
Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

Open access books available

Countries delivered to Contributors from top 500 universities

International  authors and editors

Our authors are among the

most cited scientists

Downloads

We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

12.2%

185,000 200M

TOP 1%154

6,900



Chapter 4

Room-Temperature Terahertz Detection and Imaging
by Using Strained-Silicon MODFETs

Juan Antonio Delgado-Notario, Vito Clericò,
Kristel Fobelets, Jesús Enrique Velázquez-Pérez and
Yahya Moubarak Meziani

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.76290

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited. 

Juan Antonio Delgado-Notario, Vito Clericò, 
Kristel Fobelets, Jesús Enrique Velázquez-Pérez and 
Yahya Moubarak Meziani

Additional information is available at the end of the chapter

Abstract

This chapter reports on an experimental and theoretical study of Schottky-gated strained-
Si modulation-doped field-effect transistors (MODFETs) with different sub-micron gate 
lengths (100, 250, and 500 nm). Room-temperature detection of terahertz (THz) radia-
tion by the strained-Si MODFETs was performed at two frequencies (0.15 and 0.3 THz). 
A technology computer-aided design (TCAD) analysis based on a two-dimensional 
hydrodynamic model (HDM) was used to investigate the transistor response to THz 
radiation excitation. TCAD simulation was validated through comparison with DC and 
low-frequency AC measurements. It was found that the photoresponse of the transistors 
can be improved by applying a constant drain-to-source bias. This enhancement was 
observed both theoretically and experimentally. The HDM model satisfactorily describes 
the experimental dependence of the photoresponse on the excitation frequency, the gate 
bias, and the drain-to-source current bias. The coupling of the incoming THz radiation to 
the MODFETs was studied at 0.15 and 0.3 THz. Finally, to demonstrate the suitability of 
strained-Si MODFET for terahertz applications, an image sensor within a pixel-by-pixel 
terahertz imaging system for the inspection of hidden objects was used.

Keywords: strained silicon, MODFETs, THz, plasma waves, TCAD, imaging, detectors

1. Introduction

The demand to substantially improve electron mobility in Si-based field effect transistors (FETs) 
led to the development of Si/Si1-xGe

x
 MODFETs (modulation-doped field-effect transistor).  
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distribution, and reproduction in any medium, provided the original work is properly cited.



A MODFET is based on a single or a double heterojunction of two semiconductors with differ-
ent bandgaps. In an n-channel MODFET, electrons diffuse from a highly doped layer toward 
a lowly doped layer of a high-mobility material where they are confined by means of the con-
duction-band discontinuity between the two materials. These electrons form a two-dimen-
sional electron gas (2DEG) conductive channel at the heterointerface. Single-device strained 
Si/Si0.6Ge0.4 MODFETs with 100-nm T-gates with up to 74-GHz current gain cutoff frequency 
and 107-GHz maximum oscillation frequency were demonstrated [1].

The terahertz (THz) region (~0.1–10 THz; ~0.03–3 mm; ~3–300 cm−1) lies in the gap between the 
microwaves and infrared regions of the electromagnetic (EM) spectrum. THz radiations have 
extraordinary properties; it is a non-ionizing radiation and it is capable of penetrating through 
many non-conductive materials [2]. THz radiations have shown a great potential in a huge 
range of THz applications including astronomy [3, 4], spectroscopy (rotational, vibrational, 
and translational modes in the THz range are specific to a particular substance allowing to 
obtain a THz fingerprint) [5–7], thickness measurement of multilayer objects [8], communica-
tions with a bandwidth significantly higher than those based on microwaves [9], nondestruc-
tive inspection based on both imaging of concealed objects and spectroscopy [10], metrology 
[11], quality control [12], and so on. THz rays (T-rays) permit imaging with a diffraction-
limited resolution similar to that of the human eye [13], and, since common optically opaque 
packaging materials are transparent to T-rays, the inspection of concealed objects is possible.

