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Abstract 

THz radiation detection using FET devices has attracted increasing attention lately. In 
this paper, we further study a simulated model of FET rectification detection in short 
channel length. To achieve this, both physics-based analytic model and a detailed 
TCAD simulation were contacted and compared. The analytical model provided 
detailed dependence of the response on the channel length below the extension 
length of the radiation. However, the simulation results were validated by comparison 
with the experimental data to confirm the validity of the theoretical model. These 
results present a new model of rectification for short channel lengths and its depend-
ence on the extinction of AC signal through the channel.
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Introduction
In past decades, there has been increasing interest in terahertz (THz) semiconductor 
radiation technology, especially field-effect transistors (FETs). FET detectors are strong 
candidates for THz detection. Its fast responsivity and its ability to operate at room tem-
perature gain a lot of interest in THz detection technologies which can be used in many 
applications such as security, astronomy, medical imaging, scientific imaging (biochem-
istry, chemistry), manufacturing, and wireless communications [1–5].

At the beginning of the 1990s, Dyakonov and Shur demonstrated the possibility of 
application of FETs for THz technologies specially THz spectroscopy where they pre-
dicted that the output response depends on the AC fluctuations within the non-linearity 
of the channel [6, 7].

There are many various types of FETs, such as AlGaN/GaN high electron mobility 
transistors (HEMTs) [8, 9], GaAs HEMTs [10], and silicon metal–oxide–semiconductor 
field effect transistors (Si MOSFETs) [2, 5, 11–14], illustrated good broadband respon-
sivities for the THz radiation [15].

According to many recent applications, silicon MOSFET is a strong candidate for THz 
detection with many advantages such as easy integration into electrical circuits, low pro-
duction cost, and signal processing elements that can be easily combined with it.
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Few models were developed to describe FET THz detection, such as the plasmonic 
response model [16, 17] the distributed resistive mixing model [11], and the non-linear 
R–C transmission line [18]. Lately, modeling of NQS rectification by division of a sin-
gle FET to a distributed ideal FETs (BSIM3, SPICE) [19, 20] was successfully adapted, 
approaching more accurately the non-ideal characteristics of a transistor. Finally, the 
drift–diffusion transport-based models extracted the FET rectification response [21, 
22] and integrated it into these basic operational equations, opening a window to more 
comprehensive and realistic models of FET output characteristics. The operation of the 
FET can be divided into two main operations: the open drain (photovoltaic) and biased 
(photoconductive). While the biased FET response showed increased amplification in 
the response, it suffered significant increase in the noise as well [23]. On the other hand, 
the photovoltaic operation had lower response and a much lower noise rate.

While the effect of channel length on the output response was inherently clear in the 
case of the biased FET, this dependence cannot be seen that clearly in the open drain 
case [5, 24, 25].

This is because of the direct dependence of the biased rectified response on the chan-
nel conductance, which is dependent on the channel length, while the open drain FET 
does not show such dependence since no current passes. Meanwhile, most models con-
sidered that the supplied AC signal decays at close proximity of one or both of the FET 
terminals (gate-source, and gate-drain) [24, 26]. However, in the case of an open drain, 
the response is independent of the channel length [21, 24].

In this work, we attempt to investigate the channel length dependence of a MOS-
FET operated in an open drain, and at a channel length below the ideal decay length of 
the input AC signal. we present in this work an analytical and a simulated model of a 
MOSFET as a THz detector with short channel lengths. With the help of this proposed 
model, we extract the response inside the transistor in an open drain condition to get a 
better insight into its operation and demonstrate how channel length affects transistor 
behavior.

The following describes how the paper is structured: The theoretical analysis and 
methodology of our simulation model are presented in Theoretical analysis, Methods, 
and Device simulation sections, respectively. The results of the simulated model are dis-
played in Results section, and they are discussed in Discussion section. In Conclusions 
section, a conclusion will be provided.

Theoretical analysis
This section develops a theoretical model for the channel length dependence on tera-
hertz detection in short-channel FET devices (MOSFETs). The MOSFET operation in 
the following analysis will be considered in the open drain / linear region of operation.

