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Abstract

Silicon- and Graphenebased FETs for THz technology

This Thesis focuses on the study of the response tah@&dz (THz) electromagnetic
radiation of different silicon substratempatible FETs. Strainesi MODFETS, statef-

the-art FinFETs and grapheitETs were studied.

The first part of this thesis is devoted to present the results of an experimental and
theoretical study of strainefi MODFETs. These transistors are built by epitaxy of
relaxedSiGe on a conventional Si wafer to permit the fabrication of a str&8nebkctron
channel to obtain a higmobility 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 tdimensional hydrodynamimodel was developed to
conduct TCAD simulations to understand and predict the response of the transistors. Bot
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 straine8i MODFETs as THz detectors (75 V/W and 0rd8/HZ9).

The seond 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 0.1@d.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/H?).

Finally, a large part of the Thesis is devoted to the fabrication and characterization of
Graphenebased FETs. A novel transfer technigural an irhousedeveloped 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-BN. Raman measuremes confirmed the quality of the
fabricated graphene heterostructures and, thus, the excellent properties of encapsulated
graphene. The asymmetric dual grating gate graphene FET (ABDIEET) concept was
introduced as an efficient way to improve the graphresponse to THz radiation. High
quality ADGGGFETs 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 tlorObtb 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 ar@@danA/W and0.04
nW/HZ° respectively atespectively at 4K.

It was demonstrated the practical use of the studied devices for inspection of hidden
objects by using the ihouse developed THz imaging system.

Key words: THz, Plasmavaves, FETs, MODFETS, FinFETsi€n, Graphene.
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Introduction and motivation

Terahertz (THz) rayare 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 THhaving respectively wavelengths from 3 mm down to
30 em (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 1@ THz).

Radio waves Microwaves Terahertz Infrared Visible Ultraviolet X-rays Gamma

8 9 10 11 12 13 14 i3 16 1017 18 19 1020
v (Hz) 110 lp 1(|) 1|O l(l) 19 19 110 110 lIO1 110 110 l|0
1 3m 30 mm 300 um 3 um 30 nm 300 pm 3 pm

300 mm 3 mm 30 pm 300 nm 3 nm 30 pm

Figure 0.1 THz rangdocationon the Electromagnetic spectrjiij

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 areof 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 radiatif#t] (i) Many substances have "fingerprint" spectra in
the THz range (iiiDue to itslow photon energy (about one million times lower than
the one of Xrays), THz radiation is nofionizing and therefore not dangerous for
human beings. The scientific interest in this field dmegn 1920[3] and the term
terahertzwas first given by Fleming4] 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 19€8). In the last decades a big interest was given to
the development of terahertz devicEs detection, emission, and mixing for
different applications like: astrononj@], spectroscopy (rotational, vibrational, and
translatimmal 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 materialg9], communications with a bandwidth significantly higher than
those based on micr@awves[10], nondestructive inspection based on both imaging of
concealed objects and spectroscfiidy], metrology[{12], quality control[13], among
others. THz rays (-Fays) permit imaging with a diffractielimited resolution similar

to that of the human eyfl4], and, since common optically opaque packaging
materials are transparent terdys, the inspection of concedl objects is possible.
More interesting applications related to THz technology was reported in references
[15], [16].

THz regionis also knowna s  AG@AR&(Figure 0.2 sinceneither optical nor
microwave dewies could fully conquer this domajh7]. 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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Introduction and motivation

expensive, which limits their application and availability atiekrefore there is a
long way ahead on the development of THz devices.

Pulsed QCL records:

1000 Leeds 2014, 1W () 10K!
Vienna 2013, 0.47W ‘
MIT 2006, 0.25 W ( .
100

-
o

DFG (RT, IR1-IR2)

Power (mW)

THz QCL
(CW, cooled <200 K)

=
-

0.01
0.001 - 1 __Schottky diode
multipliers
1 1 (TR ENES GENN [ G Gl T o T T 1 | N CN T |
0.1 02 03 0.5 1 2 3 5 10
Frequency (THz2)
Figure02Map of avail able compact terahert:.

frequency interval in which is hard to generate any larger radiation power. (Abbreviat
QCL Quantum Cascade Laser, DFG Difference Frequency Generation, RTD Resol