During the last decade, new promising 2D materials have recently attracted interest to develop 
room-temperature solid-state THz sensors [14]. However, so far, only devices based on III–V 
materials [15] and silicon [16] have proved experimentally their potential to build low-cost, 
compact, scalable, and reliable systems; accordingly, the extension of the frequency range of 
these devices generates a great interest in THz detection.

Solid-state devices are rising as one of the most promising ways to obtain THz detection and 
emission at room temperature. Dyakonov and Shur proposed in [17–19] the use of field-effect 
transistors (FETs) as detectors, multipliers, and mixers in the THz range using the oscillations 
of the plasma waves in the channel. Nonlinear properties of the two-dimensional plasma 
permit the detection of the THz radiation. Plasma wave-based detectors can directly convert 
the incoming EM radiation into measurable voltage or current. They demonstrated that a FET 
under excitation by THz radiation generates a DC drain-to-source voltage when the drain is 
open and, therefore, operating in the photovoltaic-mode detection. The value of this voltage 
can be modulated by the gate-to-source bias voltage, as the gate bias controls the plasma 
density and therefore the carrier concentration in the FET channel. The increasing availability 
of continuous-wave compact sources based on solid-state oscillators in the millimeter-wave 
range raises the interest on the development of direct detectors [20].

This chapter presents a study of room-temperature terahertz detection using strained-silicon 
modulation field-effect transistors with three different gate lengths. Detection of THz radia-
tion [21, 22] and imaging using Si/SiGe transistors have been previously demonstrated [23, 24].  
A main distinct interest of the high-mobility n-type FETs based on the Si/SiGe system is that, 
unlike the ones based on III–V plasmon detectors, it will be easy to integrate MODFET THz 
detectors with mainstream Si technology circuits, since both are fabricated on conventional 
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Si wafers. Therefore, strained-Si MODFETs can lead to single-chip high-performance THz 
(basic analog building blocks were already demonstrated using Si/SiGe FETs [25]) and guide 
to future compact, low-cost, high-speed, and high-precision THz detectors.

2. Device description and TCAD simulations

2.1. Strained-silicon MODFET

The devices under study are based on the Si/SiGe system, and the layout of the transistors 
is shown in Figure 1(a). The epistructure of the MODFETs used in this work is as follows: a 
thick relaxed linearly graded SiGe virtual substrate is grown over a p-doped conventional Si 
wafer. The final top Ge molar concentration in the virtual substrate was 0.3. The structure has 
an undoped 12-nm tensile strained Si channel, sandwiched between two n-doped Si0.70Ge0.30 

relaxed supply layers (reddish layers) to generate a high density of electrons in the strained-
Si quantum well [26, 27]. The highlighted bluish layer marks out the strained-Si quantum 
well. Pt/Au was evaporated to fabricate the Schottky gate that was not symmetrically placed 
between the source and the drain. A more detailed description of the transistor fabrication 
can be found in [26].

The material system Si/SiGe allows the creation of a thin layer of strained silicon under tetrago-
nal (biaxial tensile) strain due to the different values of the Si and the SiGe lattice constants. 
Tetragonal strain has the effect of lifting the sixfold degeneracy of the conduction band in 

Figure 1. (a) Epistructure of the Si/SiGe MODFETs showing the vertical layout of the transistors. (b) Conduction and 
valence band profiles and the Fermi level under the gate in equilibrium [26].
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silicon into a twofold and fourfold degenerate sets lowering the energy of the two valleys 
with their long axis perpendicular to the Si/SiGe interface. Consequently, the strained-Si gap is 
reduced as well as the electron conductivity mass as compared to bulk as a lower value, lead-
ing to an enhancement of the electron mobility by a factor of 2 [28, 29]. Since intervalley carrier 
scattering may only occur between degenerate minima, electrons in a layer of (tensile)-strained 
silicon would undergo a lower number of intervalley scattering events per unit time than in 
bulk silicon. The combination of the effect pointed earlier makes tensile strained silicon devices 
excellent candidates to build the high-mobility FET channel that is necessary to detect THz 
radiation. The energy band diagram at zero voltage is presented in Figure 1(b) [26]. The value 
of the conduction band offset of the heterojunction Si/Si0.70Ge0.30 is about 180 meV, ensuring 
an excellent electron confinement in the strained-Si quantum well layer that is necessary for 
room-temperature high-mobility operation of the detector. Table 1 summarizes the geometri-
cal parameters and the value of the threshold voltage of the strained-Si MODFETs under study.

