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Abstract. Performance limits of uncooled unbiased field effect transistors (FETs) and 
Schottky-barrier diodes (SBDs) as direct detection rectifying terahertz (THz) detectors 
operating in the broadband regime have been considered in this paper. Some basic 
extrinsic parasitics and detector-antenna impedance matching were taken into account. It 
has been concluded that, in dependence on radiation frequency, detector and antenna 
parameters, the ultimate optical responsivity (ℜopt) and optical noise equivalent power 
(NEPopt) of FETs in the broadband detection regime can achieve ℜopt ~ 23 kV/W and 
NEPopt ~ 1⋅10–12 W/Hz1/2, respectively. At low radiation frequency ν in the THz spectral 
region the NEPopt of SBD detectors can be better by a factor of ~1.75 as compared to that 
of Si MOSFETs (metal oxide semiconductor FETs) and GaAlN/GaN HFETs (hetero-
junction FETs) with comparable device impedances. 
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1. Introduction  

THz technologies (ν ~ 0.1 to 10 THz) utilizing direct 
detection detectors have attractive interest due to 
potential applications in relatively high resolution 
imaging, spectroscopy, medical diagnostics, biology and 
pharmacology, as well as security and quality-control 
applications (see, e.g. [1]). THz radiation disposed 
between microwaves and light shares their 
characteristics, which leads to composing of electronics 
and photonics, that’s why defining application domains 
and advantages over other radiation frequency regions. 
Capability of solid-state electronics at THz frequencies 
is limited, since the power and efficiency of electronic 

microwave devices related with signal amplification, 
decrease or are unrealizable in the THz frequency range. 
It does not concern FET or SBD THz detectors under 
consideration as the principles of their operation in 
detection of THz radiation are conditioned by 
rectification processes at the source/drain-channel pads 
(FETs) or junctions (SBDs).  

For many applications at ground Earth conditions, 
THz sources should be powerful enough to overcome an 
extreme THz radiation attenuation even at short distan-
ces and should be small enough to be effectively used in 
mobile THz systems. Still the shortage of compact and 
powerful terahertz sources exists [2], which restricts, 
e.g., the active imaging THz system applications.  
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Along with the sources, the important components 
of THz technology systems are uncooled and compact 
detectors that should be used at Earth conditions when 
dense atmosphere strongly absorbs, refracts, and scatters 
the THz signals. These detectors are required for 
contemporary systems to be implemented as integrated 
arrays to approach the real time performance in, e.g., 
active direct detection cost effective imaging systems. 

Silicon MOSFET, III-V HFET and III-V SBD 
rectification detectors now are among the promising 
uncooled THz/sub-THz direct detection detectors to be 
used in linear or matrix arrays. Uncooled SBD single 
detectors, as compared to other ones (e.g., Golay cell, 
pyroelectric, bolometer, FET, superlattice detectors, 
etc.), at the moment seem to be the most sensitive within 
the low-frequency THz range (ν<~300 GHz) where their 
NEP can reach NEP ~10–11…4⋅10–13 W/Hz1/2 (see [3-6], 
for Refs. see also [7]) in dependence on the radiation 
frequency range, antenna and detector impedances, 
antenna-detector matching, etc. They have long been 
used since 1940s for microwave detection and mixing 
because of their relatively high sensitivity, speed and 
ability to operate at ambient or cryogenic temperatures. 

The study of FETs as THz detectors was initiated 
by the Dyakonov–Shur [8] theory developed for HFETs 
in hydrodynamic approximation (drift current, strong 
inversion region) though images by small number of 
GaAs FET arrays, without examination of the processes 
involved for their sensitivity features, were obtained 
earlier [9]. To the moment FET detectors also have 
rather appropriate characteristics (NEPopt ~10–10…10–11 
W/Hz1/2 in dependence of channel dimensions, radiation 
frequency regions, antenna-detector matching, etc.). 

Physics of Si-FET and HFET detectors is a little bit 
different (e.g., Si FETs operate in the inversion region 
but HFETs operate in the accumulation region). For 
HFETs, the model parameters are not so properly 
developed as for Si MOSFETs. Because of it, below it is 
accepted that some parameters of HFETs can be taken 
similar to those of Si MOSFETs devices.  