Tunreling Diode, HEMT High Electron Mobility Transistor, IMPATT IMPact ionizatior
Avalanche Transit Time diode, CW Continuous Wave, RT Room Temperatlirg)

One of the most promising ways to emit and/or detect THz is based on the
oscillations of plasma wave ithe channel osubmicron Field Effect Transistor
(FETs) as proposed theoretically by Dyakonov and Shiir1993 [18] - [19].
Neverthelessonly FETs entirely implemented in silicon CMOS process technology
keep all the advantages of ceftectiveness, scaldiby, high yield and high
reliability. Therefore, silicorbased FEZ or, at least, silicon substrate compatible
technologies are potential candidateslevelopefficient and cheap THz devices that
operate at room temperature.

Since the first obtention of graphene flakes 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 closethe THz GAP[21]. Moreover, new promising 2D materials also attract the
interest to develop rooitemperature THz devices. Nevertheless, it is well known
that silicon dioxide (Si@), the most common substrate material for graphkmés
the performance of graphene devices and obscures its performance. Recently,
dielectric hexagonal boron nitride-BN) emerged as the ideal substrate for graphene
becausdoth materials sharef the same type of lattice. Graphene is transferred on
an kBN flake to fabricate graphene based vertical heterostructures showing better
properties thathe conventionafraphene on Si© One of the key advantages of 2D
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Introduction and motivation

materials and heterostructures is that they can be transferred to any substrate and
therebre enables its integration in silicon integrated circuits.

In this Thesis, | focused my investigation line on the fabrication and
characterization of different types of FETs-ffaised FET and Grpahebased FETS)
as THz detectord his thesis manuscriptas organized ifour chapters as follow:

1 Chapter 1 introduces the main mechanism of terahertz detection based on
plasmawave oscillations in the 2D channel afFET. The theoretical
model proposed by Dyakonov and Shur demonstrating that nanometric
FETs can detect and emit THz radiation at frequencies above theiff cut
frequency ), is recalled.

1 Chapter 4s dedicated to describe the experimental seanplsequipment
used for the fabrication of graphebhased FETs antthe characteriation
of the transistors studiedcrossthis PhD work. A in-housee system
developed in the Phiyas used to transfer the graphene afidNnflakes.
Devices were characterized electrically on waismg a probestation
and/or wire bonded using gold wires to conduct het 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-ukel THz
imaging system. THz low temperature me@ments 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).

1 Chapter 3:Two Sibased device (StMODFET and FINFET) were
experimentally studied in DC and as terahertz detectors. Stf8ined
MODFETs were experimentally and theoretically characterized at 0.15
and 0.3 THz. A technology computaided design (TCAD) analysis
based on a twdimension& hydrodynamic model (HDM) was used to
investigate the transistor response under THz radiation excitation. TCAD
simulatiors were validated through comparisomvith experimental
measurementsarriedat the THz Lab ofUSAL showing the potential of
TCAD as a ool for the design of new THz devices. Moreover, both p
MOS and AMOS 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 measuremenand 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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1 Chapter 4is dedicated to graphermsed FETs. An Asymriréc-Dual
GratingGate Graphenbased FET (ADGGSFET) was proposed
fabricated abd characterizeals THz detector. The device was fabricated
using a graphene heterostructure where the graphene flake was
sandwiched between two layers eBN andthen procesed to fabricate a
FET using arartificial doubleheterostructure (BN/graphene/fBN) on
a Si OJ/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 eatoiin was achieved and THz
imaging was performedsing theADGG-GFET asthe THz detector.
Encouraging results using the ADG&-ET for THz detection were
obtained.

A conclusion of these works was presented at the final where all the obtained
results weresummarized. Moreover, as consequence of the promising results of the
graphenebased devices, a future work plan will be presented as to continue the work
of the presented thesis.
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Chapterl: Plasmawave oscillation in a FET & Terahertz detection

1.1 Analytic description

Dyakonov and Shuy first in 1993 [18] and later in 1996[19], demonstrate
theoretically the possibility of using submoa field-effect transistors (HEMTS,
MOSFETSs, €) as practical device operating
multipliers and mixers. They found that the oscilation frequency of plasma waves in the
channel of a gated 2D system (Figure 1.1)nigersely propotional to the gate length.
Hence, a gated 2D system (FET) with submicron gate length could operate at frequencies
well above their cubff frequency (f). When the electron plasma in the channel of a FET
is excited by an external electromagoeadiation, an AC electric field @9 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 resporas® tuning the frequency by the gate voltage
as compared to other devices used in THz technology.