The channel’s length (LDS) and width (W
G
) were kept constant for all devices (LDS = 2 μm, 

W
G
 = 30 μm). However, the gate lengths of the transistors were varied. Transistors with 100-, 

250-, and 500-nm gate lengths were characterized. The gates were asymmetrically placed 
between the source (S) and the drain (D) contacts in all transistors; the distance between 
the right edge of the source and the left edge of the gate (L

GS
) was equal to 1 μm for all the 

transistors (Table 1). An asymmetrical position of the gate is of interest to enhance THz detec-
tion by the transistor [30]. Measuring devices with different values of the gate length allows 
the study of the influence of the gate length on the performance of the transistors as THz 

L
DS

 (μm) L
GS

 (μm) L
G
 (nm) W

G
 (μm) V

th
 (V)

Device 1 (D1) 2 1 100 30 −0.75

Device 2 (D2) 2 1 250 30 −0.67

Device 3 (D3) 2 1 500 30 −0.62

Table 1. Geometrical and electrical parameters of the strained-Si MODFETs under study.

Figure 2. Strained-Si MODFETs under study mounted and bounded on a DIP14 (a) and their optical microscope image 
(b). (c) SEM image of device 3 (500-nm T-gate transistor).
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detectors and on the coupling of the incoming THz radiation. Strained-Si MODFETs were 
mounted and wire-bonded on the same dual in-line package (DIP14) shown in Figure 2(a). 
An optical microscope image of the three different devices under study is given in Figure 

2(b). A SEM image of D3 with L
G
 = 500 nm is shown in Figure 2(c).

2.2. TCAD modeling

Dyakonov and Shur obtained an analytical solution of the unidimensional Euler equation that 
demonstrated the ability of the plasma waves in FET channels [17–19] to generate and detect 
THz radiation. A single equation cannot account for important parameters (such as doping 
profiles, high electric fields that locally modify the carrier mobility, device geometry, etc.) that 
condition the performance of the FET as a THz detector.

A better description of the charge transport in a transistor may be achieved through the 
numerical solution of the drift-diffusion model (DDM) that consists of the Poisson equation 
(Eq. (1)) and the continuity equations for electrons (Eq. (2)) and holes (Eq. (3)) [31]:
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where   E 
→

    is the electric field, μ
n
 (μ

p
) is the electron (hole) mobility, and u

n
 (u

p
) is the electron 

(hole) thermal voltage. In deep-submicron FETs, the drain and gate biases give rise to large elec-
tric fields that rapidly change over small length scales giving leading to nonlocal phenomena  
that dominate the transistor performance [26, 27]. As carriers are intensely heated by the elec-
tric field in the channel of deep-submicrometer FETs, energy balance equations accounting for 
electron and hole heating and energy relaxation in the device must be self-consistently added 
to the transport model. The DDM only considers moment relaxation [32], and therefore it is 
unable to describe a hot carrier transport. As channel mobility is closely dependent on the 

Room-Temperature Terahertz Detection and Imaging by Using Strained-Silicon MODFETs
http://dx.doi.org/10.5772/intechopen.76290

57



carrier temperature, an extended model needs to be used to study the electric properties of 
deep-submicron FET transistors used in plasma wave THz detection. This extended model is 
known as the hydrodynamic model (HDM).

The HDM [32, 33] includes a carrier energy balance by coupling to the set of DDM equations 
and the electron and hole energy flow densities that are given as follows:
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voltage, and the electric field that is self-consistently obtained from the Poisson equation.

