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ABSTRACT 

In this paper, a GaAs photodetector with a thin film trapezoidal surface plasmon polariton (SPP) 
model structure is studied and analyzed. In comparison with photodetector without SPP, a 3D 
COMSOL Multiphysics toolbox using the semiconductor model is concerned for explaining the 
electrical properties, while the optical effect is added with the electromagnetic model. The internal 
quantum efficiency (IQE) of the model with trapezoidal SPP is improved by 62% compared with the 
structure without SPP. The maximum terminal current detected in the trapezoidal SPP model is 2.45 
µA that makes an increase of 1.7 µA, and 66% increase in responsivity achieving a maximum 
photodetector responsivity is 24 A/W. 
 
Keywords: GaAs Photodetector, Surface Plasmon Polariton, COMSOL Multiphysics, MATLAB 

Simulation. 

 
Introduction 

In recent years, the field of plasmonics has made a remarkable development in improving the 
efficiency of optoelectronic devices (Kauranen and Zayats, 2012; Leuthold et al., 2013). The most 
important devices having a great progress are solar cells and photodetectors. The effect of plasmonics 
appears through manipulation of how the absorption of light falling on these devices so as to achieve 
the maximum benefit of light energy that is converted into electrical current (Haffner et al., 2015).     

An SPP photodetector is a device that is able to integrate the surface plasmons in the process of 
photodetection. Detectors usually merge the SPPs structure of metal with photonic detection based on 
internal photoemission (Brongersma, 2016).  

The notable character of the SPP is its capability of directing and locating light wave inside 
sub-wavelength scales. Due to this unique character, the SPPs have drew rising considerations in last 
decades (Barnes et al., 2003; Ozbay, 2006). Numerous plasmonic waveguides, like thin metal strip 
(Breukelaar et al., 2006) metal nanoparticle chains, (Maier et al., 2002) and V-groove (Pile and 
Gramotnev 2004; Bozhevolnyi et al., 2005) have been presented to direct and restrict the SPPs in the 
highly photonic integrated circuits. There is an attention to slim down these plasmonic waveguides to 
smaller frequencies for investigation of several devices and integrated circuits in the terahertz (THz) 
and microwave ranges. However, in these low frequency schemes, the metals look like a perfect 
electric conductor that does not sustain the SPP waves (Pendry et al., 2004). 

The metallic absorber class detectors (or hot-carrier detectors) enable to lead plasmonic field-
enhancement in the greatest direct behavior. In the inner layers of these detectors, the well-built 
absorption features of an SPP is used to generate hot carriers. Subsequently, SPPs spread along the 
surface of a metal, and the hot carriers be capable of growing right at a thin oxide layer that shapes a 
tunnel junction or at a Schottky-contact amongst metal and semiconductor. This energy barrier 
behaves for picking the hot carriers and blocking off carriers in thermal equilibrium (dark current) 
(Grajower et al., 2017). The hot-carrier kind detectors represent another momentum incongruity with 
the isotropic distribution about to generation of the carriers in the metal. (Goykhman et al., 2012; 
Levy et al., 2017).  Consequently, it is difficult to realize high responsivities for signals at the range of 
longer wavelength within the ultra-fast detection scheme. The detectors nevertheless experience 
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drawbacks concerning the injection possibility of the hot electrons from the metal to the 
semiconductor. This is because of the momentum difference and its isotropic distribution upon 
generation of the carriers in the metal (Goykhman et al., 2012; Levy et al., 2017). Therefore, it is hard 
to reach high responsivities for signals at a longer wavelength. 

Some investigation groups have deliberated unidirectional generation of SPPs on local 
structures with each structure or illumination asymmetry to the recommended systems (Bound et al., 
2007; López-Tejeira et al., 2007). This was carried out by changing the destructive or constructive 
interference of SPPs excited by metallic nanoslits throughout with several efficient indexes (Xu et al., 
2008; Li et al., 2013) at different slit widths, (Chen et al., 2014) by asymmetrical single-nanoslits  
(Chen et al., 2010).              