The detectors under consideration have strong 
dependence NEPopt (ν) (NEPopt ~ νm) and responsivity ℜ ~ 
ν–m, where m = 2…4 [7, 10-12]). Majority of them can be 
produced at foundry level as their technology readiness 
level is high. At low radiation powers they are square-law 
detectors in which the DC voltage response is 
proportional to the incoming signal power. As compared 
to the thermal THz uncooled detectors, the rectifying ones 
have a wider dynamic range. Relatively low noise (when 
being zero biased [13]), small dimensions, and availability 
of technologies make these detectors favorable for sub-
THz/THz wave detection. All these rectifying detectors 
are rather fast (the response time τ ≤ 10–9 s in Si MOSFET 
detectors [14], τ ≤ 10–11 s in GaAs uncooled FETs [15], τ 
≤ 10–11 s in SBDs [16]). As direct detection detectors, they 
can operate in wide spectral ranges (for Si MOSFET 
detectors ν ≤ 9 THz [14], for GaAs FETs ν ≤ 22 THz [12] 
and for SBDs ν ≤ 10 THz [17]).  

The important task for application of these 
detectors, e.g., in direct detection vision systems, is 
estimation of their upper limit performance parameters 
(ℜopt and NEPopt). 

Rectifying THz FET (HFET) or SBD detectors 
consist of the sensitive non-linear element (gate-source 
contact at FET (HFET) channel or metal-semiconductor 
junction, respectively), parasitic elements and antenna. 
FET and HFET detectors considered are direct detection 
rectifying detectors with broadband (non-resonant) 
detection [18] when their channel length L is larger than 
the short channel distance near the source Leff. Within the 
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These detectors will be considered here at zero 
bias, since the nonzero bias will lead to additional noise 
in FET detectors almost not improving their NEP [13]. 
Conventional SBD detectors (e.g., GaAs SBDs) for 
effective power matching, because of high junction 
resistance, are forward biased though such biasing leads 
to an additional 1/f noise. For SBDs based on ternary  
III-V semiconductor alloys (e.g., InGaAs/InP SBDs  
[20, 21]), when Schottky potential barrier is lowered, the 
impedance at zero bias is much lower, as compared to 
that in GaAs or Si SBDs. 

2. Currents and voltages 

Density plasma perturbations lead to rectification of high 
frequency radiation at G-S (gate-source) contacts that 
gives the feasibility to consider FET as an electronic 
circuit using its current-voltage non-linear characteristics.  

The usage of current-voltage characteristics allows 
to include into consideration also diffusion current, 
which is important because, as a rule, the maximum 
output signal of FET THz detectors is observed at G-S 
biases where both drift and diffusion currents should be 
taken into account [7]. 

For rectifying detectors, an important issue to get 
optical noise equivalent power NEPopt values is the 
necessity of accounting the antenna ZA impedance and 
that of the detector Zdet with its extrinsic parasitics XP, RS 
and the load impedance ZL (see Fig. 1) 
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detectors, respectively, 
q

Tk
t

⋅
=ϕ B  is the thermal 

potential, VTH is the threshold voltage, VGS is the gate-
source voltage and the slope of current-voltage 
characteristics in FETs or ideality factor in SBDs  
n ≈ 1…10 (at room temperature n ~ 1.3…1.5 for Si 
MOSFETs [7], n ~ 1.1…1.3 for SBDs [16], n ~ 2 and  
n ~ 10 for GaAs and GaAlN HFETs [18], respectively), 
ZINT = ZGS,int , where ZGS,int is the internal source-gate 
impedance. In the case of SBDs ZINT = RD, where RD is 
the SBD differential active resistance. In Fig. 1, the ΔV0 
value indicates the signal amplitude. The parameters XP, 
ZA and ZINT are dependent on the radiation frequency ν. 

In the pioneering paper [8] and some publications 
(see, e.g. [18, 22, 23]), attention primarily was 
concentrated on the electrical ℜel responsivity or 
electrical NEPel rather than on the optical NEPopt. The 
latter one takes into account the antenna properties, its 
matching efficiency with detector, the extrinsic 
parasitics, and matching with the measuring facility. For 
FETs and SBDs, the values of NEPopt > NEPel (NEPopt is 
worse as compared to NEPel) [7, 22-24]. 