Strained-Si MODFET is essentially a majority carrier device; then the hole energy balance equa-
tion (Eq. (7)) was disregarded in the model. In this work, a two-dimensional HDM (Eqs. (1)–(6)) 
was used. It was implemented with Synopsys TCAD [34]. Carrier relaxation times were obtained 
from uniform-field Monte Carlo simulations [35, 36]. In TCAD simulations, impurity de-ioniza-
tion, Fermi-Dirac statistics, and mobility degradation due to both longitudinal and transverse 
electric field were considered. All TCAD simulations were carried out at room temperature.

The geometry and dimensions used in the simulations are the ones shown in Figure 1(a). The 
doping level of the supply layers was 1019 cm−3 for the upper supply layer and 1.8 × 1018 cm−3 

for the lower one. The thicknesses of the virtual substrate and the p-Si wafer were chosen 
to be 600 and 500 nm, respectively, to economize computer memory. A uniform residual 
n-type-doping density of 1015 cm−3 was assumed in the non-intentionally doped regions of 
the transistor. Under both source and drain contacts, highly doped regions were consid-
ered to ensure ensure low values of contact resistance for the ohmic contacts of the device. 
The values of the conduction and valence bands offsets between the strained-Si and the 
relaxed Si1-xGe

x
 as a function of the Ge molar fraction (x = 0.30) were extracted from [37]. 

Low electric field mobility in the channel was modeled using Roldan’s model for biaxially 
strained Si on relaxed SiGe [38], and the maximum value electron mobility in the channel 
was 1600 cm2/(Vs).

3. THz setup

Static (DC) and THz measurements were carried out at room temperature. On-wafer, DC 

measurements of drain-to-source current versus drain-to-source and gate-to-source bias volt-
ages were done using a Cascade 11000B probe station and an Agilent B1500A semiconductor 
parameter analyzer. Figure 3 shows a photograph with a schematic of the experimental setup 
used for the terahertz characterization of the strained-Si MODFETs. A solid-state harmonic 
generator THz source based on a dielectric resonator oscillator (DRO) at 12 GHz and electronic  
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multiplication to reach 0.15 THz with a power of 3 mW and 0.3 THz with a power of 6 mW 
was used to excite the transistors. The output power was measured close to the source using a 
highly sensitive calibrated pyroelectric detector. The incoming THz radiation was modulated 
by a mechanical chopper between 0.233 and 5 kHz, collimated and focused by an indium tin 
oxide (ITO) mirror and off-axis parabolic and plane mirrors. A red LED (or laser) was used 
for the alignment of the THz beams.

The photo-induced drain-to-source voltage, ΔU, was measured using a lock-in technique. 
Finally, a X-Y stage was used to generate pixel-by-pixel THz images.

4. Results and discussion

4.1. DC characterization

Transfer characteristics of Device 3 are shown in Figure 4(a) for two values, 20 and 200 mV, of the 
drain-to-source voltage (VDS). The three transistors are depletion-mode devices, so a negative 
bias voltage must be applied to the gate (i.e., a negative gate-to-source voltage) to cut off the c 

hannel [25, 39]. Transfer characteristics in a log scale show that a total switch-off of the device 
was not possible, and a constant level of drain current (IDS) persists for a gate bias of −1 V 
(8 μA for V

ds
 = 20 mV and 80 μA for V

ds
 = 200 mV). As the drain voltage is moderately raised 

from 20 to 200 mV, the above-described behavior is enhanced, and the sub-threshold current at 
V

GS
 = -1 V increases when VDS increases. As pointed out earlier, this behavior reveals a moder-

ate control of the channel by the gate electrode due to the double supply layer; in return, this 
double deck ensures a suitable concentration of the electron plasma in the channel that is of 
paramount importance to achieve a good performance of the transistor in THz detection.

Figure 3. Photograph of the experimental setup and schematic description of the THz (blue) and red laser (red line) 
beams.
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The TCAD simulation model of the transistor was validated through comparison with DC 
and AC measurements. The agreement between TCAD and experimental results across the 
whole ranges of gate-to-source and drain-to-source biases studied is excellent as shown in 
Figure 4.