In this paper, the proposed plasmonic GaAs photodetector model structure, with a thin film 
trapezoidal gold SPPs, is designed and simulated with fully detailed geometrical and mathematical 
models. The progress of the study is the compression of modeling the GaAs photodetector with and 
without trapezoidal SPPs in 475 nm to 875 nm light wavelength to study the impact of SPPs on the 
value of IQE, terminal current response, and responsivity. 

The rest of the paper is organized as follows. Section 2 introduces the model structure and its 
parameters of a PIN GaAs photodetector. The transport model explained in Sec. 3. The simulation 
results discussed in Sec. 4. Section 5 is devoted to the main conclusions. 

 
2. Model Structure 

In this section, the detailed model structure of the PIN photodetector is described. Figures 1 and 
2 show the proposed GaAs PIN photodetector with a trapezoidal SPP using gold as SPP layer on the 
surface of the photodetector. As shown, the blown GaAs is used as an active material with 1 µm 
thickness. The layers of the active materials are fabricated from the bottom to the top as follows. First, 
the n-connector using silver acting as an ohmic connector to apply the n-side voltage bias, followed 
by the n+-GaAs active material with carrier concentration of 1021 atom/cm3 with 0.1 µm thickness, 
with 0.8 µm thickness p-GaAs with 1014 atom/cm3 concentration of carriers at the middle of the 
proposed model. At the top of the model, we have 0.1 µm of p+-GaAs with 1021 atom/cm3 
concentration of active carriers. At the surface, the gold SPP layer is fabricated with 10 nm thickness 
and 500 nm layer width. The horizontal space between every two SPPs layers is 250 nm. The silver P-
connector and N-connector are inserted to detect the current flow through the photodetector when 
light is incident. The model parameters are summarized in Table 1. 

 
Fig. 1: PIN GaAs photodetector with a gold SPP layer. 
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Fig. 2: The doping profile in a P-I-N photodetector. 

 
Table 1: Model parameters. 

Parameter Parameter Value 
Incident power 1000 W/m2 
n-contact voltage 2 V 
p-contact voltage 0 V 
Refractive index of GaAs (real component) 3.5 
Detector thickness 1 µm 
Anode  doping (P+ doping) 1021 atom/cm3 
Anode  doping thickness 100 nm 
Cathode  doping (N+ doping) 1021 atom/cm3 
Cathode  doping thickness 100 nm 
SPP layer width  500 nm 
SPP layer thickness 10 nm 
Distance between two SPPs layers 250 nm 

 
3. Transport Model 

     The following model describes the relation between intensity of incident photons and the 
generated photodetector current.   
     ��(�, �, �) is the intensity of the photons at position (�, �, �). Afterwards the relationship of the 

optical absorption for the differential lengths (Dx, Dy, Dz) is given below (Ghahremani and Aly, 
2015).  
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where α the absorption coefficient 
    Equation (2) clearly shows that the photon intensity decreases exponentially with 

propagation distance in the semiconductor material. The number of electron-hole pairs generated by 
light (generation rate) is (Ghahremani and Aly, 2015) 
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where f is wave frequency and h is Planck’s constant. Subsequently, to estimate the free electron 
density and free hole density, Poisson’s equation is utilized (Ghahremani and Aly, 2015): 
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    The recombination rates of Shockley Read Hall are  (Quinn, 2009; Madelung, 2004): 
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The total rate is 
 ��(�, �, �) = �(�, �, �) − �(�, �, �)  …………………………………………………………….(10)                                                                                                               
 
where p is the hole concentration, n is electron concentration, ε is the optical property of the 

material, c is the initial carrier concentration value, ni is the intrinsic  carriers concentration, τn , τp 
are the electron and hole life times, respectively, and φ is the incident photon flux. Nc and Nv 
effective densities of states for the conduction and valence bands, Eg is the band gap, ∆Eg the band 
gap narrowing and Et is the trap energy level. The energy difference between defect level and intrinsic 
level is ∆Et.  

