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Abstract

Terahertz (THz) electromagnetic waves, located between microwaves and infrared waves,
provide an attractive spectral region for imaging, communication, medical diagnostics and other
applications. However, the THz portion of the electromagnetic spectrum has remained one of
the last frontiers in optics, having only recently been exploited in the industry. This is because
the technology for the efficient generation and detection of THz radiation has been difficult to
develop, as it requires either extremely fast electronics or long-wavelength photonics.

A photoconductive antenna (PCA) is typically composed of a high resistivity semiconductor
substrate with two electrodes fabricated on one face of the substrate. PCAs are widely used to
generate THz radiation because they can demonstrate high optical-to-THz conversion efficiency
when operating at room temperature. Since their demonstration as practical THz sources and
detectors, PCAs have been the subject of a vast number of scientific and industrial reports
investigating their application as THz transmitters and receivers.

This thesis aims to develop intense THz sources using PCAs. At the Advanced Laser Light Source
(ALLS), large aperture photoconductive antennas (LAPCAs) based on ZnSe crystal have already
been developed. This source uses 20 mJ laser energy to generate free space THz pulses with
energy up to 8.3 £ 0.2 . The main limitation of the ZnSe-based intense THz source is that the
maximum applied bias field (which determines the maximum radiated THz field) is still limited in
practice by air breakdown.

We overcome the air breakdown limit by the surface passivation method, opening the road to
generate intense THz radiation. More precisely, the antenna is covered with a dielectric layer of
epoxy resin to avoid air breakdown, which allows higher bias fields to be applied, thus potentially
generating THz radiation with higher peak electric fields.

We demonstrate that the maximum applied bias field increases more than 2.2 times by using
the surface passivation method. Further, even with the same bias field, the peak electric field of
the generated THz radiation increases more than 1.37 times after covering the PCAs with an
epoxy layer. We demonstrate that after covering the GaAs PCA with the epoxy coating, the
optical fluence irradiating the GaAs surface increases, leading to the increase in the generated
THz electric field.



Résumé

Les ondes électromagnétiques térahertz (THz), situées entre les micro-ondes et les infrarouges,
constituent une région spectrale intéressante pour l'imagerie, la communication, les diagnostics
médicaux et d'autres applications. Cependant, la portion THz du spectre électromagnétique est
restée I'une des dernieres frontieres de I'optique qui a été exploitée récemment dans l'industrie.
En effet, la technologie permettant de générer et de détecter efficacement les ondes THz a été
difficile a mettre au point, car elle nécessite soit une électronique de pointe et extrémement
rapide, soit une photonique avec de grande longueur d'onde.

Une antenne photoconductrice (APC) est généralement composée d'un substrat semi-
conducteur de haute résistivité avec deux électrodes déposées sur une face du substrat. Les APCs
sont largement utilisées pour générer des ondes THz car elles peuvent démontrer une efficacité
de conversion optique-THz élevée lorsqu'elles fonctionnent a température ambiante.

Cette these vise a développer des sources THz intenses en utilisant les APCs. Au Laboratoire de
Sources Femtosecondes (LSF), les antennes photoconductrices a grande ouverture (APCGOs)
basées sur un cristal de ZnSe ont déja été développées. Cette source utilise une énergie laser de
20 mJ pour générer des impulsions THz en espace libre avec une énergie allant jusqu'a 8.3 W. La
principale limite de cette source THz intense est que le champ de polarisation maximum appliqué
(qui détermine l'intensité maximale de I'onde THz maximum rayonnée) est toujours limité en
pratique par la force diélectrique de I'air.

Nous avons surmonté la limite du claquage de I'air par la méthode de passivation de surface,
ouvrant ainsi la voie a la génération d'un rayonnement THz intense. Plus précisément, I'antenne
est recouverte d'une couche diélectrique faite a partir de résine époxy. Cette derniere ayant une
force diélectrique plus élevée que celle de l'air, nous pouvons appliquer des champs de
polarisation plus élevés, et donc générer un rayonnement THz plus intense.

Nous avons démontré que le champ de polarisation maximum appliqué augmente de plus de
2.2 fois en utilisant la méthode de passivation de surface. En outre, méme avec un champ de
polarisation identique, le champ électrique de créte du rayonnement THz généré augmente de
plus de 1.37 fois apres avoir revétu I'APC par la couche d'époxy. Nous avons également démontré
gu'apres avoir recouvert la surface de I'APC de GaAs avec la couche d'époxy, la fluence optique
irradiant la surface de GaAs augmente, ce qui entraine I'augmentation du champ électrique THz
généré.
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Chapter 1

Introduction

Terahertz (THz) electromagnetic waves have provided an attractive spectral region for imaging,
communication, medical diagnostics and other applications, due to their non-invasive properties
and excellent spectroscopic and sensing abilities. As shown in Figure 1 [107], located between
microwaves and infrared waves, THz roughly ranges from 0.1 X 1012 to 10 x 102 Hz, and 1 THz
is equivalent to 1 picosecond in time, 0.3 mm in wavelength and 4.14 meV in photon energy. THz
radiation bridges the gap between photonics and electronics devices, and it provides a vast
amount of useful bandwidth.