Agreement between measurement and simulation magnitudes involving first derivatives of 
the drain current was also analyzed. In the first place, the efficiency of the transconductance 
was analyzed. This magnitude defined as the ratio of transconductance (g

m
) to drain-to-

source DC current (IDS), is a key parameter used to compare the performance of different tech-
nologies of transistors. The efficiency of the transconductance is used here, on the one hand, 
because it clearly shows the operation region of the device and, on the other hand, because the 
efficiency of the transconductance is linearly dependent on a current derivative and discrep-
ancies between simulation and experimental results are readily revealed. Figure 5(a) gives the 
experimental and calculated efficiency of the transconductance versus the gate voltage (V

GS
) 

of the device D3. The maximum value of the efficiency of the transconductance measured 

Figure 4. (a) Experimental and simulated transfer characteristics for device 3 for two values of the drain voltage plotted 
in a log scale and (b) output characteristics for three different values of V

GS
.

Figure 5. (a) Efficiency of the transconductance versus the gate voltage obtained from measurements and numerical 
TCAD simulations and (b) drain conductance versus drain voltage for three different values of gate bias obtained from 
measurements and numerical TCAD simulations.
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and obtained from TCAD simulations (<10 V−1) is significantly lower than the theoretical limit 
(38 V−1), along with the above-discussed behavior of the transconductance, suggesting that 
further improvements of the transistor performance may be achieved by an optimization of 
the layout of the structure.

In the second place, the drain conductance that gives the first derivative of the drain cur-
rent with respect to the drain current was also determined. Figure 5(b) shows drain conduc-
tance as a function of drain voltage for three different gate voltages (−0.5, −0.6, and −0.7 V). 
Experimental and TCAD drain conductance curves show an excellent agreement between 
measurements and TCAD simulations.

4.2. THz detection: TCAD versus experimental

A TCAD study of the THz photovoltaic response of the transistor was implemented, as in 
measurements, grounding the source, biasing the gate, and floating the drain contact while 
a THz small sinusoidal signal (0.15 or 0.3 THz) was superimposed to the gate voltage as 
described in [17–19]. As the DC drain voltage setup in the photovoltaic mode must be sup-
ported by a net charge in the drain region, in TCAD simulations, a charge boundary condition 
was implemented at the floating drain contact with a distributed boundary condition over all 
nodes of the mesh of the drain electrode. The boundary condition is as follows:

  ∮  D 

→
   ⋅   

→
 dS   = Q  (8)

where   D 

→
    is the electric displacement field, Q is the total net charge, and the integral is evalu-

ated over the entire surface of the drain electrode. Eq. (8) forces the potential on the drain (i.e., 
the photoresponse of the detector) to be adjusted to produce the correct total charge on the 
electrode. HDM equations (Eqs. (1)–(6)) were solved in the time domain to obtain the transis-
tor photoresponse. The amplitude of the sinusoidal signal superimposed in the gate contact 
was fixed to an arbitrary value of 5 mV. Since this value is arbitrary, the magnitude of the THz 
response obtained in simulations will be presented henceforward as arbitrary magnitude in 
figures.

In TCAD simulations, it was found that the drain voltage (ΔU) induced by the THz sinusoi-
dal signal exhibits both the same shape (sinusoidal) and the frequency than the AC signal 
superimposed to the gate bias; this ensures that no frequency conversion takes place in the 
simulated devices. In addition, it was found that its amplitude is considerably smaller than 
one of the gate’s signal in agreement with the fact that in the THz range the transistor is 
unable to amplify signals and it is merely working as a THz detector. The mean value of 
the induced drain voltage by the radiation was negative as predicted by theoretical models 
[17–19]. The photoresponse obtained in TCAD simulations was extracted by subtracting the 
value of drain-to-source voltage when the THz signal was applied (ΔU

THz-on
) from the drain-

to-source voltage when no signal was applied (ΔUTHz-off):

  ΔU = Δ  U  
THz−off   − Δ  U  

THz−on    (9)
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Figure 6 gives the room-temperature photovoltaic response of device D2 with L
G
 = 250 nm 

obtained experimentally and from TCAD simulations at 0.3 (blue squares) and 0.15 THz (red 
dots).