The gate/source and gate/channel potentials are separated into DC (subscript 0) 
( Vgs0/Vgc0 ) and AC (subscript 1) ( Vgs1/Vgc1 ) components, respectively under the small 
signal assumption. Accordingly, the AC gate/source potential Vgs0 can be expressed as

(1)Vgs= VGS − VTh = Vgs0 +
1

2
Vgs1(e

iωt + e−iωt)
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where VGS is the externally applied gate/source potential, and Vgs0 is the effective DC 
gate/source potential such that Vgs0 = V

GS0
− VTh . The gate/channel potential VGC can 

be also written as

where Vgc0 = V
GC0

− VTh , Vgc0 is the effective gate/channel potential. The charge conti-
nuity equation can be written as

where n is the 2DEG electron density in the channel,Ic(x) is the drift current through the 
channel, W is the depletion region width and q is The electric charge in the channel. This 
above equation is valid under the following gradual channel approximation,

where Cg is the gate capacitance per unit area. In this case, the drift current Ic(x) domi-
nates the charge flow in the channel [27],

The above equations can be separated according to [17] into:

In the case of no applied AC signal and according to [22, 28], Eq. (6) can be solved to 
get

where β = q
KT and I0 is the DC channel to source current. Defining

where � = 2Lg I0
βV 2

gs0

= I0
Isat

 (in the open drain case, � = 0 ), I0 is the channel DC current, Isat is 

the saturation current, ε2 = Vgs0µ

ωLg
2 =

L2eff

Lg
2  , and Leff is the effective decay length of the AC 

signal within the channel.

(2)VGC(x) = Vgc0(x)+
1

2
Vgc1(x)(e

iωt + e−iωt)

(3)
∂n

∂t
=

1

qW
∇Ic(x)

(4)n = CgVgc0

(5)Ic(x) = qn
∂VGC

∂x

(6)DCequation : −µWCg
d2

dx2
(Vgc0

2 +
1

2

∣

∣Vgc1

∣

∣

2
)

(7)ACequation : −µWCg
d2

dx2
Vgc0Vgc1 = ±

1

2
iωCgVgc1

(8)V ∗2
gc0(x) = V 2

gs0 −
2I0

β
x

(9)y = x
/

Lg , thenV
∗
gc0(y) =

√

V 2
gs0 −

2Lg I0

β
y = Vgs0

√

1− �y
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AC analysis

A realistic FET model must include the effect of multiple AC input signals to its ports., we 
can define the boundary conditions as:

From Eq. (9) and based on [22, 28], we get

Therefore, we can rewrite the above equation for the open drain case ( � = 0 ) as

The boundary conditions can be written as

For open drain, Vgd0 = Vgs0 + Vds0
∼= Vgs0 , and g(1) ≈ Vgd1

Vgs1
 = c3.

For short channel, Lg < Leff , so |α| < 1 . From Eq. (15), we can approximate Eq. (14)

where Vgd1

Vgs1
= 1− (c1 − c2)

DC analysis

Since in open drain case Vgc0
∼= Vgs0 , the rectification response through the channel R(x) 

can be expressed as,

(10)Vgc1(x = 0) = Vgs1,Vgc1

(

x = Lg
)

= Vgs1 − Vds1 = Vgd1

(11)Vgc0(x = 0) = Vgs0,Vgc0

(

x = Lg
)

= Vgs0−Vds0 = Vgd0

Define g(x) =
Vgc0(x)Vgc1(x)

Vgs0Vgs1
such that

d2g(x)

dx2
=

iω

µ

Vgc1(x)

Vgc0(x)

(12)And g(0) = 1, g(1) =
(

1−
Vds0

Vgs0

)(

1−
Vds1

Vgs1

)

=
Vgd0

Vgs0

Vgd1

Vgs1

(13)

g
�

y
�

≃ c
1

�

1 − �y
�1∕8 exp

�

4

3

√

2

(i − 1)

��

�

1 −
�

1 − �y
�3∕

4

�

�

+ c
2

�

1 − �y
�1∕8 exp

�

−4

3

√

2

(i − 1)

��

�

1 −
�

1 − �y
�3∕

4

�

�

(14)g
(

y
)

= c1exp

[

(i − 1)

ε
√
2

y

]

+ c2exp

[

(−i + 1)

ε
√
2

y

]

(15)Let α =
(1− i)

ε
√
2

=
(i − 1)
√
2

Lg

Leff
, accordingly g

(

y
)

= c1e
−αy + c2e

αy

(16)g(0) = 1, orc1 + c2 = 1, and g(1) =
Vgd0

Vgs0

Vgd1

Vgs1

(17)
g
(

y
)

= c1
(

1− αy
)

+ c2
(

1+ αy
)

