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Abstract— We propose advanced non-quasi-static (NQS) 
compact model of field-effect transistor (FET) for the 
characterization of a non-resonant plasma-mode terahertz (THz) 
detector in THz frequency regime by verifying the gate resistance 
effects on the transient delay and non-resonant plasmonic 
mechanism with characteristic length, which is a propagation 
distance of 2-dimensional electron gas (l2DEG), in the channel. 
Under the super-imposed small-signal ac voltage with 0.2 THz 
frequency in HSPICE simulation, the plasmonic THz power 
detection simulation capability of the proposed NQS model has 
been verified by demonstrating the well-matched results of dc 
output voltage (Δu) with calibrated TCAD and experimentally 
measured data. These results can provide the reliable circuit 
simulation platform for real-time multi-pixel THz imaging 
operation.   
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I.  INTRODUCTION  

Recently, the research on terahertz (THz) detection 
incorporating the plasmonic behavior has been performed in 
the various fields including real-time imaging application, 
biomedical, and even satellite communication [1]-[5]. The 
potential come from its unique properties, which include 
permeability of the microwaves and feature of straight of light. 
For detecting the THz wave, the field-effect transistors (FETs) 
have been intensively considered for THz detector in non-
resonant plasma-mode [6]-[7], and many circuit integrated THz 
detectors also have been reported [8]-[11]. It becomes essential 
to establish the non-quasi-static (NQS) model of FET-based 
plasmonic detector in the THz regime for the practical design 
of the real-time multi-pixel configuration. In terms of the 
accurate analysis of fast switching [12]-[13] and high-
frequency operation [14]-[15], however, most of the NQS FET 
models have the complexity of the formulation and fail to 
describe the plasmonic detecting operation [16].  

In this work, we developed the equivalent circuit compact 
model of a silicon (Si) MOSFET-based plasmonic THz 
detector. The advanced NQS compact model for a plasmonic 
MOSFET is developed by verifying both the gate resistance 

 

Fig. 1. Electron density of Cross-sectional schematic in channel at non-
resonant detection mode, low frequency and low mobility detector (ωτ <<1). 
electron density increase near the source. And  it attenuate as far from the 
source. 

effect on the transient delay and terahertz detection delay as a 
function of gate voltage. As a result, our model well matched 
with experimentally measured data and the numerical 3-D 
technology computer aided design (TCAD) simulation using 
the proposed NQS compact model in H-simulation program 
with integrated circuit emphasis (HSPICE) BSIMv3 circuit 
simulation.  

II. NQS COMPACT MODEL FOR THZ DETECTOR 

For modeling of non-resonant terahertz detection 
mechanism, it is important to describe plasma wave motion. 
Based on plasma wave theory, plasma wave decay until the 
propagation length of plasma wave defined as l2DEG, given by 
[17], 



298

 

 

Fig. 2. Equivalent circuit configuration of the advanced NQS model from an 
Elmore model (dashed box) for plasmonic MOSFET operation with a THz 
detection output(Δu).  
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here, n is the electron concentration of channel ω is the 
frequency of the external radiation, μ is mobility, C is the 
gate-to-channel capacitance per unit area, kB is Boltzmann 
constant, T is temperature, e is the electron charge, η is the 
subthreshold ideality factor, and U is the gate to channel 
voltage swing, given by U = Uov-Uch, where Uov = Ug - Ut is 
the voltage swing, Ug and Uch are the gate and threshold 
voltages, respectively, and Uch is the channel voltage. As 
shown in Fig. 1, plasma wave potential generated by electron 
density is overdamped from source to drain in the channel. 
Even if when Lg > l2DEG, Δu is saturated, when Lg < l2DEG, Δu is 
increased as a function of gate length. 

Figure 2 shows the equivalent circuit configuration of our 
advanced NQS model for plasmonic MOSFET operation. The 
distinguished features of our proposed model in contrast with 
the Elmore model (dashed line box), which is widely used as 
NQS model, include the additional resistance of the gate (Rg), 
source (RS), and drain (RD) as well as the additional 
capacitance of the gate-to-drain (Cgd,ov) and source overlap 
capacitance (Cgs,ov) for satisfying asymmetric boundary 
condition between source and drain [18]. 

To verify the model on the physical Rg effect in transit 
mode, large-signal DC transient gate delay characteristics 
according to Al (metal), NiSi (silicide), and poly-Si gate 
materials are compared with the numerical TCAD simulation  

 

(a) 

 

(b) 

Fig. 3. Transient gate delay simulation results for Al, NiSi and poly-Si gate 
materials from the proposed NQS model compared with 3D TCAD. (a) W = 
20 μm, tr = 10ps (b) W = 50 μm, tr = 500ps. 

based on common material-dependent resistivity (ρ), ρAl= 2.7 
μΩ-cm, ρNiSi= 21.5 μΩ-cm, and ρpoly-Si= 135 μΩ-cm, as shown 
in Fig. 3. Under the gate voltage (VG) with increasing time of 
both 0.01 and 0.5 ns, the transient simulation results of the 
drain current (ID) from our model are well-matched with the 
numerical 3-D TCAD simulation results by describing the gate 
width (W= 20, 50 μm) effects on the ID delay, while the 
Elmore model shows similar results with the quasi-static (QS) 
model that cannot describe the Rg effect on the transient delay 
characteristics. 