The higher value in the photoresponse was found when the gate electrode was voltage-biased at 
a voltage close to the threshold voltage of the transistor [40]. This behavior has been observed ear-
lier in FETs [16, 20] and it was attributed to a non-resonant (broadband) response of the detector. 
It is related to over-damping of the plasma waves in the channel where the AC current generated 
by the incoming radiation at the source cannot reach the drain side of the channel. A theoreti-
cal study of the photoresponse in this regime is presented in [21, 22]. The quality factor [19] is 

given by: Q = ωτ, where τ is the relaxation time given by m*μ/e (m*: the electron effective mass, 
μ: the electron mobility, and e: the absolute value of the electron charge). In the present case, 
the devices show a higher channel mobility (∼1600 cm2/V·s) as compared to the conventional 
Si-MOSFET (∼200 cm2/V.s); the value of the quality factor was estimated to be 0.14 at f = 0.15 THz 
and ∼0.29 at f = 0.3 THz; any of these values fulfills the resonance condition. The experimental 
photoresponse (Figure 6(a)) is more intense under excitation at 0.3 THz than at 0.15 THz. The 
photoresponse obtained in TCAD simulations exhibits the opposite behavior: the photoresponse 
at 0.15 THz is more intense than at 0.3 THz. This must be partly attributed to the fact that in 
measurements, the source’s output power at 0.3 THz is twice than at 0.15 THz. Moreover, the 
coupling of the THz radiation to the devices could vary at 0.15 and 0.3 THz. These possibilities 
will be explored and further discussed subsequently. As in TCAD simulations, the amplitude of 
the sinusoidal gate signal was fixed to 5 mV for both frequencies, and no coupling and/or effects 
related to the differences in the incoming THz power at both frequencies can be found.

Besides the photovoltaic mode, the efficiency of the detector can be improved, creating addi-
tional asymmetries between the drain and the source [30, 41, 42]. One method to generate 
these asymmetries is to apply a DC current between the drain and the source (IDS > 0). Figure 7  

shows the photoresponse obtained experimentally and from TCAD simulations when a 
drain-to-source current bias, IDS = 50 μA, is imposed to the transistor D1 at 0.15 and at 0.3 THz.

Figure 6. Measured (a) and TCAD simulation (b) photoresponse versus gate voltage under excitation of 0.3 (blue dots) 
and 0.15 THz (red squares) of D2.
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The main effect of imposing a DC source-to-drain current bias is that THz detection is signifi-
cantly enhanced, and the photoresponse grows when the bias current is increased. The bias cur-
rent introduces an additional asymmetry between the source and the drain, creating a depletion 
of the electron density on the drain side of the channel, and consequently, the maximum value 
of the photoresponse is increased [24, 41, 42]. Moreover, a noticeable additional effect (the insets 
in Figure 7) is that the maximum in the photoresponse is shifted toward more negative values 
of the gate voltage. Figures 6 and 7 show that the MODFET photoresponse exhibits the same 
dependence with respect to the gate bias voltage both in measurements and in simulations. 
An excellent agreement between TCAD and experimental results is found in the photovoltaic 
mode (IDS = 0) and even when a bias current (IDS) is applied to the transistor. Therefore, the mea-
sured photoresponse of the strained-Si MODFET must be mainly attributed to the plasmonic 
response of the channel carriers rather than to the antenna role played by bonding wires or 
metal pads as simulations reproduce correctly the experimental photoresponse.

In addition, to the abovementioned channel asymmetry created by the current bias, a built-in 
asymmetry can be introduced geometrically by imposing an asymmetric design of the contact 
pads of the transistor. Figure 8 shows the obtained photoresponse from TCAD simulations as 
a function of the asymmetry factor. The latter is defined as the ratio L

GS
/LGD, where L

GS
 is the 

distance between the right edge of the source and the left edge of the gate and LGD is the distance 

between the right edge of the gate and the left edge of the drain (Figure 1(a)). L
GS

/LGD = 1 means 
that the transistor is symmetric. The gate length was kept constant at 500 nm for all the transistors.