= (c1 + c2)+ (c1 − c2)αy
= 1− (c1 − c2)αy

(18)R(x) = Vgc0 − V∗
gc0

∼=
1

4

Vgs1
2

Vgs0
−

g(x)2Vgs1
2

4Vgs0
=

Vgs1
2

4Vgs0
(1− g(x)2)
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where V∗
gc0 is the gate to channel potential at no AC signal applied. For open drain

We can therefore substitute into Eq. (18) to get the drain response (x = Lg )

In this section, we have shown that in the case of short channel MOSFET the incom-
plete decay of the AC signal causes incomplete rectification of that signal. Our equa-
tions show that an approximately linear relation relates the rectification response to the 
channel length at very small length, however as the channel length increases the relation 
deviates from linearity approaching saturation. It is important to identify here that short 
here is identified with respect to the effective AC decay length of ( Leff  ) which depends 
both on the frequency as well as the channel parameters itself.

Methods
Our simulated device (Si MOSFET) is defined and structured by Synopsis Sentaurus 
(TCAD) simulator tool. In the following section, we’ll go into more depth on how to 
model a Si MOSFET to study its ability to detect THz radiation in a short channel.

Device simulation
The device structure of our THz detector is based on N-channel 2D MOSFET. The active 
device material is silicon. The thickness of the substrate is 7 nm and of the gate oxide 
( tox ) is 5 nm. Multiple values of gate length were used. The length of the source/drain 
region is 0.25 µm while the length of the source/drain contact is 0.2 µm. The detector is 
established with a gate length varied as ( Lg = 25,50,60,70,75,100 and 150 nm). Schematic 
of the device of channel length Lg = 100 nm is shown in Fig. 1.

To operate the MOSFET at open drain mode, the drain current is fixed at zero value. 
The source and substrate are grounded and THz radiation with frequency (1THz) and 
amplitude (0.05 V) has been applied to the gate (g). Multiple values of Dc gate voltage 
(0.1–1.9 V) were simulated. The circuit schematic of the simulated device in this mode 
is shown in Fig. 2. Two simulation modes were needed, the first one is quasistationary 
(steady state) mode for dc voltage to extract I-V characteristics and the second is tran-
sient where AC signal is applied to the gate with 1THz frequency.

Results
The results of the device characteristics and its simulation results are presented in this 
section. We extracted also the detailed development of rectified signal within the chan-
nel to further study it. The basic characteristics of n MOSFET detector are presented 
through the well-known Id - Vd characteristics for FET device in Fig. 3a for Vg = 6V  and 
Fig. 3b for Vg = 0.5V  where Lg = (25, 50, 60, 70, 75, 100 and 150 nm).

(19)Vcs1(x) = Vgs1 −
g
(

x
Lg

)

Vgs1Vgs0

Vgc0

∼= Vgs1 − g

(

x

Lg

)

Vgs1

(20)
R = Vgs1

2

4Vgs0
(1− (1− (c1 − c2)α)

2)

= Vgs1
2

4Vgs0
(2(c1 − c2)α − (c1 − c2)

2) = Vgs1
2

4Vgs0

2(c1−c2)Lg
Leff

(1− (c1 − c2)
Lg

2Leff
)
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Fig. 1 The structure of the simulated Si MOSFET device

Fig. 2 Circuit model of n MOSFET detector (open drain mode)

Fig. 3 Id - Vd curves of simulation of 2D nMOSFET for short channel lengths a Vg = 6 V and b Vg = 0.5 V
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After extracting the transient output voltage, rectification is calculated from the tran-
sient response at a fixed Vg0 , such as

At 0.05  V ac amplitude, the rectified signal is obtained in Fig.  4. To analyze these 
results, we extract the cutlines of the potential along the device channel at the same 
channel lengths to show the potential profile within the device.

The AC potential across the channel is extracted in Figs. 5 and 7a using Eq. (19) at all 
channel lengths, the rectified signal inside the channel is illustrated in Figs. 6 and 7b. 
Finally, in order to verify that discretization in the time step did not give rise to error, we 

(21)R = (

∫ T

0
Vd(t)|Vg1=0.05

− Vd |Vg1=0
dt)constVg ,Lg ,x

Fig. 4 Rectified drain signal as a function of Vgs1

Fig. 5 The AC electrostatic potential amplitude along the channel for a Lg = 25 nm, b Lg = 50 nm, c 
Lg = 60 nm, and d Lg = 75 nm
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calculate the rectification of the boundary conditions ( especially the drain current) as 
shown in Fig. 9.

