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A R T I C L E  I N F O    A B S T R A C T   

Keywords:  Despite the advantages of semiconductor field-effect transistors (FETs), they have yet to show competing responses in 

terahertz (THz) radiation detection compared to other techniques. It is therefore important to improve our understanding 

of the FET operation when detecting THz radiation beyond its cut-off frequency. The journey of modeling THz detection 

in FET started with the plasma wave model by Dyaknov and Shur and proceeded to other approaches to develop a physics-

based model of the FET nonlinearity that drives the high-frequency rectification. This work presented a review of the 

models developed to model the operation of FEET detectors. The common factors as well as the advantages of each model 

are emphasized. The more we understand these models, the better we can guide the development of FET designs for 

higher detection responses. 
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1. Introduction 

Terahertz (THz) detection technology has become increasingly significant over the past few decades in a variety of fields, including security and 

industrial imaging, space exploration, and many other applications [1]. Consequently, the need for more sensitive terahertz detectors is increasing. A 

terahertz detector captures electromagnetic radiation with a terahertz frequency (0.3-3 THz) and transforms it into an electric signal [2].  

Multiple important devices use THz detection technologies such as microbolometers [3, 4], Golay cells, and Superconducting Tunneling Junctions 

(STJ) [5]. However, field-effect transistors (FETs) are one of the promising candidates for THz detection. THz detectors based on FETs (TeraFETs) 

offer room temperature operation, fast response time, and very high integration and functionality levels, which are required for future large sensor 

arrays and terahertz (THz) imaging systems [6].  

The FET is a three-terminal device that regulates the current flow through its channel using a gate-controlled electric field (see Fig. 1). The 

principle behind THz radiation detection in a FET device beyond its cut-off frequency is based on the nonlinear properties of the transistor [7,8]. 

Different types of FETs, such as Schottky diodes [9], Metal Oxide Semiconductor Field Effect Transistors (MOSFETs) [10-13], Heterostructure Bipolar 

Transistors (HBTs) [14,15], and High Electron Mobility Transistors (HEMTs) (e.g. GaAs-based commercial HEMTs [16], nitride-based HEMTs [17,18], 

and gated double quantum well heterostructures [19]) were used to detect the THz radiation.  

 While the literature on THz detectors agrees that the inherent nonlinearity within a FET is the main driver for its operation as a rectifier, multiple 

approaches have been considered for modelling THz rectification. In this work (section 2), we present a review of different models used to describe 

THz rectification beyond the cut-off frequency and the physics supporting them. And in section 3 we will discuss how these models include the effect 

of coupling the externally applied radiation to the intrinsic device and how that can affect the overall response. It is important to better understand 

the physics behind the FET's responses to improve its performance.  
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Fig. 1. The structure of the simulated Si MOSFET device[11]. 

2. Modelling THz radiation detection in FETs 

The proposed theoretical models for THz radiation detection in a FET started with the plasma wave model by Dyaknov and Shur [20], who 

postulated that a FET can be a resonator of plasma spreading through the channel and that THz radiation can be detected using the nonlinear 

characteristics of these plasma waves. According to their work, the hydrodynamic formulas for shallow water waves can be used to explain the 

transistor's behaviour [20, 21]. However, recent research has opted to use the more comprehensive hydrodynamic model. Due to its complexity, the 

hydrodynamic model has been used mostly in simulation models, as it is harder to adapt in analytical models. 

Another approach to modelling TeraFETs is the Boltzmann transport-based approach, which has been effectively used in the theoretical literature 

[22]. This approach includes the equivalent circuit model which represents the FET's channel as a non-quasi-static (NQS) distributed element device 

[23], or a nonlinear transmission line (TL) model [24]. One of the advantages of the equivalent circuit model is the possibility of integrating it into 

other circuits or device simulators, such as SPICE (Simulation Program with Integrated Circuit Emphasis) [25]. It can also integrate the external loading 

effects with the intrinsic channel response.  

