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Abstract 

Silicon- and Graphene-based FETs for THz technology 

This Thesis focuses on the study of the response to Terahertz (THz) electromagnetic 

radiation of different silicon substrate-compatible FETs. Strained-Si MODFETs, state-of-

the-art FinFETs and graphene-FETs were studied.  

The first part of this thesis is devoted to present the results of an experimental and 

theoretical study of strained-Si MODFETs. These transistors are built by epitaxy of 

relaxed-SiGe on a conventional Si wafer to permit the fabrication of a strained-Si electron 

channel to obtain a high-mobility electron gas. Room temperature detection under 

excitation of 0.15 and 0.3 THz as well as sensitivity to the polarization of incoming 

radiations were demonstrated. A two-dimensional hydrodynamic-model was developed to 

conduct TCAD simulations to understand and predict the response of the transistors. Both 

experimental data and TCAD results were in good agreement demonstrating both the 

potential of TCAD as a tool for the design of future new THz devices and the excellent 

performance of strained-Si MODFETs as THz detectors (75 V/W and 0.06 nW/Hz0.5). 

The second part of the Thesis reports on an experimental study on the THz behavior of 

modern silicon FinFETs at room temperature. Silicon FinFETs were characterized in the 

frequency range 0.14-0.44 THz. The results obtained in this study show the potential of 

these devices as THz detectors in terms of their excellent Responsivity and NEP figures 

(0.66 kV/W and 0.05 nW/Hz0.5).  

Finally, a large part of the Thesis is devoted to the fabrication and characterization of 

Graphene-based FETs. A novel transfer technique and an in-house-developed setup were 

implemented in the Nanotechnology Clean Room of the USAL and described in detail in 

this Thesis. The newly developed transfer technique enables to encapsulate a graphene 

layer between two flakes of h-BN. Raman measurements confirmed the quality of the 

fabricated graphene heterostructures and, thus, the excellent properties of encapsulated 

graphene. The asymmetric dual grating gate graphene FET (ADGG-GFET) concept was 

introduced as an efficient way to improve the graphene response to THz radiation. High 

quality ADGG-GFETs were fabricated and characterized under THz radiation. DC 

measurements confirmed the high quality of graphene heterostructures as it was shown 

on Raman measurements. A clear THz detection was found for both 0.15 THz and 0.3 

THz at 4K when the device was voltage biased either using the back or the top gate of the 

G-FET. Room temperature THz detection was demonstrated at 0.3 THz using the 

ADGG-GFET. The device shows a Responsivity and NEP around 2.2 mA/W and 0.04 

nW/Hz0.5 respectively at respectively at 4K. 

It was demonstrated the practical use of the studied devices for inspection of hidden 

objects by using the in-house developed THz imaging system. 
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Terahertz (THz) rays are located in the spectral region between the microwave 

and the infrared portions of the electromagnetic spectrum (Fig. 0.1). While there is no 

a unique definition of the THz range, it is generally defined as the part of the EM 

spectrum from 0.1 to 10 THz, having respectively wavelengths from 3 mm down to 

30 ɛm (Figure 0.1). It covers the upper part of the millimeter waves spectral range 

(30-300 GHz), the whole range of submillimeter waves (0.3 to 3 THz) and the lower 

end part of the infrared range (3 to 10 THz). 

 

 

 

Figure 0.1 THz range location on the Electromagnetic spectrum [1] 

 

 

The THz region remains one of the most understudied range in the EM spectrum 

even though its potential applications in sensing, security, spectroscopy and 

communication are of big interest. The attractive features of THz radiation for 

applications are: (i) most packaging materials (such as paper or plastics) and cloths 

are transparent to this radiation [2] (ii) Many substances have "fingerprint" spectra in 

the THz range (iii) Due to its low photon energy (about one million times lower than 

the one of X-rays), THz radiation is non-ionizing and therefore not dangerous for 

human beings. The scientific interest in this field began in 1920 [3] and the term 

terahertz was first given by Fleming [4] in 1974. One of the first experiments on 

spectral content in the submillimeter range of interstellar medium was carried out by 