In SBDs, the diode current I = ID is dependent on 
the forward bias V = VD as [25] 
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Here, SD is the diode area, q – electron charge, 
ϕB(0) – Schottky barrier height, m* – electron effective 
mass, and h – Plank constant.  

In FETs, the channel current IDS can be presented 
as [7, 26] 
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where x and 
t

DSVy
ϕ

=  are dimensionless parameters, VDS 

is the drain-source voltage, W and L are the channel 
width and length, respectively, μn (cm2/(V·s)) is the 
electron mobility in the channel, oxC ′  (F/cm2) is the 
specific surface capacity of the metal-dielectric-
semiconductor structure. 

Under the THz radiation with the frequency ω and 
arising high frequency voltage signal ΔV0·sin(ω⋅t) 
between the detector terminals (Fig. 1), the device 
rectified current δISBD can be found using the Taylor 
series at low level signals (ΔV0 <~ nφt) and the time 
averaging. In the case of SBDs [27],  
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For the channel rectified current δIFET in FETs (see, 
e.g., [7, 28]) 
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VDS = 0 V, Δφ is the phase of the drain-source 
perturbation ΔVDS·sin(ω⋅t + Δφ) from the signal 
ΔV0·sin(ω⋅t), the parameter δGD = ΔVDS/ΔV0. In the 
simplified one-dimensional model of the FET equivalent 
circuit, the values Δφ = 0 and δGD = 1 [7, 28]. 

In general case for FETs and SBDs from Exps. (2)-
(8), the device rectified current δIdet can be found as 
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For SBDs with zero bias (VD = 0), the parameter 
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For FETs (HFETs) tFET ϕ=σ=σ 0,00 I  is the 
coefficient that characterizes the channel conductivity 
and fσ(x) is the dimensionless parameter that takes into 
account the conductivity changes in the gate-source 
voltage VGS 
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The term (2–n) in Exp. (9) is zero, when coefficient 
n = 2. It means that FET devices (for example GaAs 
FETs at room temperature [18]) with n ~ 2 could have 
low responsivity. Relatively low sensitivity of this kind 
devices was observed in [12], where ultrafast THz 
radiation detection of large area GaAs FETs was 
investigated. Also, it should be taken into account that, 
at first, the equations (4)–(6) were taken really for 
MOSFET (where n ~ 1.3…1.5) and did not include all 
types of FETs. Therefore, the coefficient n could have 
different contribution to the final signal. Second, the 
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conditions Δφ = 0 and δGD = 1 in Eq. (8) are true in the 
simplified equivalent circuit transistor model only, e.g., 
inductances can contribute, too, but were not taken into 
account. Finally, it is difficult to set the experiments 
with different type of transistors but with the same 
antennas and matching impedance conditions. 
Frequently, the authors (see, e.g., [23, 28]) to avoid the 
uncertainties assume the expression (2–n) = 1.  

For estimations of the upper limit performance of 
the detectors in the course of calculations, in this paper it 
was used n = 1.3 (Si MOSFET, that was obtained in our 
examination of Si MOSFET C-V characteristics), n = 5 
(AlGaN HFET, from our analysis of C-V characteristics 
of the investigated transistors), and n = 1 for SBDs. 

The detector voltage δVdet conditioned by current 
δIdet is 
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where fσ(x) = 1 for SBDs at zero bias. 
The coefficient ηL (Fig. 1a) takes into account the 

voltage divider between the detector resistance and the 
load impedance ZL of the registration system  
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Here RL, XL, and CL are the load resistance, 
capacitance, and capacity, respectively. 

The interconnection between the detector signal 
voltage amplitude ΔV0 and the radiation power falling 
down onto detectors, can be determined from the 
electrical circuit shown in Fig. 1. THz radiation that is 
received by the antenna with the impedance ZA generates 
the high frequency voltage with the amplitude VA in the 
antenna-detector circuit. 
 

    
 
Fig. 1. Schematic view of the FET THz detector with 
external load impedance ZL (a), and simplified schematic 
representation of rectifying THz detector taking into 
account the basic extrinsic parasitic components (b). 