Another important approach that can describe the non-resonant detection of the FET detector is the phenomenological model [26]. The 

phenomenological model describes the FET THz rectification in terms of the device output, and it can also relate the photoresponse to the DC channel 

conductivity.  

In the following sections, we will review and discuss these models and their differences, as well as identify their advantages and disadvantages.  

2.1. Plasma Wave Theory  

This is the first theory for THz detection in FET proposed by Dyaknov and Shur [20]. It relies on the THz radiation's excitation of plasma waves in 

the FET's channel to produce a DC output [16,27,28]. However, this perception conflicts with the conventional theoretical concept of plasma. 

Nevertheless, this theory has been adopted in many works [29, 30]. In this model, the Euler equation is used with the continuity equation to describe 

the 2D plasma in the channel, which is a known approximation for the transport charge in the channel’s electron gas. 

𝜕 𝑉𝑔 𝜕𝑡⁄ + 𝜕( 𝑉𝑔𝑣) 𝜕𝑥⁄ = 0                     Euler equation (1) 

𝜕𝑛 𝜕𝑡⁄ + 𝛻. (𝑛𝜈) =  0                          Continuity equation   (2) 

Where  𝑉𝑔 is the effective gate-to-channel voltage ( 𝑉𝑔= 𝑉𝑔𝑠 − 𝑉𝑇ℎ ), 𝑉𝑇ℎ is the threshold voltage,  𝑉𝑔𝑠 is the applied DC gate to source voltage, 
𝜕 𝑉𝑔

𝜕𝑡
 is 

the longitudinal electric field, 𝜈 is the drift velocity, and 𝑛 is the charge density. Under the boundary conditions of an open drain, the solution of those 

equations was given in Ref. [29, 30] as, 

𝛥𝑉 = (𝑉𝑎
2 4 𝑉𝑔⁄ )𝐹 (3) 

where 𝛥𝑉 ≈ 𝑉𝑎 𝑐𝑜𝑠 𝜔𝑡 is the incident drain-to-source voltage [10] such that 𝑉𝑔 = 𝑉𝑔𝑠0 + 𝑉𝑎 𝑐𝑜𝑠 𝜔𝑡, 𝑉𝑎 is the AC gate-source amplitude, and F is a 

modulating function. In the case of high-frequency radiation (comparable to the plasma resonance frequency 𝜔0 ), F is frequency dependent, giving 

rise to resonant detection. In this case, F=f (𝜔) depends on two dimensionless parameters: ωτ and sτ/𝐿𝑔 (where 𝐿𝑔 is the channel length, 𝜔 is the 

plasma oscillation frequency, 𝜏 is the relaxation time, and 𝑠 is the plasma wave velocity). However, for lower frequencies (𝜔𝜏 < 1), the dependence of 

F on 𝜔 decreases, and the FET operates as a broadband detector. In this case, F depends only on the bias and the boundary conditions.  

The work of Meziani et al. [31] showed the dependence of F(𝜔) on the channel length. 

F(𝜔)= 1 4𝐿𝑔⁄ √
𝑒 𝑉𝑔

𝑚
 (4) 

Their results showed that increasing the channel length dampens the response. To model the deep saturation behaviour, Veksler et al. [32] took 

into consideration the saturation FET model, the parameter controlling the modulation of the channel length, and the dependence of the threshold 

voltage on the source-bulk potential, such as:  

 Vgs
2 = 2𝐿𝑔𝑗𝑔 𝜇𝐶𝑔⁄  (5) 
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where 𝑗𝑔 is the current density, 𝐶𝑔 is the gate to channel capacitance, and 𝜇 is the electron mobility. It’s worth noting that despite the revolutionary 

theoretical concepts introduced by Dyaknov and Shur, the plasma theory still lacks strong evidence. And although the Euler equation is an acceptable 

approximation for change transport in the FET, it’s not sufficient for describing the FET operation in different structures and under different operation 

conditions. However, this model was the only one that addressed the intriguing resonant detection. For the broadband detection case, other 

alternatives have gradually attracted attention, such as the hydrodynamic model, which includes within it the Euler equation. 