T.G. Philips and J. Keene in 1992 [5]. In the last decades a big interest was given to 

the development of terahertz devices for  detection, emission, and mixing for 

different applications like: astronomy [6], spectroscopy (rotational, vibrational, and 

translational modes in the THz range are specific to a particular substance allowing to 

obtain a THz fingerprint) [7], [8], highly accurate thickness measurements of multi-

layered materials [9], communications with a bandwidth significantly higher than 

those based on microwaves [10], nondestructive inspection based on both imaging of 

concealed objects and spectroscopy [11], metrology [12], quality control [13], among 

others. THz rays (T-rays) permit imaging with a diffraction-limited resolution similar 

to that of the human eye [14], and, since common optically opaque packaging 

materials are transparent to T-rays, the inspection of concealed objects is possible. 

More interesting applications related to THz technology was reported in references 

[15], [16]. 

 

 

THz region is also known as ñTHz GAPò (Figure 0.2) since neither optical nor 

microwave devices could fully conquer this domain [17]. Then, an emphasis on the 

development of THz systems is needed. Although THz sensors and emitters have 

been significantly developed in the last decade, most of them are bulky and 
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expensive, which limits their application and availability and, therefore, there is a 

long way ahead on the development of THz devices. 

 

 

Figure 0.2 Map of available compact terahertz sources. The ñTHz gapò indicates the central 

frequency interval in which is hard to generate any larger radiation power. (Abbreviations: 

QCL Quantum Cascade Laser, DFG Difference Frequency Generation, RTD Resonant 

Tunneling Diode, HEMT High Electron Mobility Transistor, IMPATT IMPact ionization 

Avalanche Transit Time diode, CW Continuous Wave, RT Room Temperature) [17] 

 

 

One of the most promising ways to emit and/or detect THz is based on the 

oscillations of plasma wave in the channel of submicron Field Effect Transistors 

(FETs)  as proposed theoretically by Dyakonov and Shur in 1993 [18] - [19]. 

Nevertheless, only FETs entirely implemented in silicon CMOS process technology 

keep all the advantages of cost-effectiveness, scalability , high yield and high 

reliability. Therefore, silicon-based FETs or, at least, silicon substrate compatible 

technologies are potential candidates to develop efficient and cheap THz devices that 

operate at room temperature. 

 

Since the first obtention of graphene flakes in 2004 [20], their excellent 

electronic and optical properties attracted interest to further investigate and develop 

room temperature graphene devices operating in the THz range that may contribute 

to close the THz GAP [21]. Moreover, new promising 2D materials also attract the 

interest to develop room-temperature THz devices. Nevertheless, it is well known 

that silicon dioxide (SiO2), the most common substrate material for graphene, limits 

the performance of graphene devices and obscures its performance. Recently, 

dielectric hexagonal boron nitride (h-BN) emerged as the ideal substrate for graphene 

because both materials share of the same type of lattice. Graphene is transferred on 

an h-BN flake to fabricate graphene based vertical heterostructures showing better 

properties than the conventional graphene on SiO2. One of the key advantages of 2D 
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materials and heterostructures is that they can be transferred to any substrate and 

therefore enables its integration in silicon integrated circuits. 

 

 

In this Thesis, I focused my investigation line on the fabrication and 

characterization of different types of FETs (Si-based FET and Grpahene-based FETs) 

as THz detectors. This thesis manuscript was organized in four chapters as follow:   

 

¶ Chapter 1 introduces the main mechanism of terahertz detection based on 

plasma-wave oscillations in the 2D channel of a FET. The theoretical 

model proposed by Dyakonov and Shur demonstrating that nanometric 

FETs can detect and emit THz radiation at frequencies above their cut-off 

frequency (ft), is recalled.  

 

 

¶ Chapter 2 is dedicated to describe the experimental setups and equipment 

used for the fabrication of graphene-based FETs and the characterization 

of the transistors studied across this PhD work. An in-house e system 

developed in the PhD was used to transfer the graphene and h-BN flakes. 

Devices were characterized electrically on wafer using a probestation 

and/or wire bonded using gold wires to conduct further electrical 

measurements. Characterization was conducted both at room and at low 

(down to 4K) temperatures. THz characterizations at 0.15 & 0.3 THz 

were performed at room temperature using an original dual-use THz 

imaging system. THz low temperature measurements were also 

conducted. More experiments on detection at higher terahertz frequency 

and on emission of THz radiation were performed in collaboration with 

CEZAMAT (Warsaw, Poland) and RIEC, (Tohoku University, Japan). 