In SBDs, the internal impedance is the differential 
resistance of the metal-semiconductor contact [27] 
Zint = 1/σ0. In FETs, the internal impedance can be 
calculated in approximation of double-pass line with 
distributed parameters [7, 28] 
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where σCH = σ0·fσ(x), oxCH CLWC ′⋅⋅≈  (in strong 
inversion regime) are the channel conductivity and 
capacity of FET channel, respectively. 

Taking into account the circuit in Fig. 1b, it can be 
found the detector rectified voltage 
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where ξZ is the transfer coefficient of the square voltage 
from the antenna to transistor, VA is the antenna voltage. 

3. Responsivity and NEP 

The antenna impedance can be written as [29] 

ALARAAAA XjRRXjRZ ⋅++=⋅+= ,, , (16) 

where RA and XA are the real and imaginary parts, 
respectively, RA,R is the radiation antenna resistance, and 
RA,L is the resistance of losses. The antenna voltage VA is  
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is the dipole antenna effective length [30], Z0 ≈ 377 Ω is 
the free-space impedance, λ is the radiation free-space 
wavelength, and D0 is the antenna directivity coefficient.  

According to the equations (15), (17), and (18) 
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The radiation power Popt falling down onto detector 
area Aopt is as follows  
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where WTHz is the power density of the electromagnetic 
wave. Then, for the current optical responsivity ℜI,opt = 
δIdet /Popt from Exps. (9) and (20) it follows in the form 
of similar Exps. for SBD and FET detectors 
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and for the voltage optical responsivity ℜV,opt = 
δVdet /Popt 
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efficiency of antenna (like an aperture efficiency in 
[29]), and dxfdf σσ =′ .  

The optical NEPopt = Vnoise/ℜV,opt expression for a 
minimal noise that is the Johnson–Nyiquist noise  
[13, 31] in FETs at zero bias VDS = 0 and SBDs at VD = 0 
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Here, the resistance R0 = 1/σ0. The parameter ηL in 
Exp. (13a) depends on the registration setup, and for 
upper limit performance estimations it was taken ηL =1. 

For FETs, rdsw is the resistance per unit transistor 
width between the source and drain areas (except 
channel resistance), Ω·μm. The parameter rdsw was taken 
from BSIM3.3, BSIM4 models for MOSFETs or from  
I-V FET characteristics.  

This coefficient can play a substantial role in 
devices with high electron mobility. In Si MOSFETs its 
influence is less noticeable, as the channel resistance 
influence is much more important. The minimum value 
of the function 75.12/1 ≈′σσ ff  and the maximum value 
of the function 1=′ σσ ff  defines the optimum NEPopt 
and sensitivity ℜV,opt values, respectively. 

For zero biased SBDs, the ratio 
W
rdsw  is s

dsw R
W
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= , 

the parameter 
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 should be changed to n, and the 

functions values 12/1 =′== σσσ fff . 
It follows that the ultimate value of NEPopt for 

MOSFET THz detectors in low radiation frequency limit 
(ν ~<300 GHz) should be worse by a factor of ~1.75 as 
compared to SBD ones (not taking into account their 
radiation frequency dependences), when their 
impedances are comparable in value, and comparable are 
the antenna impedances. 

The ultimate ℜV,opt and NEPopt values follows from 
(22) and (24), respectively, 
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under the assumptions that n = 1, RA,R= 300 Ω, 
T = 300 K, R0 = 104 Ω, ξZ = ξopt = D0 = 1, rdsw = 0 Ω·μm. 
The coefficient ξZ is dependent on the mismatch of the 
antenna-detector impedance and can be improved by in-
troducing some compensating elements (e.g., inductan-
ces). The coefficient ξopt can be higher or lower as com-
pared to unity and is dependent on detector and antenna 
design. The directivity D0 can be >> 1, but for vision 
systems with relatively large arrays it should not be high. 
The values ℜV,opt ≈ 5 kV/W were earlier observed [19]. 