2.2. Hydrodynamic Model 

While the above plasma wave model was based on the hydrodynamic particle behaviour, the models mentioned here depart from the plasma wave 

image and use the complete set of hydrodynamic equations to extract the FET response. Many studies have used the hydrodynamic model to derive 

an analytical equation to describe the electrical properties of teraFET detectors [33–39], while others used hydrodynamic equations within TCAD 

(Technology Computer-Aided Design) simulators [40-42]. The continuity equation can be described by equation (2Error! Reference source not found., 

while the standard hydrodynamic equation of motion [23] can be given by 

𝜕𝜈 𝜕𝑡⁄ +  𝜈 𝜕𝜈 𝜕𝑥⁄ + 𝜈 𝜏⁄  = −(𝑒 𝑚)(⁄ 𝜕 𝑉𝑔 𝜕𝑥⁄ ) (6) 

Zhang and Shur [43] demonstrated using the 1D hydrodynamic equations that the incoming pulse width and the response time under the long 

pulse mode significantly impact the response of TeraFETs to ultrashort pulse signals. They also demonstrated in [44], that p-diamond ( diamond is a 

wide band gap material that has relatively high dielectric strength and thermal conductivity, the highest carrier mobility, and a maximum effective 

mass) teraFETs have a remarkably low essential resonant mobility, a greater DC voltage response than other teraFETs, and the ability to operate in 

the resonant mode in the sub-terahertz frequency range. On the other hand , the 2D hydrodynamic model (HDM) has been used in many works like 

[30,45-51] to increase model accuracy by accounting for 2D effects on the rectification. 

Knap et al. [45] showed that the photoresponse both below and above the threshold gate voltage could be developed using this model by taking 

into account the gate leakage current that caused the detector response to be dampened in the sub-threshold region. As a result, the photoresponse 

reached a non-resonant maximum (see Error! Reference source not found.). However, the photoresponse can have sharp resonant peaks in the 

vicinity of plasma resonance [46,50] (see Error! Reference source not found.) and is non-quadratic at large input signals according to the work of 

Gutin et al.[51]. The hydrodynamic equations are used to describe the plasma waves in the 2D electron layer and the response of the channel in many 

regions of operation has been applied in many works such as Gorbenko et al.[46, 50,52] and Aizin [53]. They used standard hydrodynamic equations 

to describe the plasma waves in the 2D electron layer. Gorbenko et al.[46,52] demonstrated that the intrinsic FET channel exhibits a helicity-driven 

response in this region by applying the same principle to the study of the resonant regime of TeraFETs operation.  

However, to account for the collisions with phonons and impurities, Aizin [53] presumptively used a ballistic electron transport model. The excess 

carrier concentration in the channel of TeraFETs that is created by the photoexcitation was studied [34, 54-56] by using 2D HDM. In these works, they 

used a 2D hydrodynamic approach to describe the excess carrier concentration generated by the laser photoexcitation. 

 
Fig. 2. The GaAs/AlGaAs 0.15 mm FET's photoresponse to radiation at 600 GHz at temperatures of 8, 80, 150, and 296 K. The maximum 

indicated by the arrow is the resonant detection seen at the coldest temperature: 8 K [45]. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3. Resonant dependence of a) the voltage response at a given frequency[46] and b) the basic plasmonic frequency's dimensionless response 

to radiation at various phase shifts [50]. 
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Zhang et al. [57] described the behaviour of the electrons in the transistor channel and found that quantum effects must be taken into consideration 

to characterise the propagation of THz waves along the channel in teraFETs. Therefore, the Quantum Hydrodynamic Model (QHM ) was used to 

support their analysis of the quantum effects. 
 