 

 

¶ Chapter 3: Two Si-based devices (Si-MODFET and FINFET) were 

experimentally studied in DC and as terahertz detectors. Strained-Si 

MODFETs were experimentally and theoretically characterized at 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 under THz radiation excitation. TCAD 

simulations were validated through comparison with experimental 

measurements carried at the THz Lab of USAL showing the potential of 

TCAD as a tool for the design of new THz devices. Moreover, both p-

MOS and n-MOS silicon FinFETs were characterized on the THz range 

from 0.14 up to 0.44 THz at CEZAMAT laboratories (Warsaw, Poland). 

Both responsivity and Noise Equivalent Power (NEP) were extracted 

from measurement and show competitive values in comparison with 

other technologies. Terahertz imaging was performed to demonstrate the 

practical use of those devices for inspection applications. 
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¶ Chapter 4 is dedicated to graphene-based FETs. An Asymmetric-Dual-

Grating-Gate Graphene-based FET (ADGG-GFET) was proposed, 

fabricated, abd characterized as THz detector. The device was fabricated 

using a graphene heterostructure where the graphene flake was 

sandwiched between two layers of h-BN and then processed to fabricate a 

FET using an artificial double-heterostructure (h-BN/graphene/h-BN) on 

a Si O2/Si substrate. An experimental study from 4K up to room 

temperature was performed on the device as THz detector. Room 

temperature detection under 0.3 THz excitation was achieved and THz 

imaging was performed using the ADGG-GFET as the THz detector. 

Encouraging results using the ADGG-GFET for THz detection were 

obtained. 

 

 

A conclusion of these works was presented at the final where all the obtained 

results were summarized. Moreover, as consequence of the promising results of the 

graphene-based devices, a future work plan will be presented as to continue the work 

of the presented thesis. 

 



 

 

 

 



 

 



 

 

Chapter 1 

Plasma-Wave oscillation in a 

FET & Terahertz detection 



 

 



Chapter 1: Plasma-Wave oscillation in a FET & Terahertz detection 

 

11 

 

1.1 Analytic description 

Dyakonov and Shur, first in 1993 [18] and later in 1996 [19], demonstrated 

theoretically the possibility of using submicron field-effect transistors (HEMTs, 

MOSFETs, é) as practical device operating in the terahertz range to build detectors, 

multipliers and mixers. They found that the oscilation frequency of plasma waves in the 

channel of a gated 2D system (Figure 1.1) is inversely propotional to the gate length. 

Hence, a gated 2D system (FET) with submicron gate length could operate at frequencies 

well above their cut-off frequency (ft). When the electron plasma in the channel of a FET 

is excited by an external electromagnetic radiation, an AC electric field (Uac) is induced 

and converted to a measurable DC voltage, between drain and source, via a nonlinear 

mechanism. These devices present many advantages: low cost, small size, room 

temperature operation, high time response, and tuning the frequency by the gate voltage 

as compared to other devices used in THz technology.  

 

 

 

Figure 1.1 Schematic description of a FET operating as THz detector for 

an induced ac voltage 

 

 

Figure 1.1 shows a schematic description of an ideal FET as a THz detector where a 

DC drain-to-source voltage (ȹU) appears as proportional to the incoming EM radiation. 

In an ideal case, the signal ȹU should show a resonant dependence on the incoming 

radiation with maxima at the plasma oscilation frequency, 0w , and its odd harmonics 

0(1 2 )N Nw w= + : 

 

 

 
 0

2

s

L

p
w =   (1.1) 

 

 

where L is the transistor gate length and s is the plasma wave velocity that is given 

by the carriersô density and the gate-to-channel capacitance per unit area C: 
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2

se n
s

mC
=   

(1.2) 

 

 

e is the absolute value of the electron charge and m the electron mass. The carrier 

density in the FET channel is proportional to the gate swing or overdrive voltage (U0) as: 

 

 

 
 0

s

CU
n

e
=   (1.3) 

 

 

U0= VG-Vth, VG is the gate voltage and Vth the threshold voltage. Equation 1.3 only 

holds if the special variation of U(x) is larger than the gate-to-channel distance (gradual 

channel approximation). From those equations (1.1 to 1.3), an analytical expression can 

be obtained: 

 

 

 
 0

0

1

4

eU
f

m
=   

(1.4) 

 

 

Figure 1.2 shows the resonance frequency versus U0 for a GaAs based FET with a 

gate legth of 100 nm. It shows that submicron FET devices could operate as a THz 

detector at room temperature and that the resonance frequency could be tuned by the gate 

bias.  

