. An optimized array of aluminum plasmonic nanostructure 

is applied in order to increase the optical absorption of incident light inside the 

photosensitive layers by excitation of surface plasmon. Aluminum nanoparticles (Al-NP) 

have wide spectral range of absorption including IR. By designing the geometrical 

parameters and locating the Al-NPs array between the stack of InGaAs and InSb layers, 

the optical path of light inside the photosensitive layers increases and results in higher 

optical absorption.  

2. Structure design and simulation method  

The configuration of proposed thin film dual-band IR detector is illustrated in Fig. 1. 

Proposed structure consist of a layer of InSb with thickness of 2 µm located on sapphire 

substrate. An array of aluminum nanostructure (Al-NS) is placed on InSb layer. It can be 

fabricated by electron beam lithography followed by sputtering and lift-off process. Layer 

of SiO2 with thickness of 100 nm deposited on Al-NS and 500 nm InGaAs put on SiO2

layer. At the end, ZnO nanorode as an antireflection coating and light concentrator located 

on top of the proposed device. The periodicity and diameter of Al-NS are optimized to 

achieve the maximum absorption inside the photosensitive layer. The electrodes are 

located on InSb layer and contacted to InGaAs layer to collect both layers photocarriers. 



Fig.  1. Schematic diagram of a) proposed thin film dual band metal-semiconductor-metal IR detector (structure A) b) 

reference conventional InGaAs based IR detector (structure B) c) reference InSb based IR detector (structure C).

  Finite difference time domain method (FDTD) is applied to solve the Maxwell’s wave 

equations and investigate the optical properties of proposed structure. This numerical 

method have been used to evaluate the reflection and absorption spectra of incident light 

from the surface and inside the photosensitive layers. The electric field distribution inside 

the layers is calculated in order to investigate the local field enhancement using plasmonic 

structure. The perfectly matched layer (PML) is used at boundaries of simulation region. 

To obtain promising results, the material’s refractive index are extracted from previously 

published experimental data [28]. 

3. Results and discussion 

The interaction of light quasi particle (photon) with oscillating electrons at the interface 

of metal-dielectric is called surface plasmon polariton (SPP) that causes high local field 

in the deep sub wavelength dimension. There is two kind of SPPs: localized SPP and 

propagating SPP. The excited surface plasmon wave can propagate along the interface as 

far as several micrometers. In order to excite the propagating SPPs, the energy and 

momentum conservation between the incident light and plasmonic nanostructure has to 

be satisfied [29,30]. 



𝑘𝑆𝑃𝑃 = 𝑘0√ 𝜀𝑚𝜀𝑑𝜀𝑚+𝜀𝑑                                                                                                          (1) 

Where 𝑘0 is incident light wavevector, 𝜀𝑚 is metal permittivity, 𝜀𝑑 is dielectric 

permittivity, and 𝑘𝑆𝑃𝑃 is SPPs wavevector. As can be seen in Eq. 4, a nanograting 

coupling structure has to be used in order to match the incident light wavevector to SPPs 

wavevector. 𝑘𝑆𝑃𝑃 = 𝑘𝑖𝑛𝑠𝑖𝑛𝜃 ± 𝑚𝑘𝑔                                                                                                  (2) 𝑘𝑔 =
2𝜋𝜆                                                                                                                             (3) 

𝑝 = 𝛼𝜆 (√ 𝜀𝑚𝜀𝑑𝜀𝑚+𝜀𝑑)−1                                                                                                        (4) 

Where, the wavevector of plasmonic nanograting is 𝑘𝑔, 𝜃 is the incident light angle with 

surface, and 𝑝 is the periodicity of plasmonic nanograting. In this work, the plasmonic 

structure has been designed carefully to excite the SPPs in both NIR and MWIR range. 

The designed nanostructure located between the layer of InGas and InSb which results to 

high local field inside the photosensitive layers at the wavelength of 1.1-1.7 𝜇𝑚 and 3 −
5 𝜇𝑚. Electric field distribution inside the InGaAs layer for conventional structure 

(Structure B) and proposed IR detector with aluminum nanoparticles array with 

periodicity (P) of 440 nm, diameter (D) of 200 nm and height (H) of 100 (Structure A) is 

shown at Fig. 2b. As can be seen, the Al-NS under the InGaAs excite the SPP and results 

in high local field inside the InGaAs layer. According to the simulation results, electric 

field shows more than 6 times enhancement compared to conventional structure. Higher 

electric field results in more photocarrier generation and, so the photodetector 

photocurrent enhancement. 



Fig.  2. Electric field distribution of a) conventional InGaAs structure (Structure B) b) Proposed structure at 

nanoparticle array periodicity of 450 nm, diameter of 225 nm and height of 100 

In order to achieve the maximum absorption inside the InGaAs layer, the geometrical 

parameters of designed Al-NS is optimized. In the first step, the height and diameter of 

Al-NS set to 100 nm and 200 nm, respectively and the periodicity swept from 300 nm to 

600 nm with 10 nm steps. As can be seen in Fig. 3a, there is two absorption peak that are 

related to SPP excitation. The peak of absorption moves to higher wavelength by 

increasing the periodicity of Al-NS. The highest absorption of 74.8% at wavelength of 

1.33 µm and 63.5% at wavelength of 1.55µm (two important wavelength for IR imaging 

and IR communication) obtained at periodicity of 440 nm (Fig. 3a). In the next step, the 

periodicity set to 440 nm and the Al-NS diameter swept from 100 nm to 300 nm with 10 

nm steps. The absorption of 74.9% at wavelength of 1.33 µm and 63.7% at wavelength 

of 1.55µm achieved at diameter of 210 nm. 