A higher photoresponse signal was obtained for an asymmetry factor of 0.2 where the gate fin-
ger is very close to the source contact. However, in the opposite case, when the finger is close 
to the drain pad, no enhancement of the photoresponse was obtained. In the non-resonant  
regime, the oscillation of the plasma occurs close to the source pad where the electrons are 
injected into the channel and hence the gate finger close to the source pad could control effi-
ciently the damped oscillation of the plasma waves. We conclude that for a better perfor-
mance, asymmetry should be introduced as close as possible to the source pad.

Figure 7. Photoresponse versus gate voltage measured experimentally (red color) and obtained from TCAD simulations 
(blue color) for different values of IDS at 0.3 (a) and 0.15 THz (b) for D1. The insets show a zoom of the region of maximum 
photoresponse.
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4.3. Polarization sensitivity of photoresponse

It can be observed in Figures 6(a) and 7 that the obtained photoresponse is more intense 
under excitation at 0.3 than at 0.15 THz. This must be partly attributed to the higher power 
at 0.3 THz (~6 mW) than at 0.15 THz (~3 mW) and to the coupling of the THz radiation to the 
device that varies with frequency. Moreover, the bonding wires and the metallic pads could 
play an antenna role to couple the incoming terahertz radiation (linearly polarized) to the 2D 
electron channel [43–45]. To understand how radiation is coupled, devices were rotated in the 
plane perpendicular to the terahertz beam, and the photoresponse signal was measured for 

Figure 8. Photoresponse obtained from TCAD simulations versus V
GS

 for different horizontal positions of the gate 
contact.

Figure 9. Photoresponse versus rotation angle for all devices under excitation of 0.3 (a) and 0.15 THz (b). The inset figure 
shows the devices at the zero-angle position.
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each angular position of the devices. Figure 9 shows the photoresponse signal as a function of 
the polarization of the incoming THz radiation for 0.3 (a) and 0.15 THz (b).

For all the devices at 0.3 THz, a maximum of the photoresponse signal was found when the 
incoming radiation was parallel to the gate finger pads (see the inset of Figure 9(a) at 0°), 
showing a maximum photoresponse for all the devices at the same angular position. At 0.15 
THz the maximum photoresponse was obtained at different angular positions for each device. 
It is clearly shown that at a lower frequency (0.15 THz), bounding wires play an important 
role to couple the terahertz radiation to the channel of the device. Moreover, at a higher fre-
quency (0.3 THz), the coupling is performed by the contact pads and/or the gate fingers. These 
results are in agreement with previously published ones [46].

4.4. Responsivity, NEP, and imaging

Responsivity (R
V
) and noise equivalent power (NEP) are the two key parameters (figures of 

merit) that determine the performance of THz detectors. Responsivity is calculated according 
to the expression:

   R  V   =   
 ΔUS  

t
  
 ____ 

 P  
t
    S  

a
  
     π __ 

 √ 
__

 2  
    (10)

where ΔU is the photoresponse signal measured with the lock-in amplifier, S
t
 is the radia-

tion beam spot area, S
a
 is the active area of the transistor, and P

t
 is the total incident power 

surrounding the detector. The radiation beam power and spot area were measured using a 
calibrated pyroelectric detector at the MODFET position (see Figure 3); the P

t
 values were 

P
t
 = 0.5 mW at 0.15 THz and P

t
 = 1 mW at 0.3 THz. The spot area is given by πr2 where r is 

the radius of the beam spot (≈1.5 mm at 0.3 THz and 3.3 mm at 0.15 THz). The area of each 
single transistor, including the contact pads, is less than 0.05 mm2 (Figure 2), that is, it is much 
smaller than the diffraction limit area Sλ = λ2/4. Accordingly, to calculate Rv in Eq. (6), Sa was 
replaced by Sλ to avoid overestimation of the Rv as well as NEP. The factor π/√2 originates 
from the Fourier transform of the square wave-modulated THz signal detected as RMS value 
with a lock-in.