 

 

 

Figure 1.2 Resonance frequency as function of the gate voltage 

swing for a GaAs FET 
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The equations describing the 2D plasmons are the relationship between the surface 

carrier concentration (ns) and the swing voltage (U0) (Equation 1.2), the equation of 

motion (Euler equation, equation 1.5), and the continuity equation (Equation 1.6).  

 

 

 ( )
0

U Uv

t x

µ µ
+ =

µ µ
 (1.5) 

   

 v e U v

t m x t

µ µ
=- -

µ µ
 (1.6) 

 

 

where /U xµ µ is the longitudinal electric field in the channel, v(x,t) is the local electron 

velocity, and the last term ( /v t) describes the viscosity and accounts for electron 

collisions with phonons and/or impurities (tis the relaxation time). According to 

Dyakonov & Shur [18], [19] the solution of those equations under the boundary 

conditions of common-source and open-drain is given by: 

 

 

  

()
2

4

a

o

U
U f

U
wD =  

 

(1.7) 

 

  
 

 
()

( )
( ) ( )

'

0

2 '' 2 '

0 0
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1

sinh cos
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f

k L k L

b
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(1.8) 

 

 

where: 
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2

1
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b
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 (1.9) 
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Equation 1.7 describes the response of the device as a THz detector for any 

frequency and gate length. The function f (ɤ) depends on two dimensionless parameters: 

ɤŰ (quality factor) and sŰ/L. Figure 1.3 shows f (ɤ) as a function of ɤŰ for different 

values of sŰ/L. When ɤŰ >> 1 and for submicron devices, such that sŰ/L >> 1, f (ɤ) 

exhibits sharp resonances at the fundamental frequency and its odd harmonics (Figure 1.3 

(a) and (b)). In this case, the damping of the plasma waves excited by the incoming 

radiation is small and the device exhibits a resonance detection mode. However, when ɤŰ 

<< 1, plasma oscillations in the channel are overdamped. For a long device, the 

oscillations excited at the source by the incoming radiation do not reach the drain because 

of the damping. The boundary conditions at the drain are irrelevant in this case, and the 

response does not depend on L. As it can be seen in Figure 1(c) and (d), f (ɤ) changes 

from f ~ 1 for ɤŰ << 1 to f ~ 3 for ɤŰ >> 1; we also see how at very small values of ɤŰ 

the condition of a long sample is violated, and f tends to zero. In both cases, a long 

channel acts as a broadband detector of electromagnetic radiation. Underdamped 

(ɤŰ>> 1) or overdamped (ɤŰ >> 1) plasma waves decay near the source end of the 

channel, leading to a DC voltage induced between drain and source. 

 

 

 

 

Figure 1.3 Function f(ɤ) as function of different values of sŰ/L 
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According to the simple analytical analysis presented in [22], an equivalent circuit of 

the FET can be given by a RLC ciruit as shown in Figure 1.4; where C is the capacitance 

gate-channel, R the channel resistance and L the kinetic inductance related to electron 

inertia that is proportional to the electron effective mass m. The operation of the FET as a 

THz detector will depend on the frequency ɤ, the gate length L and the effective length 

effL st=  that describes the propagation distance of the waves inside the channel. Hence, 

it can be divided in two main regimes: 

 

 

 

1. High frequency regime (ɤŰ > 1), where Ű is again the electron momentum 

relaxation time, determining the conductivity in the channel ů=ne2C/m. In this 

case, the kinetic inductances in Figure 1.4 are of primordial importance, and the 

plasma waves analogous to the waves, in an RLC transmission line, will be 

excited. 