𝜕𝜈 𝜕𝑡⁄ +  𝜈 𝜕𝜈 𝜕𝑥⁄ + 𝜈 𝜏⁄  =
ℏ2

2𝑚2

𝜕

𝜕𝑥
(

1

√𝑛
−

𝜕2√𝑛

𝜕2𝑥
) −

𝑒

𝑚

𝜕 𝑉𝑔

𝜕𝑥
−

1

𝑚𝑛

𝜕𝑃

𝜕𝑥
 (7) 

where P is the local pressure in the 2D electron fluid. Finally, the HDM has proven to be effective in many studies for simulating some new device 

designs [20, 42, 58, 59] (Error! Reference source not found.). One of the studies that have used the hydrodynamic equation within TCAD simulators 

is the work of Delgado-Notario et al. [40]. They used this model to examine the electrical characteristics of deep-submicron FET transistors used in 

THz detection, and they used 2D HDM to achieve the photovoltaic THz response of strained-Si MODFETs at different gate lengths [58] by using the 

TCAD simulator. The structure of the device at different gate lengths is shown in Fig. 5. TCAD results obtained using HDM model physics have proven 

to be consistent with the experimental ones.  

Si MOSFET TeraFETs were also simulated using TCAD simulators[11] Therefore, a suitable device design is required to maximize the PV response 

by optimizing the device's variables (such as its gate length). Ritesh Jain et al. [60] used time domain TCAD simulations to extract the effects of device 

parasitics (such as source resistance, drain resistance, and drain-to-body and channel-to-body capacitances) on the operation of CMOS FET THz 

detectors. It was found that by reducing the drain-to-body and channel-to-body capacitances and increasing the drain, and source resistances, the 

photoresponse can be improved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. Si MODFET photoresponse as a function of gate voltage with (a) different gate lengths under THz excitation of 300GHz [58](b) various 

frequency excitation (100, 300, 500 GHz, and 1 THz) for a device with Lg = 50nm[59]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Fig. 5. The structure of Si/SiGe MODFET devices [ 42, 58, 59]. 

 

Raj [61] simulated the symmetrical design of a double gate dielectric modulated junctionless tunnel field-effect transistor (DG-DM-JLTFET)-based 
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structure (see Fig. 6). Using TCAD simulation, they extracted the sensitivity of the DG-DM-JLTFET to identify biomolecules by varying the drain current, 

subthreshold slope, and ION/IOFF ratio. HDM’s main strength is in its use within the TCAD simulator. However, its complexity offers little insight into 

the physical operation of the FET.  

 
Fig. 6. Cross-sectional device structure of DG-DM-JLTFET [61]. 

2.3. Boltzmann Transport Model 

Boltzmann transport-based models describe the nonlinear FET responsivity beyond cut-off by solving a set of differential wave equations like the 

hydrodynamic FET model. However, the Boltzmann transport-based models have the advantage of directly addressing each of the different 

phenomena that affect the output response. This has proven essential when device design modifications are required for higher responsivity. The 

Boltzmann transport model (drift transport model) was used to extract the response of teraFETs in multiple works along with the continuity equation. 

The teraFET in this approach can be described without the need to add any assumptions regarding charge density as in the above models. This 

approach also accounts for the different operation domains of the transistor.  

Many researchers used the Boltzmann transport model to study the transport of electrons in the FET channel in different operation regions [22, 

62]. Ibrahim et al. [22] used the semi-classical drift current equation to model the FET channel's electron transport in both linear and saturation 

regions. In this work, the channel was divided into two regions depending on the operation conditions: the linear part, where the gradual channel 

approximation (GCA) is applied, and the saturation region, where the GCA is not valid. When the transistor is in saturation, the separation between 

the two regions occurs at 𝑋𝑠, which is the saturation point where the onset of either pinch-off or saturation occurs. 