In non-resonant mode plasmonic THz detection mechanism, 
characteristic length, which is a propagation distance of 2-D 
electron gas (l2DEG), is occurred by asymmetric electron density 
oscillation in the channel when THz wave is radiated [18]. If Lg 
is shorter than l2DEG (= s(τ/ω)0.5, where s is plasma wave 
velocity, τ is momentum relaxation time [19]), DC offset 
voltage (Δu) is not observed owing to symmetry condition in 
the channel as shown in Fig. 4 This l2DEG is depended on 
incoming THz wave frequency as shown  
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Fig. 4. The value of peak Δu as a function of gate length. DC offset voltage 
(Δu) increase with increasing gate length at Vov = 0V. Inset shows l2DEG as a 
function of incoming THz wave frequency compared with analytic equation. 

 

Fig. 5. This figure shows RC time constant calculated from THz detection 
delay simulation as a function of gate voltage. Inset shows intrinsic THz 

detection delay simulation is defined from Δu(t) = Δu(∞){1-exp(-t/τRC)} in 
subthreshold regime. 

in the inset of Fig. 4. l2DEG is depended on incoming THz wave 
frequency as shown in the inset of Fig. 4. 

The plasma wave propagation length determines terahertz 
detection delay, given by [19]  
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Here ρ is resistivity of channel and t2DEG is thickness of 2DEG. 
Based on the l2DEG, the intrinsic THz detection delay can be 
estimated by an analytic equation as shown in Fig. 5. This 
intrinsic THz detection delay time is defined from Δu(t)= 

Δu(∞){1-exp(-t/τRC)} in subthreshold regime (inset). Δu∗ is  

 

Fig. 6. The well-matched HSPICE simulation results of Δu as a function of 
the gate overdrive voltage (VG - VT) at Cgd,ov(=10Cgs,ov) with TCAD simulation 
and Experiment.  

 

Fig. 7. HSPICE simulation results of value of peak Δu as a function of 
Cgd,ov/Cg,i with experiment and mixed-mode TCAD. 

defined by Δu(τRC)= Δu(∞){1-1/e)}. From the (3), l2DEG can be 
expressed by (t2DEGτRC /ρC)0.5. When τRC = 2.98 ns, C = 863 
nF/cm2, t2DEG = 3 nm and ρ = 5.68 Ω-cm, propagation length is 
135 nm. It is similar with propagation length getting from Fig. 
4.  From the results, our NQS model can fully describe non-
resonant plasmonic channel in THz regime. 

III. RESULT AND DISCUSSION 

As shown in Fig. 6, under the super-imposed small-signal 
AC voltage on the gate (vac= vasin2πft, va= 20 mV, f=0.2 THz), 
the plasmonic THz power detection simulation capability of 
the proposed NQS model has been verified by demonstrating 
the well-matched results of the Δu with calibrated TCAD and 
experimentally measured data. The key model parameters of 
the asymmetric Cgd,ov= 56 fF(= 10Cgs,ov) by the gate oxide 
thickness of Tox= 50 nm under WD= 20 μm(= 10WS) with the 
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same Lov= 4 μm and Rg= 72.15 Ω for the Al gate are used 
based on the HSPICE BSIMv3 model.  

Furthermore, the asymmetric Cgd,ov effect on the peak Δu 
has also been verified with good agreement for the normalized 
peak Δu as a function of the ratio of Cgd,ov and the intrinsic 
gate-to-channel capacitance (Cg,i) between the model and 
mixed-mode TCAD with external gate-to-drain capacitance 
(Cgd,ext)= Cgd,ov, as shown in Fig. 7. Inset of Fig.7 shows THz 
plasmonic Si-FET, which has the asymmetric overlap width of 
the source (WS= 2 μm) and drain (WD= 20 μm) under the same 
channel (Lg= 2 μm) and overlap lengths (Lov= 4 μm) [20].  
Based on the Si-FET, he Cgd,ov/Cg,i > 1 is the key condition to 
enhance the performance (peak Δu) of the plasmonic THz 
detector [6]. The values of peak Du from the experimental 
MOSFET with various asymmetry ratio (ηa= Cgd,ov/Cgs,ov= 
Cgd,ov/2Cg,i) from ηa= 1 (symmetry) to 10 have also been 
plotted exactly on the HSPICE simulation results from the 
proposed NQS compact model.  

IV. CONCLUSION 

In conclusion, we have verified characterization of non-
resonant mode plasmonic THz detector based on FETs by 
using our proposed advanced NQS compact model. These 
results can provide the reliable circuit simulation platform for 
real-time multi-pixel THz imaging operation. 
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