4. THz rectifying detector parameters 

One of the important FET (HFET) THz detector 
parameters is the channel resistance R0 = 

( )toxn nCWL ϕ⋅⋅′⋅μ⋅  [26] which is in direct proportion 
to the channel length L, and inversely proportional to the 
channel width W and mobility μn. To reduce R0 (e.g., 
reducing the Johnson–Nyiquist noise) the length L is 
designed as small as it is allowed by manufacturing 
design rules (but L > Leff). The width W can be optimized 
to get better NEPopt performance. To decrease the 
resistance R0, the width W should be increased. At the 
same time, the width W cannot be very wide, as the gate 
parasitic serial resistance RS becomes large [32] 

( )LWrWrrR ⋅⋅++= 3210S , (26) 

where r0 is the resistance of the contacts between the 
metal and gate layers (~5 Ω), r1 – transistor source 
resistance (r1 = rdsw /2, typically r1 ~ 400 Ω·μm for Si 
MOSFETs) and r2 is the gate material resistance. For 
example, for III-V HFETs (e.g., AlGaN/GaN HFET) in 
which the gate is due to a Schottky barrier, its metallic 
gate resistance r2 is considerably smaller than the 
polysilicon gate resistance in Si MOSFETs.  

Typically, in Si MOSFETs r1 and r2 values are as 
follows: r1 ~ 400 Ω·μm, r2 ~ 40 Ω (e.g., in the 0.35 μm 
technology design rules), and in AlGaN/GaN HFETs the 
value r2 < 0.5 Ω. To avoid power losses, the value of RS 
has to be smaller than the antenna radiation resistance 
RA,R (RA,R ~ 100…300 Ω (in dependence on the antenna 
type [14, 23]).  

The channel width W is also limited by parasitic 
shunt capacitance XP between the transistor gate and 
source. It is dependent on radiation frequency ν, the 
shunting capacity C'P per unit width (it is equal to cgdo 
or cgso parameters in BSIM3.3, BSIM4 models), and the 
width W [7] 

)2/( '
PP CWjX ⋅⋅ν⋅π⋅−= . (27)  

The PC ′  values depend on design rules production 
technology (e.g., PC ′ ≈ 2⋅10–10 F/m for 0.35 µm Si 
MOSFET design rules). In estimations it is assumed 
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that the influence of the channel width W on 
capacitance XP for AlGaN/GaN HFETs and Si 
MOSFETs is similar. 

Calculated NEPopt dependences for Si MOSFET 
direct detection detectors on channel width W for 
different radiation frequencies ν and parameters used 
from BSIM3.3, BSIM4 models are presented in Fig. 2. 

From Fig. 2, one can note the strong dependences 
of the optimal NEPopt on the channel width at different 
radiation frequencies. The minimum NEPopt is shifted 
with ν growth to shorter W. For the radiation frequency 
range of ~0.5 THz for Si MOSFETs the optimum 
channel width Wopt in the long channel approximation 
should be about 700 nm. For the 4 THz radiation 
frequency range, it should be W ~300 nm. 

The optimum NEPopt is also shifted to better 
(lower) values with the antenna resistance RA,R shift from 
RA,R = 100 Ω for dipole antenna up to RA,R = 300 Ω  
[14, 23] for patch antenna. 

NEPopt (W) dependences at T = 300 K for 
AlGaN/GaN HFETs with the channel length L = 
0.25 µm (0.25 µm technology) are shown in Fig. 3. One 
can see the strong dependences on W and ν. AlGaN/GaN 
HFETs seem to be better compared to Si MOSFETs for 
low radiation frequency regions (ν < 300 GHz) and 
comparable devices noise, and Si MOSFETs can be 
better for higher radiation frequency range because of 
larger series resistance in AlGaN/GaN HFETs between 
the source and drain. It seems that the requirements to 
the channel length for AlGaN/GaN HFETs as THz 
detectors are less rigorous as compared to Si MOSFET 
detectors. 

From comparison of Figs 2 and 3, one can see that 
because of different parameters for Si FETs and 
AlGaN/GaN HFETs optimal W for their NEPopt is 
different: for optimal NEPopt of AlGaN/GaN HFETs 
the channel width should be several times wider as 
compared to Si FETs channel width, which is mainly 
related with larger source-gate resistance in 
AlGaN/GaN HFETs (due to larger distances between 
the source and gate in AlGaN/GaN HFETs). It is also 
seen that the optimal gate voltages VGS, to get better 
NEPopt for these two types of rectifying detectors, are 
different. For Si FETs, at which the detector operation 
is optimal, the VGS ranges are wider. 