Gate
x=0 x=L

U,
" 5\ —
Drain

2D Electronic Fluid Channel

c
w
3]

©®

® @
AU

Figure 1.1 Schematic description of RET operatingss THz detectofor
an induced ac voltage

Figurel.1 shows a schematdescription of an ideal FET as a THz detector where a
DCdraintoos our ce voltage (@U) appears as proport
Il n an ideal case, the signal U shoul d sh
radiation with maxima at the gdma oscilation frequencyy,, and its odd harmonics

w, =@ #N) wy:

w, =22 (11)
2L

where L is the transistor gate length and the plasma wave velocity that is given
by the carri er stéchaheehcapadtance paruhitdae gat e

11



Chapter 1PlasmaWave oscillation in a FET & Terahertz detection

e'n (12)

e is theabsolute value of thelectron charge and m the electron mass. The carrier
density in the FET channel isqgportional to the gate swing or overdrive voltage) (&s:

n =% (13)
* e

Uo= VeV, Ve is the gate voltage andmnvthe threshold voltage. Equatidn3 only
holds if the special variation of U(xis largerthan the gat¢o-channel distance (gradual
channel approximation). From those equati@hg to 1.3, an analytical expressiaan
be obtained:

f =1 el (1.4)
== S0
4\ m

Figure 1.2showsthe resonance frequency versus fdr a GaAs based FET with a
gate legth of 100 nm. It shows that submicron FET devicelld operate aa THz
detector at room temperature and thatrdsmnancérequency could be tuned by the gate
bias.

GaAs FET Lg=100nm m*=0.063mg

Frequency / (THz)
w

0 0.5 1 1.5 2
Vg-Vin/(V)

Figure 1.2 Resomnce frequency as function of the gate volte
swing for aGaAs FET
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Chapter 1PlasmaWwave oscillation in a FET & Terahertz detection

The equations describing the 2D plasmonsthegelationship between the surface
carrier concentrationn) and the swing voltage @ (Equation 1.2, the equation of
motion (Euler eqgation,equation 1.)3 and the continuity equatioEquation 1.6.

W, W 4 (15)
Mt K

w_ eWw v (16)
e m p !

where pU / y is the longitudinal electric fidlin the channel(x,t) is the local electron
velocity, and the last term(v/¢ ) describesthe viscosity and accounts for electron
collisions with phonos and/or impurities £ is the relaxation time). Accoig to
Dyakonov & Shur [18], [19] the solution of those equations under the boundary
conditions of commoisource and opedrain is given by:

DU —:ﬂi f (w) (1.7)
1 L
f(w)=1+b — +1?COS(2<0 ) (1.8)
S|nh2(k0L)+ co§(kOL)
where:
po_ 2wt (19)
1+(Wt‘)2
©=3 2
©=3 2

13



Chapter 1PlasmaWave oscillation in a FET & Terahertz detection

Equation 1.7describe the response of the device as a THz detector for any
frequency and gatength. The functiorf (¥) depends on two dimensionless parameters:
¥ quality factor)and slL. Figure 1.3showsf (¥) as a function of¢ Uor different
values ofsL. When¥ (>> 1 and for submicron devices, such tisat >>1, f (¥)
exhibits sharp resonances at the fundamieineguency and its odd harmonidsgure 1.3
(@) and (b)).In this case, the damping of the plasma waves excitethddiyncoming
radiation is small and the device exhibits a resonance detection mode. However, @hen
<< 1, plasma oscillationsn the chanel 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 Is. ifcan be seen iRigure 1(c) and (d) (¥) changes
fromf~ 1 fory (k< 1tof~ 3 fory B> 1; we also see how at very small valuesrof)
the condition of a long sample is violated, a@nténds to zero. In both cases, a long
channel acts as a broadband detector of electromagnetic radiatioerdamged
(¥ 8>1) or overdampedy U>> 1) plasma waves decay near the source end of the
channel, leading to RC voltage induced between drain and source.