The transport of diluted species (electron) is 
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The space charge density (electron) is 

�� = −
�

�
�  ……………………………………………………………………………………….(14) 

                                                                                                                                                                    
where μn, μp are, respectively, the electron and hole mobilities, and Dn is the electron diffusivity are 
constants. γn and γp are the electron and hole degeneracy factors. 

The IQE can be calculated according to  Salamin et al. (2018) 

��� =
���
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         ………………………………………………………………………………………. (15)                                                                                                                             

By definition, the responsivity, R, can be obtained using (Zhao et al., 2019). 

� =
���
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     …………………………………………………………………………………………………… (16)                                                                                                                             

 The photocurrent can be obtained using (Karelits et al., 2018) 
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4. Simulation Results 

For the specified radiant intensity of 10 W/m2, the photocurrent response calculated in the 
wavelength range 475-875 nm, with a step of 50 nm. Interesting features are remarkable in Fig. 3. The 
terminal current values realized to steadily rise with the wavelength. However, jumps of the current 
perceived at 750 nm. The analysis is restrained to 875 nm. Clearly, the value of the terminal current in 
proposed model with trapezoidal SPP increases more than twice when compared with the model 
without SPP. 

 
Fig. 3: Terminal current as a function wavelength at GaAs doping of 1021 atom/cm3 and voltage bias 

of 2 V.  
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One of the main significant results predicted from simulation is a linear relation between the 
maximum value of the photocurrent and its irradiance; the radiant intensity per unit area of the 
detector's surface. While developing electro-optical devices and in particular nanoscale-based sensors, 
such a linear relation is of great importance as it permits easy prediction of the current produced for 
any required irradiance. This relation is obviously revealed in Fig. 4. 

 
Fig. 4: Photocurrent as a function of the irradiance. 

 
The internal quantum efficiency (IQE) is an important evaluation parameter of the 

photodetector. It depends on the number electrons created per incident photon. In Figure 5, we the 
IQE is displayed against the applied wavelength. At 700 nm, an enhancement of 62% is achieved 
when using the SPP. 

 
Fig. 5: Internal quantum efficiency as a function of wavelength. 

 
One of the essential parameters to estimate is the responsivity. It measures the electrical output 

per optical input. The responsivity of a photodetector is usually expressed in units of either amperes or 
volts per watt of incident radiant power. For a system that responds linearly to its input, there is 
unique responsivity. Figure 6 displays the responsivity of the photodetector with and without the 
trapezoidal SPP. Clearly, at λ=750 nm, an enhancement of 16.5 A/W is achieved when using the SPP. 

 
Fig. 6:  Responsivity versus wavelength for the PIN GaAs photodetector. 
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Figure 7(a, b) shows the simulations result of electric field intensity distribution in the y-z 
plane.  The electric field intensity inside the two photodetector models are shown Clearly, the 
intensity is changed due to the SPP layer to introduce more light energy inside  the photodetector 
active martials. More electric charges are transfer through the photodetector, which leads to increase 
the internal current of the photodetector due to the same amount of incident light power. 

 

 
Fig. 7(a): Electric field intensity at the surface of the modeled PIN photodetector without SPP. 

 

 
Fig. 7(b):  Electric field intensity at the surface of the modeled PIN photodetector with trapezoidal  Au 

SPP. 
 
Conclusion 

In this research study, 3D COMSOL Multiphysics modeling of GaAs photodetector by thin 
film trapezoidal surface SPP was determined. As presented in study we run the model of 
semiconductor device in COMSOL Multiphysics software to obtain the most important parameters of 
GaAs photodetector. In model structure with trapezoidal SPP and without SPP using the same 
parameters we observe many difference between the results. The results exposed that structure of 
trapezoidal SPP was effectual in enhancing the performance of the GaAs photodetector model. The 
output results computed and the IQE enhanced that the best performance obtained. It shown that the 
trapezoidal SPP photodetector model was effective at the considerable IQE enhancement to 62% more 
than the other model.  
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