In III-V HFET THz detectors, it seems that NEPopt 
can be worse as compared to that one in Si MOSFETs, 
since III-V HFETs tend to have larger 1/f noise, and, 
thus, it is more difficult to reach the detectors 
fundamental thermal noise (Johnson–Nyiquist noise) 
limit that insures the lowest possible NEPopt. But HFET 
models are not well developed as compared to Si 
MOSFET models with parameters proven in them.  

The calculated and known experimental NEPopt 
data for Si MOSFET THz detectors are presented in 
Fig. 4. Numbers at the experimental points mean the 
Ref. numbers in the list of Refs. The curves for different 
radiation frequencies were recalculated for the detector  

 
Fig. 2. Optimization of Si MOSFET width W at different 
radiation frequency ν by minimum NEPopt values. Si 
MOSFET: T = 300 K, L = 90 nm, C'ox = 4.5⋅10–3 F/m2, 
C'P = 2⋅10–10 F/m, n = 1.3, x = 3, μn = 400 cm2/V·s, ZA = 300 – 
300⋅j Ω, rdsw = 800 Ω·μm, r0 = 5 Ω, r1 = 400 Ω·μm, r2 = 45 Ω, 
ξopt = D0 = 1. 
 
 

 
Fig. 3. NEPopt of GaAlN/GaN HFETs as a function of the 
channel width W with the channel length L = 0.25 µm (0.25-
µm technology). T = 300 K, n = 1.3, ZA = 100 – 100⋅j. For 
optimal NEPopt , it is taken that x = 1. 
 
 
antenna area λ2/4π instead of smaller physical area of the 
patch antennas used for obtaining NEPopt in [14].  

Antenna impedance ZA = 300...300⋅j Ω [14] was 
taken for patch antenna. Calculations were fulfilled for 
the optimal NEPopt channel width, which is dependent on 
the radiation frequency, as it is shown in Fig. 2. For 
comparison, in Fig. 4 it is also presented the calculated 
NEPopt radiation frequency dependence for the constant 
value W = 120 nm.  

NEPopt ≈ 2⋅10–10 W/Hz1/2 values at ν ≈ 150 GHz 
obtained here for Si-MOSFETs at T = 300 K with non-
optimized antennas are away of performance limits 
shown in Fig. 4. These data are not shown in Fig. 4, 
though they are within a lot of data known for this kind 
of THz detectors.  
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The NEPopt dependences that are presented for a 
simplified circuit with the extrinsic parasitics shown in 
Fig. 1 don’t take into account a number of parasitics 
inherent to these devices [26], which will worsen 
(increase) NEPopt. Their inclusion requires more 
complicated modeling. The dependences presented 
indicate the upper limit performance for such kind of 
devices as THz detectors. 

In Fig. 5, the calculated NEPopt (ν) dependences for 
SBD THz detectors and the best known experimental 
data are presented. Numbers at experimental points 
mean the Ref. numbers in the list of Refs. One can see 
rather reasonable matching of calculated curves with the 
known experimental data for the models that takes into 
account only extrinsic parasitic components. The curves 
I and III were calculated not taking into account the 
compensating influence of the antenna impedance  
ZA = 26 + 175j Ω at radiation “resonance” frequency  
ν ≈ 90 GHz, which compensates the detector impedance 
ZSBD = 26 – 175j Ω at this frequency (when only active 
and capacity components are included) explaining the 
low NEPopt in this frequency range (curve IV). But for 
other radiation frequencies, the values of NEPopt  
for these “resonant” detectors will be much worse,  
as compared to those where the compensating 
inductance is not included, because of the antenna 
radiation frequency impedance mismatch with the 
detector impedance. 

Comparing the NEPopt radiation spectral 
dependences for FET and SBD detectors shown in  
Figs 4 and 5, one can note the stronger dependence of 
NEPopt on ν in SBD THz detectors (it was noted  
ℜopt ~ ν–4 [17]), which is related with that in ZINT, as the 
capacity is absent in SBDs (only an active resistance is 
present). Because of it, within the considered models, 
FET detectors can be preferable over SBD ones in the 
radiation frequency range ν > 500 GHz. At lower 
radiation frequencies, SBD direct detection detectors can 
get better parameters.  

In FET (HFET) detectors, to our knowledge, there 
were not considered the circuits with compensating 
inductive elements for antenna impedance, which 
improves the antenna-detector matching at a certain 
resonance radiation frequency. 