In the linear region (0<x<𝑋𝑠 ), the carrier velocity is linearly proportional to the electric field, while at the saturation region (𝑋𝑠<x<𝐿𝑔), the response 

saturates at a constant value in the saturation region. In the saturation region, the total change in dc potential due to ac applied signal (∆𝑉𝑠𝑎𝑡) can be 

expressed as 

∆𝑉𝑠𝑎𝑡 = 𝑉𝑠𝑎𝑡(𝐿𝑔-𝑋𝑠)- 𝑉𝑠𝑎𝑡(𝐿𝑔-𝑋𝑠
∗) (8) 

This means that rectification in the linear region changes the length of the saturation region, and consequently, the amplification factor applied to 

that region. Furthermore, Ibrahim et al. [22] divided the saturation regime into three sub-regimes (complete, deep, and shallow saturation) using the 

drift FET model, each of which has a unique rectification response function. This work also studied the relation between the decay length of the AC 

signal and the saturation length of the channel, which led to the distinction between shallow and deep saturation.  

Based on the Boltzmann transport model, the principal characteristics of a GaN HEMT's THz response (see Error! Reference source not found.) 

are described in the work of Hou et al. [62], and the rectified second-order output signal is also extracted. According to equation (9), the first term is 

an indication of a perturbation along the channel direction, and the second term is an indication of a perturbation along the gate direction. 

{
𝛿𝑉̃𝑑𝑠 = 𝛿𝑉𝑑𝑠 𝑐𝑜𝑠(𝜔)

𝛿𝑉̃𝑔 = 𝛿𝑉𝑔 𝑐𝑜𝑠(𝜔 + 𝜙)
⇒ {

𝑉𝑑𝑠 ⟶ 𝑉𝑑𝑠 + 𝛿𝑉̃𝑑𝑠

𝑉𝑔 ⟶ 𝑉𝑔 + 𝛿𝑉̃𝑔

  , 𝑖𝑑𝑠 𝐺𝑜(𝑉𝑔)𝑉𝑑𝑠 (9) 

Also, by using the Boltzmann transport model, Hassanalieragh et al. [21] have shown that the sub-threshold Si MOSFETs' exponential dependence 

of the channel electron density on the gate-source voltage is the effective nonlinear mechanism. Two modes of detection are possible by because the 

electron densities on the source and drain sides of the channel differ, if the asymmetry is maintained. Accordingly, the diffusion current was shown to 

be.  

𝑗𝑑𝑖𝑓𝑓 = 𝐷𝑒(𝑛𝑒(𝑆)  − 𝑛𝑒(𝐷) Lg⁄ )                                Open drain  (photovoltaic) (10) 

𝑖𝑑𝑖𝑓𝑓 = 𝑊 ∫ 𝑗𝑑𝑖𝑓𝑓
𝑌𝑐ℎ

0
𝑑𝑦                                           Current flow (photoconductive) (11) 
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Where 𝑗𝑑𝑖𝑓𝑓 is the diffusion current density, De is the electron diffusion constant, W is the gate width, 𝑛𝑒(𝑆), and 𝑛𝑒(𝐷) is electron density at the 

source and drain sides of the channel, respectively, and Ych is the channel depth. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 7. (a) The cross-section of the GaN HEMT detector. (b) The photocurrent vs Vg for both the conventionally designed symmetric antenna and 

the suggested asymmetric antenna [62]. 

The 2D photovoltaic detector (shown in  

Fig. 7(a)) is simulated in the time domain using the Synopsis device simulator (Sentaurus) and is used to confirm the above assumption. The 

authors used the device simulation results to verify their proposed THz detection theory (see  

Fig. 8 (b)). From the above-mentioned review, Boltzmann transport based NQS models present a significant approach for physics-based models 

of teraFETs. These models can be directly related to the device’s design as well as operation. Such a feature is important as it gives researchers insight 

into how to develop devices with a higher response. 