(@ 104 (b) 10
st/L=10 st/L=1
102
1
3 3
= 1 =
101
102
10+ 102
10 1 10 102 10 1 10
wT wT
©) 10 (d) 10
st/L=1/2 st/L=0.01
3 )
= 1 = 1
10 10+

101 1 10 104 10-2 1 102 10

Figure 1.3 Functionf ( as)function of different values ef U/ L
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Chapter 1PlasmaWave oscillation in a FET & Terahertz detection

According to the simple analytical analysis presentd@2h anequivalentcircuit of
the FETcan begiven by a RLC ciruit as shown Figure 1.4 where C is the capacitance
gatechannel, R the channel resistance and L the kinetic inductance related to electron
inertiathat isproportioral to the electroneffective massn. The geration of the FET as a
THz detector will depend on the frequencythe gate length and the effective length
Ly =& thatdescribs the propagation distance of the waves inside the channel. Hence,

it can be divided in two main regimes

Gate

prm— C prmm— prmm—

Source M—r— n———— Drain
L R

Figure 14 Equivdent circuit  FET when used as a detector

1. High frequency regimg ¥ & 1) , w his again tHé electron momentum
relaxationt i me , determining the conductivity
case, the kinetic inductanceshigure 1.4 are of primordial importancend the
plasma waves analogous to thaves in an RLC transmission line, will be
excited.

a. For a $ort gate, L <es, the plasma wave reaches the drain side of the
channel, getseflected, and forms a standing wave with an enhanced
amplitude,in these onditionsthe channehct as a resondrcavity for
the wavesFigure 1.5 shows the dependence afilwith the frequency
for diferent transistors (GaAs FET,-SMOS, and SMODFET). It is
clearly seen that the effective length decreases when increasing th
frequency and to readhe conditionsfor resonantletectionthe gate
length should be lower thaned For example, for our studied
transistors (SMODFET), the gate lengtlshould be less than 80nah
0.3 THz.

b. For a bng gate, L>ker, the plasma waas excited at the source will
decay before@eaching the drain, so that tA& current will exist only
in a small part of the channatljacent to the sourdg@set of Figure

1.5,

2.Low frequency 1)teegplasma is (overdamped and at this low
frequency regime the impedancetlé inductance ikow. Hence, the inductance
IS in shortcircuit and the equivalent circuit is mainly an RC circuit. The most
relevant parameter isv 4., where .. is the RC time constant of the whole
transistor. Since the totalh a n n e | resistance is L}/ W, i
CWL(where W is the gat e neresitvity)it@ante ] =1/ G
easily found that .. =L* €.
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Chapter 1PlasmaWave oscillation in a FET & Terahertz detection

a. For a $ort gate w . < 1, theAC current goes through the géte

channel capacitance uniformpcrossthe whole length of the gate.
Thisisthesec al | ed Ar e sgimeR3],24d. mi xer 0 r e

b. For a bng gate,w . >> 1, the inducedAC current will leak to the

gate at a small diahcel (leakage length) from the source, such that
toc=1? €. If | << L, then neithelAC voltage norAC current will

exist in the channel at distances beybnd

150

—@—  GaAs (u=0.35 m?/Vs)
—®— Si-CMOS(=0.03 m?/Vs)
®  Si-MODFET(z=0.1 m?/Vs)

100

Sf\/\/\/‘—D

Lerr / (nm)

50

'\I..il'
L .'ﬂlﬂl'ﬂr

0.5 1 1.5 2
Frequency / (THz)

Figure 15 Effective length as function afiefrequency for GaAs, Si
CMOS and SMODFET.

In summary, resonant detection will be observed only if the quality factor is greater
than unity and if the gate |l ength of the FET
In other cases, the detewtiis nonresonant, and the detector is a broadlzarel
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Chapter 2Experimental setup and equipment

This chapter describes the experimental setups used in DC and THz measurements
from 4K to room temperature (bm) across this PhD work. Mainly, 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 TechrespgVarsaw,
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 GFETSs in thikesis.