 

a. For a short gate, L < Leff, the plasma wave reaches the drain side of the 

channel, gets reflected, and forms a standing wave with an enhanced 

amplitude, in these conditions the channel acts as a resonant cavity for 

the waves. Figure 1.5 shows the dependence of Leff with the frequency 

for diferent transistors (GaAs FET, Si-CMOS, and Si-MODFET). It is 

clearly seen that the effective length decreases when increasing the 

frequency and to reach the conditions for resonant detection, the gate 

length should be lower than Leff. For example, for our studied 

transistors (Si-MODFET), the gate length should be less than 80nm at 

0.3 THz.  

 

b. For a long gate, L>>Leff, the plasma waves excited at the source will 

decay before reaching the drain, so that the AC current will exist only 

in a small part of the channel adjacent to the source (inset of Figure 

1.5). 

 

 

2. Low frequency regime (ɤŰ << 1), the plasma is overdamped and at this low 

frequency regime the impedance of the inductance is low. Hence, the inductance 

is in short-circuit and the equivalent circuit is mainly an RC circuit. The most 

relevant parameter is RCwt , where RCt  is the RC time constant of the whole 

transistor. Since the total channel resistance is Lɟ/W, and the total capacitance is 

CWL (where W is the gate width and ɟ=1/ů is the channel resistivity), it can be 

easily found that 2

RC L Ct r= . 

 
Figure 1.4 Equivalent circuit of FET when used as a detector 
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a. For a short gate, RCwt  < 1, the AC current goes through the gate-to-

channel capacitance uniformly across the whole length of the gate. 

This is the so-called ñresistive mixerò regime [23], [24].  

 

b. For a long gate, RCwt  >> 1, the induced AC current will leak to the 

gate at a small distance l (leakage length) from the source, such that 
2

RC l Ct r= . If l << L, then neither AC voltage nor AC current will 

exist in the channel at distances beyond l.  

 

 

 

Figure 1.5 Effective length as function of the frequency for GaAs, Si-

CMOS and Si-MODFET. 

 

 

In summary, resonant detection will be observed only if the quality factor is greater 

than unity and if the gate length of the FET is lower than the effective length given by sŰ. 

In other cases, the detection is non-resonant, and the detector is a broadband one.  
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This chapter describes the experimental setups used in DC and THz measurements 

from 4K to room temperature (Troom) across this PhD work. Mainly, I have to mainly 

distinguish between two setups: the low temperature and THz measurements and imaging 

setup at USAL (University of Salamanca) premises and the THz detection setup at room 

temperature at CEZAMAT (Centre for Advanced Materials and Technologies, Warsaw, 

Poland) facilities. Additionally, a brief description of the experimental equipment for 

detection experiments is described. 

 

Finnally, this chapter will describe the main equipment used for the characterization 

and fabrication of GFETs in this thesis. 

2.1 THz detection system from 4K up to 300K 

at USAL 

This section describes the setup used for DC and THz measurements in the 

temperature range 4K - 300K. An Optistat AC-V12 cryostat (Figure 2.1) cooled by a 

closed cycle refrigerator was used. This system is able to cool samples to helium 

temperatures without the need for liquid cryogens.  

 

 

 

Figure 2.1 Optical cryostat (a) and experimental setup (b) at USAL facilities for measurements in 

the range from 4K up to 300K. 

 

 

The cryostat has 4 optical windows, each of them with a diameter of 12.7 mm that 

are used for the optical access. One of these optical windows was removed and replaced 

by a Teflon optical window to perform THz measurements and improve our THz setup. 

Teflon windows ensure that the sample is only excited by the THz radiation, since they 
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show good transmittances on these frequency ranges making them ideal components for 

IR and THz applications. Conversely, they exhibit close to zero transmittance in the 

visible range [25] ensuring that the devices are only excited by the incoming THz 

radiation. The samples placed on this system are held in vacuum and cooled by a Pulse 

Tube refrigerator. A temperature controller is used to control heating and thermometry of 

the sample from 4K up to 325K with a temperature stability of ±0.3K. 