Fig.  3. a) Absorption as a function of wavelength and periodicity for D=200 nm and H=100 nm b) Absorption as a 

function of wavelength and Diameter for P=440 nm and H=100 nm  



Fig. 4a and 4b show the absorption and reflection of optimized structure (structure A) as 

a function of wavelength inside the InGaAs layer compared to conventional metal-

semiconductor-metal (MSM) detector (structure B). As can be seen in Fig. 4a, the 

absorption shows more than 108% enhancement at wavelength of 1.33 µm and 110% 

enhancement at wavelength of 1.55 µm compared to structure B. The Al-NSs under the 

InGaAs layer excite the SPP and result in high local field inside the layer. Higher local 

field leads to more photocarrier generation and so the enhancement of photocurrent. 

Moreover, Al-NSs under the photosensitive layer reflect back the transmitted light from 

the bottom in to the InGaAs layer and enhance the optical path of incident light. This 

phenomena results in more photocarrier generation and so the enhancement of 

photocarrier. The zinc oxide nanorode (ZnO-NR) height fixed to 1.2 µm in order to obtain 

highest absorption at 1.1-1.7 µm. The reflection of 1.1-1.7 µm wave from the surface of 

detector is illustrated for structure A, structure B, and structure B without anti reflection 

coating in Fig. 4b. Reflection between 1.3-1.5 µm has reduced to less than 5% for 

proposed structure (structure A). Zinc oxide nanorode on top of the InGaAs layer acts as 

an antireflection coating and light concentrator which helps to enhance the IR wave 

absorption inside the photosensitive layer.    

Fig.  4. Diagram of absorption as a function of wavelength for proposed structure (structure A), structure B, and 

structure B without ARC b) diagram of reflection as a function of wavelength for proposed structure (structure A), 

structure B, and structure B without ARC

The IR detector based on InGaAs can only detect the incident photons with smaller 

wavelength than its energy gap. In order to detect the wavelength of 3-5 µm, the InSb 

with thickness of 1µm on sapphire substrate located under the Al-NS. The height of 



nanorode can be optimized to achieve higher absorption inside the InSb layer. The 

absorption inside the InSb layer as a function of wavelength for proposed structure 

(structure A), structure A without ZnO NR and structure C as a reference is illustrated in 

Fig.5. The ZnO NRs act as a graded refractive index antireflection coating. Moreover, 

ZnO NRs leads to higher optical absorption by concentrating the incident IR light. As can 

be seen in Fig. 5, the absorption inside the InSb layer for proposed structure shows more 

than 76% enhancement at wavelength of 4 µm compared to structure A without ZnO NRs 

and 142% enhancement compared to structure C. 

Fig.  5. Diagram of absorption as a function of wavelength for proposed structure (structure A), structure A without 

ZnO NRs and structure C 

The electric field distribution inside the InSb layer for proposed structure (structure A) 

and reference structure (structure C) is shown in Fig. 6a and 6b. Array of Al-NPs on the 

InSb layer results in high local field points with more than 6 times enhancement compared 

to conventional structure. The Al-NPs geometrical parameters have designed carefully to 

excite the plasmon polariton in both 1.1-1.7 µm and 3-5 µm wavelength of IR spectrum.  



Fig.  6. Electric field distribution inside the InSb layer for a) structure C b) structure A 

Finally, the whole proposed structure is simulated and the absorption and the electric field 

distribution are shown in Fig. 7a and 7b, respectively. The absorption of 73.8%, 63.8% 

and 84% at wavelength of 1.33 µm, 1.55µm and 4 µm is calculated that indicates the 

potential of proposed structure for multi-band IR detection at NIR, SWIR and LWIR 

bands. Zinc oxide NRs located on the IR detector surface instead of simple Si3N4 

antireflection layer, results in low reflection at multi band incident wave. Moreover, ZnO 

NRs concentrate the incident wave inside the photo absorption layers and results in more 

photon absorption. As can be seen in Fig. 7b, using AL-NPs stacked between the InGaAs 

and InSb layer excites the SPPs and leads to high local field points inside the layers. This 

phenomena increases the photocarrier generation inside the photosensitive layers and 

results in higher photocurrent. Surface plasmon polariton has shorter wavelength than 

incident light. So, it is possible to use the plasmon wave to create photocarrier inside the 

InGaAs layer at MWIR rang.    

Fig.  7. Absorption as a function of wavelength for proposed structure at wavelength of 1-5 µm b) electric field 

distribution of proposed structure at wavelength of 4 µm  



 Conclusion 

In summary, a new structure for multi band thin film IR detector at the NIR and MWIR 

is proposed and its performance investigated using finite difference time domain method. 

An array of AL-NPs is located between the InGaAs and InSb layer in order to excite the 

plasmonic wave inside the both photosensitive layers. According to the simulation results, 

by location the optimized Al-NPs between two photosensitive layers, the SPPs penetrate 

inside the layers and result in photocarrier generation enhancement and strong coupling 

of incident light to the photosensitive layer. The proposed structure gives rise to 108.1%, 

110% and 320% light absorption enhancement at wavelength of 1.33 µm, 1.55 µm and 4 

µm, respectively compared to reference conventional structure. These results pave the 

way for high performance thin film IR detector that can be used at multi band spectrum.  
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