 

 

 

 

 

 

 

 

 

 

Fig. 8. (a) Si MOSFET in photovoltaic THz detection mode created by Sentaurus device simulator. (b)The values of the DC shift in electron density 
at the channel's source and drain sides are normalized to the maximum DC shift there. Moreover, the THz response and the variations in the two DC 

shifts [14]. 
 

2.4. Equivalent Circuit Model 

The equivalent circuit model uses the superposition method to represent the NQS relationship between the FET’s characteristics by representing 

the channel as a transmission line circuit (TLC). In the TLC approach, the FET channel can be modelled as a distributed RC or RLC network circuit. 

These distributed RC or RLC network elements (channel resistance and capacitors between the gate and the channel points) make the equivalent 

circuit model another form of the Boltzmann transport model. The Boltzmann transport model has been used in numerous studies, and it has been 

demonstrated that the circuit configuration is directly related to the potential and current boundary conditions. 

Using this approach, the effect of parasitic elements of extrinsic FET was the focus of both Son and Yang [63] and Kopyt [64] (Fig. 9 and Fig. 10). 

Kopyt et al. [64] used the transmission line method to create a model of the MOSFET's channel to study the behaviour of the detector under sub-THz 

radiation delivered through the gate and source pads. By representing the device with an electric equivalent circuit (as in the TCL model), the device 

could be simulated using a standard circuit simulator ( SPICE model) at frequencies significantly higher than the device cut-off frequency, as in the 

work of Guttin et al. [25, 65, 66]. 
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Fig. 9. Basic model for the TeraFET detector at high frequency including the parasitic capacitances [63]. 

 
Fig. 10. The construction of an n-MOSFET on a p-type well with two ohmic contacts for the drain and source and a polysilicon gate on a narrow 

gate oxide is simplified [64]. 

This model is also compared to traditional SPICE models (Fig. 11 a,b) which fail to model the device operated in Quasi Stationary (QS) conditions, 

but for Non-Quasi-Stationary (NQS) conditions, the SPICE circuit model of a THz FET response is appropriated [24, 67– 69].  

Whereas the channel can be represented by a transmission line model with nonlinear distributed elements [24, 61]. Elkhatib et al. [68] show the 

multi-segment SPICE model (see Fig. 12), which is based on the unified charge control model (UCCM), the distributed nonlinear impedances, and the 

internal capacitances of the intrinsic FETs.  

It is worth noting that the results of Ayoub et al. [67] have shown that the channel has little effect on the rectification process. and the transmission 

line circuit (TLC) boundary elements (Fig. 13) at the source/drain contacts are the principal source for the second order response that had the 

maximum rectification response. This result is shared by the work of Ludwig et al. [70], who used the Fermi energy continuity equation to extract the 

equivalent circuit model elements.  

The previous approaches fall between the hydrodynamic-based TCAD simulation and the Boltzmann transport-based model. On one side, it lends 

itself well to circuit simulators, while on the other, the values of the circuit elements are extracted from the Boltzmann transport model and are hence 

physics based with explicit dependence on the design and operation. 
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Fig. 11. (a) Typical FET circuit representation in SPICE (b)THz SPICE model with n gate length segments 𝐿𝑔/n, interconnected gate resistance of 𝑅𝑔/n, 

distributed RC recognition of device channel, and equivalent SPICE model [25]. 
 

 

Fig. 12. Equivalent circuit of each section of the multi-segment SPICE model with leakage elements [68]. 

 

The different variations presented above are due to different approximations for the circuit elements considered by the researchers to be 

significant elements contributing to the nonlinear rectification process. A comparative study of the relative weight of the contributions to each has not 

been presented yet. 

 

Fig. 13. The channel of the circuit for the bundled N-element R-C transmission line (TLC) [67]. 