The NEP is given by N
th
/R
V
, where N

th
 is the thermal noise of the transistor in V/Hz0.5 and R

V
 

is the responsivity in V/W. Since R
V
 and the NEP were studied at zero drain current bias, the 

thermal noise N
th
 = (4kTR

ds
)0.5 is the only relevant source of noise of the transistor. Here, R

ds
 is 

the drain-to-source resistance that can be extracted from the transfer characteristics measured 
at a low drain bias (20 mV) corresponding to the linear regime (i.e., Figure 5(a)).

Figure 10 presents the responsivity and NEP curves for D1 with L
G
 = 100 nm at 0.15 and 

0.3 THz. Table 2 summarizes the obtained NEP and Rv for the Si-MODFETs at 0.15 and 
at 0.3 THz. Device 1, with the shorter gate, exhibits the best performance at 0.3 THz with 
RV = 46.4 V/W and NEP ~0.12nW/Hz0.5 and Device 2 exhibits the best performance at 0.15 THz 
with RV = 74.5 V/W and NEP ~0.06 nW/Hz0.5. This must be attributed to the large photore-
sponse signal provided by the Si/SiGe MODFET and to a better coupling of the incoming 
terahertz radiation. The values obtained for the NEP and the responsivity are comparable to 
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the ones of commercial terahertz detectors at room temperature like Golay cells, pyroelectric 
detectors, and Schottky diodes [47]. However, the Si/SiGe MODFET presents the advantage of 
working at higher modulation frequencies as compared to other detectors.

To test the ability of the strained-Si MODFETs as detectors in THz imaging, a single transis-
tor (D1) was used as the sensor in the terahertz imaging system shown in Figure 3. Figure 11  

shows the visible image of a standard copper RT/duroid® laminate where the logo of the 
Nanotechnology Group at Salamanca University has been etched (a) and its terahertz image 
at 0.3 THz (b) when it was wrapped around with a paper. THz radiation passes through in 
the regions were the metal layer was etched off and it is reflected in the regions covered with 
copper. A pixel-by-pixel image was taken using D1 as the detector; the gate of the transistor 

Figure 10. Responsivity (a) and NEP (b) measured under excitation of 0.15 (blue dots) and 0.3 THz (red squares) of the 
strained-Si MODFET with 100-nm gate length.

0.15 THz 0.3 THz

R
V
 (V/W) NEP (nW/  √ 

___
 Hz   ) R

V
 (V/W) NEP (nW/  √ 

___
 Hz   )

Device 1 68.6 0.08 46.4 0.12

Device 2 74.5 0.06 36.2 0.13

Device 3 41.1 0.12 33.3 0.14

Table 2. Calculated NEPs and RV for the different devices under studio.

Figure 11. Visible (a) and 0.3 THz (b) images obtained at room temperature using the strained-Si MODFET with a shorter 
gate as sensor.
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was biased around its threshold voltage to obtain a maximum intensity of the signal. The clear 
terahertz image obtained of the hidden object confirms the suitability of strained-Si MODFETs 
to be used as detectors to obtain high-quality THz images. Better resolution could be obtained 
at higher frequencies owing to its lower wavelength (λ <1 mm).

5. Conclusions

The potential of submicron gate length strained-Si MODFETs as detectors of terahertz radia-
tion was demonstrated. A broadband (non-resonant) THz detection was observed under 
excitation of the transistors by a continuous-wave source at 0.15 and 0.3 THz. TCAD results 
obtained using a HDM model were in good agreement with the experimental ones in terms 
of both the excitation frequency and the gate-to-source bias. When imposing a source-to-
drain current of 50 μA, both TCAD simulations and experiments show an increase of the 
photoresponse as compared to the photovoltaic mode. A theoretical study was performed 
to analyze the effect of gate’s geometrical asymmetries on the THz detection. Coupling 
between THz radiation and strain-Si MODFETs channel was analyzed at 0.3 and 0.15 THz. 
It shows that the coupling is mainly performed by bonding wires at 0.15 THz. Finally, the 
strained-Si MODFET was used as a single pixel detector to obtain images of a concealed 
object at 0.3 THz.
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