Discussion
To validate the simulation response results which are plotted in Fig. 4, we compare 
them to experimental data [29]. Figure 8 shows the experimental results of a similar 
device operation (model of the floating drain with gate AC input) [29], and it exhibits 
a remarkably high degree of consistency, as both figures show a peak at the threshold 
potential and a reduced response inversely proportional to the effective gate poten-
tial. This is also consistent with the established literature. To account for variation 
between the manufacture and simulated devices, the normalized response is shown, 
instead of the exact values, showing consistent behavioral response and an acceptable 
error percentage of behavioral response and an acceptable error (average deviation) 
of 0.005.

The discretization error results (Fig. 9) support our expectations ( Id = 0,Vg0 = V ∗
g0) , 

indicating that the data extraction and calculation of the rectification response suffi-
ciency were accurate.

On the other hand, the dependence of Rmax requires analyzing the AC potential first. 
As shown in the last section, the absorption of AC signal within the channel is related to 
the channel length. In order to explicate this effect, we compare between the rectifica-
tion response (Fig. 4) and the theoretical response in the model developed in Theoretical 
analysis section. The change of AC signal through the channel is shown in Figs. 5 and 7a 
showing incomplete decay of the AC signal due to the short channel lengths.

Fig. 6 The rectified potential ( RV ) along the channel for a Lg = 25 nm, b Lg = 50 nm, c Lg = 60 nm, and d 
Lg = 75 nm
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Increasing the channel length causes almost complete decay of the AC decay through 
the channel. The Ac amplitude at the source is fixed at 0 ( Vgs1 = 0.05 V) while the AC 
signal at the drain is determined by both the decayed component through the channel as 
well as the drain stray capacitances which are affected by the gate potential.

The results of rectification response at varying channel lengths (Fig. 4) show that the 
peak response varies both in value ( Rmax) and in the corresponding gate potential 
( Vgmax ). The change in Vgmax is due to the shift in threshold potential due to varying the 
channel length. This dependence can be shown in Fig. 10 where both Vth andVgmax are 
plotted at varying in channel length. The dependence of the rectification response on the 
AC amplitude at the terminals is presented in Eq.  (18) through ( Vgs1

2 − Vgd1
2 ) while 

Eq.  (20) shows the dependence of this AC differential on the channel length for 

Fig. 7 a The AC electrostatic amplitude and b the rectified potential response along the channel 
(Lg = 100 nm)
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Fig. 8 Theoretical (dash line) and experimental [29] (solid line) response of the nMOSFET vs effective DC gate 
voltage ( Vgs0 − Vth)

Fig. 9 The discretization error at different values of Vgso

Fig. 10 The variation of both Vthand Vgmax with channel length ( Lg)
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( Lg < Leff  ). The results of this model are plotted versus the maximum response Rmax 
from the TCAD simulation. Figure 11 shows the Rmax vs channel length and the depend-
ence of ( V 2

gs1-V
2
gd1 ) where Vgs1&Vgd1 are extracted from the simulation results given in 

Figs.  5 and 7a. This figure also shows Eq.  (13) where h0 is chosen as the best fit 
parameter.

The results shown in Fig.  11 indicated the accuracy of Eq.  (20) showing the initial 
dependence of the rectification response on the channel length. This dependence tends 
to saturate as the channel length reaches the AC decay length Leff .

Conclusions
A physics-based model as well as a TCAD simulation study of a Si MOSFET with a short 
channel length acting as a THz detector are presented in this paper. Our model proposes 
that decreasing the channel length below the effective decay length of the THz signal causes 
incomplete signal decay and rectification. Our model was able to extract and formulate this 
effect analytically and show it through TCAD simulation as well across a wide range of gate 
bias voltages. The observed results are consistent with the analytical model that we have 
developed. In addition, this study shows a detailed buildup of the rectification through the 
channel of the MOSFET which we argue is a significant tool for understanding the modeling 
of FET THz detectors. However, the simulation results show that expanding this study to 
include increasing channel length is important to investigate any damping effects around and 
beyond the effective decay length. Increasing the channel length beyond the effective decay 
length shouldn’t affect the rectification by variations in terminal AC signals as they saturate 
at a maximum value however a detailed study is required to investigate other dependencies.

As a result of the current low efficiency of THz FET detectors, attempts are ongoing to 
explore the limits of the device performance and their dependence of the different parame-
ters of its design. The results presented here provide an important criterion to optimize the 
device design and response, which is the minimum channel length at which the device is 
ineffective for THz detection. They also identify the relation between the optimum opera-
tion frequency, channel length, and rectification response.

Fig. 11 The variation of Rmax with channel length Lg
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