2.5. Phenomenological Model 

A few phenomenological models were developed to describe the FET THz rectification in terms of the device output characteristics [26], [71]–[73] 

as in the work of Sakowicz et al. [26], where they found that under broadband operation conditions, the phenomenological model connects the 

photoresponse to the conductivity of the DC channel, which can be represented by various electronic models. But it did not cover the effect of source-

drain current. Other models that have been used to describe the operation of a transistor in various channel systems include the work of Elkhatib et 

al. [72] and But et al. [73].  

In the work of Elkhatib et al. [72], the authors described the response of InGaAs/GaAs HEMTs in the saturation and ohmic regimes. Their model in 
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the non-resonance detection case (𝜔𝜏 ≪ 1) showed that the AC voltage falls off exponentially along the channel on the typical spatial scale. Then they 

concluded that the response increases linearly in the deep saturation regime and increases greatly at the intermediate point between the linear and 

saturation regions. El Khatib et al. [73] described the transistor’s operation at three different operation regions. These three regions are weak 

(𝑉𝑔 << 𝑉𝑇ℎ), moderate (𝑉𝑔 ≈ 𝑉𝑇ℎ), and strong (𝑉𝑔 >>𝑉𝑇ℎ) inversion. It is possible to define the drain-source current (𝐼𝐷𝑆) by its diffusion component 

using the following equation: 

𝐼𝐷𝑆 = 𝐼0 × (1 − 𝑒𝑥𝑝
− 

𝑉𝐷
𝜙𝑡 ) × 𝑒𝑥𝑝

− 
𝑉𝑔 −𝑉𝑇ℎ 

𝜂𝜙𝑡  (12) 

where  𝐼0 is the current factor, 𝑉𝐷 is the drain voltage, 𝜙𝑡  is the thermal voltage, and η is the ideality factor of the FET. The work of Földesy [74] 

took into account the impact of bulk potential and used the phenomenological representation to identify the long channel FET detector behaviour in 

all FET operating domains, including depletion, strong and weak inversion, and non-zero source-drain current. With the help of the drain current ratio 

(𝑔𝑚/𝐼𝐷𝑆), this model connects the photoresponse to the gate transconductance. He started with the response 𝛥𝑉, which is determined by the channel 

conductivity (𝜎𝑠) and the small current DC transfer function to get. 

𝛥𝑉 ∝ 𝑃𝑎𝑐
𝜕

𝜕𝑉𝑔
𝑙𝑛 𝑙𝑛 (𝜎𝑠)  ∝ 𝑃𝑎𝑐

𝜕

𝜕𝑉𝑔
𝑙𝑛 𝑙𝑛 [𝐼𝐷𝑆(𝑉𝑔𝑠)]  (13) 

and 

𝜕

𝜕𝑉𝑔
𝑙𝑛 𝑙𝑛 [𝐼𝐷𝑆(𝑉𝑔𝑠)]  =

1

𝐼𝐷𝑆(𝑉𝑔𝑠)

𝜕𝐼𝐷𝑆(𝑉𝑔𝑠)

𝜕𝑉𝑔
=

𝑔𝑚

𝐼𝐷𝑆(𝑉𝑔𝑠)
 (14) 

  

where 𝑃𝑎𝑐 is the incident RF power. From these equations, he concluded that the maximum 𝑔𝑚/𝐼𝑚 ratio appeared in weak inversion and was 

equivalent to 1⁄n 𝑉𝑡ℎ𝑒 (where n is the inclination factor and 𝑉𝑡ℎ𝑒is the thermal voltage), and with source-drain current lowering exponentially in the 

reduced gate-source voltage region, the 𝑔𝑚/𝐼𝑚 quickly decreases as leakage currents take over in 𝐼𝐷𝑆[74]. 