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 AGV12 cryostat (Figure 2.1) cooled by a
closed cycle refrigerator was used. Thisteyn is able to cool samples to helium
temperatures without the need for liquid cryogens.

Figure 2.1 Optical cryostat (a) and experimental sefiojpat USAL facilities for measurements il
the rangdrom 4K up to 300K.

The cryostat has 4 optical windows, each of them with a diameter of 12.7 mm that
areusedfor the optical access. One of these optical windows was removed and replaced
by aTeflon optical windowto 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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Chapter 2Experimental setup and equipment

showgood 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 fromHK up to 325K with a temperature stability of £0.3K.

In THz experimentstransistors were excited by a RPG (Radiometer Physics GmbH)
duakrequency THz source. It uses a sadidte Dielectric Resonator Oscillator (DRO) at
12.5 GHz and electronic multiphtion 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 loak detectim the THz radiation was modulated by a
mechanical chopper betweerd @nd4 kHz and then collimated and focused using an off
axis parabolic mirror and an optical lens.

Figure2.1 (b)shows a photograph of the experimental bench described above. Since
the sample ismechanicallyfixed into the cryostait cannot be repositionedotated or
tilted, thenthe THz detection measurements performed on this sysiera 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 BRSed 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 offaxis 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
condctivity 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 XYZd stage micromani pul at
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 lockin amplifier. This configuration allows us to generate a pibyepixel THz
photograph of the object placed at FP1.
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(b) Tz

"3
4"“".” FET
9::::2:!0 onf oN XY
-----

CHOPPER

oaiﬁzaa [:]3 /° |¥ A
A ﬂ

SaMPLE
ON XY STAGE

LOCK-IN

AMPLIFI R
AMPLIFIER

0.018 | X RMSwidth =1.35mm
0016 "
0.014 | " l
S 0012 P
= 1
T o010 b
o
®» 0008 toy
L
0.006 oy
1
0.004 -
] 1
0.002 H %
g ",
0 10 20 30 I
(mm)
200m Y RMSwidth =1.35 mm

18.0m
16.0m
14.0m
12.0m
10.0m

Signal (V)

8.0m
6.0m

4.0m

2.0m

0.0 ’
0.00000 001735 1 p

Signal (V)

30 40

Figure 2.2 Photograph of the experimental bench, (a), schematic, (b) of the THz imaging :
implemented at the USAL Thz Lab, and image of the 0.3 THz beam and its shape profile

The beam power and the spot area of the @id 0.3 THz EM radiation were
measured using a calibrated pyroelectric detector at the FET position (FP2) vEemssr
obtained were 0.5 mW at 0.15 THz and 1 mW at 0.3 THz. The spot area was estimated
by taking a pixeby-pixel image of the beam spot dtet 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 ~ %, wherer 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 far (Figure 2.2 (c) right)

2.3 THz detection & imaging system at
CEZAMAT

BroadbandTHz measurements at room temperature were performed at CEZAMAT
facilities. Figure 2.3 shows a picture of the experimental setup usethe detection
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Chapter 2Experimenal setup and equipment

experimentarried oufat this laboratory. The experimental setup comprised aw&lz
generator from VDI (Virginia Diodes, Inc.) and three Signal Generator Extension
Modules offering full waveguide band coverage from 0.140 THz to Ol#40

1 WR5.1 140 220 GHz (typ. +4 dBm)
1 WR3.4 220 330 GHz (typ-2 dBm)
1 WR2.2 330 440 GHz (typ-10 dBm)

Figure 2.3 Photograph of the experimental bench at CEZAMAT facilities

The vertically polarize@utputTHz 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 bx fixed to XY2Zd st ages micromani pul ators al
measurements dependent on the beam polarization.

(@) 10m

— WR 5.1
— WR 3.4
— WR 2.2

"

1m+

Power (W)

By,

150.0G 200.0G 250.0G 300.0G 350.0G 400.0G 450.0G
Freq (Hz)

100u

Figure 2.4 Source powe(a) and beam diameter (@3afunctionof the output frequenay the
frequencyrange from 0.15pito 0.44 THz
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