The dependences of NEPopt (ν) for AlGaN/GaN 
HFETs are not presented here because of the lack of 
enough number of experimental data, except the known 
data [47-51], but these data are away from the calculated 
ones, and they were obtained not for optimal W values 
and, as a rule, they were obtained for unknown antenna 
parameters. Some parameters used for NEPopt 
estimations were taken the same as for Si MOSFET and 
thus are not fully appropriate. The obtained here at  
ν ≈ 150 GHz NEPopt ≈ 10–10 W/Hz1/2 values without 
antennas are away of ultimate performance data 
estimated in Fig. 3.  

To the moment, from the above analysis it is  
seen that these uncooled direct detection rectifying 

detectors can be only used in active imaging systems,  
as their NEPopt are away, at least, of NEPopt < 
(10–13…10–14) W/Hz1/2 value needed [52] for direct 
detection passive imaging systems. 

 
 

 
 

Fig. 4. Experimental values of NEPopt from [14] for Si FETs 
were recalculated for antenna area λ2/4π instead of physical 
area of the patch antennas used in [14] (antenna impedance 
ZA = 300...300⋅j Ω). The calculated curves (L = 90 nm, D0 = 1): 
I – for the optimal width W, ZA = 100 – 100⋅j Ω; II – for W = 
1×120 nm, ZA = 300 – 300⋅j Ω; III – W is the optimal width, ZA 
= 300 – 300⋅j Ω. Data from other papers were represented as 
they are. The calculations were fulfilled for optimal for NEPopt 
channel width that is dependent on the radiation frequency (see 
Fig. 2). 
 
 

 
 
Fig. 5. Experimental values NEPopt of the SBD and results of 
the calculation (curves I–IV) according to Eq. (24) under the 
assumptions D0 = 1, ξopt = 1, n = 1.15. I – Rj = 2.9 kΩ, 
Cj = 5 fF, Rs = 45 Ω, ZA = 100 Ω (InGaAs SBD, parameters 
from [46]); II – Rj = 2.9 kΩ, Cj = 5 fF, Rs = 45 Ω, ZA = 100 – 
100⋅j Ω (InGaAs SBD, parameters from [46]); III – 
Rj = 700 kΩ, Cj = 8 fF, Rs = 10 Ω, ZA = 100 Ω (Si SBD, 
parameters from [45]), IV – Rj = 2.4 kΩ, Cj + CP = 7.1 fF, Rs = 
5.5 Ω, ZA = 24 + 231⋅j Ω (InGaAs SBD, parameters from [6], 
resonant impedance matching at 89 GHz). The values NEPopt 
for Si SBD from [45] were shown, as it is in the bias regime 
when Rj = 600 Ω (instead of 700 kΩ in the zero-bias regime 
that was taken to calculate the curve III). 
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5. Conclusions 

The responsivity ℜopt and the noise equivalent power 
NEPopt of a long channel (L > Leff) for unbiased (zero 
drain-source bias VDS = 0) uncooled FETs, HFETs and 
SBDs (VD = 0) as THz detectors were considered within 
the similar models in the frame of current-voltage 
characteristics taking into account the basic parasitic 
components (active resistance and capacities). It was 
concluded that, with account of the antenna-detector 
impedance matching, it is possible to estimate FET, 
HFET and SBD THz detectors ultimate performance 
limits choosing the optimal channel width W at different 
radiation frequencies ν and antenna coupling with the 
detector. NEPopt strong dependences on channel width in 
Si MOSFET and HFET THz detectors are predicted.  

At the low radiation frequency limit, the estimated 
NEPopt and responsivity ℜopt for FET detectors can achi-
eve values NEPopt ~ 10–12 W/Hz1/2 and ℜopt ~ 23 kV/W. 
The ultimate NEPopt values of FET detectors are worse 
by a factor of ~1.75, as compared to the SBD ones (in 
the low radiation frequency range ν < 300 GHz), when 
these devices and antenna impedances are comparable in 
values. With the parameters pointed out, the uncooled 
direct detection detectors can be only used in active 
imaging systems. 

Some part of the paper content concerning Si 
MOSFET THz detectors was presented in [53]. 
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