 

In THz experiments, transistors were excited by a RPG (Radiometer Physics GmbH) 

dual-frequency THz source. It uses a solid-state Dielectric Resonator Oscillator (DRO) at 

12.5 GHz and electronic multiplication to generate a THz beam at 0.15 THz with an 

output power of 3 mW and another one at 0.3 THz with an output power of 6 mW. The 

output power was measured close to the source using a highly sensitive calibrated 

pyroelectric detector. For lock-in detection the THz radiation was modulated by a 

mechanical chopper between 0.1 and 4 kHz and then collimated and focused using an off-

axis parabolic mirror and an optical lens. 

 

Figure 2.1 (b) shows a photograph of the experimental bench described above. Since 

the sample is mechanically fixed into the cryostat it cannot be repositioned, rotated, or 

tilted, then the THz detection measurements performed on this system were limited. 

Nevertheless, the source was placed on a XYZ stage manipulator ensuring a proper 

alignment between the sample and the THz beam.  

2.2 THz detection & imaging system at USAL 

DC and THz measurements at room temperature performed at the THz Laboratory of 

the USAL were carried out in an additional optical bench. Figure 2.2 shows a photograph 

of this bench, (a), along with a scheme of the experimental setup used for the terahertz 

characterization at room temperature, (b). The DRO-based THz source and the 

mechanical chopper described in section 2.1. were both used in this system. The output 

THz radiation was modulated, collimated and focused twice by using an indium tin oxide 

(ITO) mirror and off-axis parabolic and plane mirrors. The ITO mirror acts as a dichroic 

mirror since the ITO layer is highly reflective (95%) for the THz beam due to its high 

conductivity while is highly transparent (80% transmittance) to visible light. This allows 

the use of a visible red LED (or laser) for the alignment of the THz beam. This 

experimental setup has two focal points. The second focal point (FP2) is used to place the 

THz detectors on a XYZɗ stage micromanipulator. Optionally, the system has a first focal 

point (FP1) to place an object that can be moved by using a XY stage. In this 

configuration, the incoming THz radiation goes through the object placed at FP1 and then 

the transmitted light is focused again at FP2 and measured with the THz detector using 

the lock-in amplifier. This configuration allows us to generate a pixel-by-pixel THz 

photograph of the object placed at FP1.  
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(c) 

 

Figure 2.2 Photograph of the experimental bench, (a), schematic, (b) of the THz imaging setup 

implemented at the USAL Thz Lab, and image of the 0.3 THz beam and its shape profile (c). 

 

 

The beam power and the spot area of the 0.15 and 0.3 THz EM radiation were 

measured using a calibrated pyroelectric detector at the FET position (FP2). Power values 

obtained were 0.5 mW at 0.15 THz and 1 mW at 0.3 THz. The spot area was estimated 

by taking a pixel-by-pixel image of the beam spot at the FET position. Figure 2.2 (c) 

shows a homogeneous circular beam spot for the 0.3 THz radiation. A similar shape was 

obtained for the 0.15 THz beam. The area of the beam spot was estimated to have a size 

of ˊr2, where r is the radius of the beam spot. Values of 1.35 mm for 0.3 THz and 3.3 mm 

for 0.15 THz were found for r (Figure 2.2 (c) right). 

2.3 THz detection & imaging system at 

CEZAMAT  

Broadband THz measurements at room temperature were performed at CEZAMAT 

facilities. Figure 2.3 shows a picture of the experimental setup used in the detection 
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experiments carried out at this laboratory. The experimental setup comprised a THz-wave 

generator from VDI (Virginia Diodes, Inc.) and three Signal Generator Extension 

Modules offering full waveguide band coverage from 0.140 THz to 0.440 THz: 

 

 

¶ WR5.1      140 ï 220 GHz (typ. +4 dBm) 

¶ WR3.4      220 ï 330 GHz (typ. -2 dBm)   

¶ WR2.2      330 ï 440 GHz (typ. -10 dBm) 

 

 

 

Figure 2.3 Photograph of the experimental bench at CEZAMAT facilities 

 

The vertically polarized output THz beam was focalized on the devices placed at the 

focal point of the setup by using biconvex polyester/Teflon lenses. Devices were placed 

on a holder box fixed to XYZɗ stages micromanipulators allowing us to perform 

measurements dependent on the beam polarization. 

 

 

  

Figure 2.4 Source power (a) and beam diameter (b) as a function of the output frequency in the 

frequency range from 0.15 up to 0.44 THz. 
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