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Carrier Dynamics Analysis in Metal-Semiconductor-

Metal Device for mid-IR Silicon Photonics 

Alvin Tak Lok Hui, Yunhong Ding, Hao Hu, Michael Galili 

A modelling platform for active carrier removal based on 

metal-semiconductor-metal structure is reported on analysis 

of carrier dynamics. The analysis reveals electric current hot 

spots exist in geometric singularities and curly trajectory of 

carriers should be considered when accurately estimating 

the effective carrier lifetime. 

Fig. 2. Energy band diagram at (a) thermal 
equilibrium and (b) 2.5 V. Electric field distribution 
at bias of (c) 20 and (d) 40 V. (e) Current density 
corresponds to bias of 40 V. The plots were 
obtained under optical power of 20 dBm. 

Fig. 3. Streamline plot of electric field representing 
the trajectory of carrier transport at bias of 10 V 
and optical power of 20 dBm. The density of 
streamline is proportional to the magnitude of 
electric field. 

Fig. 1. Schematic of the 
MSM device. (Insert) Photo-
generation rate with optical 
power at 20 dBm. The red 
line defines the effective 
mode area. 

II. DESIGN OF DEVICE 

• Ridge waveguide on standard silicon-on-

insulator (SOI) platform (250×780 nm with slab 

thickness of 100 nm, p-type doping ~ 20 Ω·cm)  

• Carrier removal by reverse biasing titanium Ti/p-

Si Schottky contact 

• Typical Schottky barrier height of Ti 𝜙𝐵0 of 0.54 

eV [6]  

• Image-force barrier lowering 𝛥𝜙 is considered 

yielding effective barrier height of 𝜙𝐵0−𝛥𝜙 [7] 

 

 

IV. CONCLUSION 

• A carrier dynamics modelling platform has been 

established which facilitates the design and 

analysis of the MSM device towards efficient 

carrier removal 

Fig. 4. Carrier lifetime of the MSM device under 
bias derived from formulism of carrier velocity 𝜏1 
and carrier density 𝜏2, which correspond to Eq. (1) 
and (2), respectively, at moderate and high optical 
power levels. 
 

• Our simulation reveals carriers does not take 

the straight trajectory due to the change in field 

distribution inside the waveguide (Fig. 3) 

• Longer carrier path length is encountered 

 Eq. (1) underestimates 𝜏𝑒𝑓𝑓 

• Integral formulism of 𝜏𝑒𝑓𝑓 with carrier density 𝑁 

adopted [10] to deal with curly trajectory 

𝜏2 =
1

𝐺𝐴𝑒𝑓𝑓
 𝑁 𝑑𝑆

𝑆

 

𝐺 is the photo-generation rate of free carriers;  

𝐴𝑒𝑓𝑓 is the effective mode area; 

𝑆 denotes the integration domain formed by the 

mode profile 

• From Eq. (1), the carrier lifetime saturates at  

5.1 ps under 40 V 

• From Eq. (2) considering curly trajectories, 

carrier lifetime saturates at 8.1 ps under 40 V  

• A better approximation of 𝜏𝑒𝑓𝑓 is achieved 

(2) 

I. BACKGROUND 

• Silicon (Si) on-chip four-wave mixing (FWM) [1] 

• Limitation: two-photon absorption (TPA) and 

three-photon absorption (ThPA)   

free carrier absorption (FCA) [2], [3] 

• Metal-semiconductor-metal (MSM) structure for 

effective carrier removal [4], [5] 

• Carrier dynamics modelling at 2 μm wavelength 

• Finite element modelling (COMSOL 

Multiphysics) 

• Estimate effective carrier lifetime 𝜏𝑒𝑓𝑓 based on 

true carrier transit trajectory 

(1) 
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• Using built-in carrier mobility model to ensure 

carriers travel in compliance with the 

saturation velocity, i.e. ~ 107 cm/s [7] 

III. CARRIER DYNAMICS 

• Under biased condition, the energy band is 

tilted from thermal equilibrium (Fig. 2 a and b) 

• By increasing the bias voltage, the depletion 

region penetrates into the waveguide 

transversely  

• Presence of electric field singularities of ~ 

3×105 V/cm under bias of 40 V 

• High current density ~ 3.08×103 A/cm2 can 

reduce the mean-time-to-failure of the device 

due to electromigration and thermal stress [8] 

• The approximation of straight carrier trajectories 

is widely adopted and yields the carrier velocity 

formulism [9] 

𝜏1 =
𝑤𝑚𝑜𝑑𝑒
4

1

𝜈𝑛
+
1

𝜈𝑝
 

𝑤𝑚𝑜𝑑𝑒 is the mode width; 

𝜈𝑛 and 𝜈𝑝 are the electron and hole velocities, 

respectively 
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