3. Modelling the Effects of Boundary Conditions 

While most of the research literature assumed coupling of the incident radiation or AC signal to a single contact point (usually gate or source), it 

was obvious from the beginning that it could directly couple to all the FET contacts. Experimental observations emphasised the influence of the 

coupling to the contacts of the FET when it was observed that a symmetrically designed FET suffers a strong reduction in the output response. On the 

contrary, the reduction was negligible when the FET was operated in the current flow condition. This is because the electrical coupling of the source 

and drain contacts would cause strong suppression of the drain signal. Some authors have resorted to designing an asymmetrical device through 

geometric design to consistently induce symmetry. The effect of asymmetry was further investigated in the case of broadband detection, as in the 

work of Ibrahim et al. [69].  

𝛿𝑃1 = (𝜂𝑔𝑠1
𝑝

− 𝜂𝑔𝑑1
𝑝

𝐻) 𝑉𝑔𝑠1
𝐸2  (15) 

where 𝛿𝑃1 is the difference between the squared amplitude of the input AC signal at the gate/source port and gate/drain port, 𝜂𝑔𝑠1
𝑝

 and 𝜂𝑔𝑑1
𝑝

 refer 

to the potential coupling efficiency at the gate/source port and gate/drain port, respectively, 𝑉𝑔𝑠1
𝐸2  is the extrinsic AC signal at the gate/source port, 

and H is the ratio of the two source signals that are applied to the input ports. The coupling circuit for each AC input signal (gate/source and gate/drain) 

is illustrated in Fig. 14. As a result, there are now five sources of asymmetry in the model: feed-induced, physically-induced, current-induced, 

frequency-induced, and phase-induced asymmetry. 

 

 

Fig. 14. Circuit diagram for the external FET's input AC signal coupling [69]. 
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Gorbenko et al. [41] developed the effect of phase asymmetry according to the plasma wave theory by coupling THz radiation to the FET channel 

using two antennas located on opposing sides with a phase shift (θ) between them (Fig. 15). This phase shift, which affects the boundary conditions 

for the electron fluid in the transistor channel, results in asymmetry. This phase-induced asymmetry approach eliminates the issues caused by 

frequency-dependent input, output, and load impedances by using the same antennas at the source and drain of the FET detector, making it much 

simpler to manage. 

X= {
𝑉(𝑥 = 0) = 𝑉𝑔 + 𝑉𝑎 𝑐𝑜𝑠(𝜔𝑡)

𝑉(𝑥 = 𝐿𝑔) = 𝑉𝑔 + 𝑉𝑎 𝑐𝑜𝑠(𝜔𝑡 + 𝜃)
 (16) 

Where 𝑉𝑠(𝑥 = 0) and 𝑉𝑑(𝑥 = 𝐿𝑔) are the voltages at the channel's source and drain, respectively. 

 

 

Fig. 15. Operating principles for the phase shift caused by asymmetric antennas and circularly polarized radiation in the TeraFET Spectrometer 
[41]. 

 

Finally, these mentioned models explain the behaviour of FET under the effect of THz radiation by using the continuity equation and another 

transport model equation. All of them are interested in the FET's channel as an active rectifying element for operation beyond cut-off in terahertz 

detectors. They also consider the DC second-order terms (which appear at high frequencies) neglected in the device literature. 

4. Conclusions 

Recently, TeraFETs have shown themselves to be effective alternatives for highly sensitive THz detectors. So studying the physical models that are 

used in modelling the FET as THz detectors is a target of experimental and theoretical studies. Accordingly, the theoretical models (such as 

hydrodynamic, plasmonic, and phenomenological models) used to study the response of TeraFET detectors were reviewed in this work to reach a 

better understanding of the physical phenomena guiding the operation of the FET in THz detection. These models explain the behaviour of FET under 

the effect of THz radiation by using the continuity equation and other transport model equations. All of them are interested in the FET's channel as an 

active rectifying element for operation beyond cut-off in terahertz detectors. They also consider the DC second-order terms (at high frequencies), 

which are neglected in conventional device models. Finally, the advantages of the mentioned models and the comparison among them help us optimise 

devices’ designs to reach the best performance of FETs in THz detection. 
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