Spectrum of electromagnetic radiation
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Figure 1. THz band in the electromagnetic spectrum [107].

Although THz radiation is invisible to the human eye, it has a lot of unique attributes and
possesses great potential for applications in our daily life. For example, many materials that block
visible and infrared light turn out to be transparent in the THz frequency range [7], and THz is
selectively absorbed by water and organic substances [10]. Moreover, THz imaging can achieve
sub-mm spatial resolutions, and near-field imaging allows resolutions in the nm regime [8].



Further, due to its small photon energy, the THz wave is non-invasive and nonionizing compared
to X-ray waves, and it is considered to be harmless for humans, plants and animals [9].

Researchers faced enormous technical problems in the generation and detection of THz pulses,
due to the lack of high-energy pulsed laser sources and sensitive detectors. It was not until 1992
that the first intense THz source was reported by You et al. [11]. After long inactivity, Blanchard
et al. demonstrated the generation of intense THz pulses by optical rectification from a large
aperture ZnTe crystal [12] in 2007. Furthermore, Ropagnol et al. developed a ZnSe-based
interdigitated large aperture photoconductive antenna (iLAPCA) THz source in 2013 [13,14]. Due
to their large bandgap and high dielectric strength, 6H-SiC and GaN substrates are also used for
fabricating large aperture photoconductive antennas (LAPCAs) [15,16]. In the search for new
materials, organic crystal BNA (N-benzyl-2-methyl-4-nitroaniline) and the DAST crystal are
considered to be able to generate intense THz radiation [17,18]. With the laser facilities of the
Advanced Laser Light Source (ALLS) at the INRS-EMT, the generated THz pulse energies are
getting more and more intense and have increased from a few nJ up to several W [12-14,19-23].

With the efficient and compact table-top THz source with high intensity, we can study a lot of
fascinating nonlinear phenomena and novel applications, such as the anisotropic effective mass
of hot electrons in the non-parabolic band of InGaAs [106], intraband and interband carrier
dynamics [5] and absorption bleaching of THz pulses in n-doped semiconductors [1,3]. In addition,
the development of THz time-domain spectroscopy (THz-TDS) opened a new chapter in THz
science, initiating great efforts to develop various applications to exploit the unique
opportunities that THz waves offer [24-28].

L valley

I' valley

—> /B
‘ /\

Figure 2. Mechanism of intense THz pulse induced intervalley scattering. The electrons in the
conduction band are accelerated by the THz electric field (green arrow); after acquiring enough
kinetic energy, they can scatter into the L valley [1].




THz pulse can serve as a transient voltage bias, driving a lot of nonlinear phenomena in
semiconductors. As shown in Figure 2 [1], the carriers at the bottom of the conduction band are
accelerated by the high THz fields, gaining kinetic energy through each oscillation. When the
kinetic energy is higher than the nearest intervalley separation, they can scatter into the L valley,
where the effective mass of electrons is higher and the carrier mobility is lower. This effect results
in a reduction in the conductivity of the semiconductor layer, and thus the transmission of the
THz pulse increases as the conductivity of the sample decreases. Therefore, nonlinear
transmission enhancement (also known as absorption bleaching) is observed in n-doped
semiconductors at high THz fields, as shown in Figure 3 [14].
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Figure 3. Normalized time integral of the square modulus of the transmitted electric field as a
function of the Z-scan position of the InGaAs sample for three different peak THz fields (174, 144
and 115 kV//cm) and for the bare InP substrate at a peak field of 174 kV/cm [14].

The high THz field used in studying the absorption bleaching effect is provided by an
interdigitated ZnSe LAPCA [14]. It is a very efficient and compact table-top THz source, which can
generate free space THz pulses with energy up to 8.3 + 0.2 W. It is also very convenient since we
can easily control the THz peak electric field by applying a specific bias field.

In chapter 2, we will discuss the generation and detection techniques of THz radiation, as well
as the principle and experimental results of THz time-domain spectroscopy (THz-TDS). For the
THz generation, we will mainly discuss THz emission from nonlinear crystals via optical
rectification and THz radiation generated by photoconductive antennas (PCAs). In chapter 3, we



will investigate the THz generation from large aperture photoconductive antennas (LAPCAs) and
new methods to increase the THz intensity.



Chapter 2

Intense THz generation and detection techniques

2.1 Optical rectification (OR)

Optical rectification (OR) is an extensively used approach for intense THz generation. It is a
second-order nonlinear process that can take place in noncentrosymmetric media. This effect
was first reported using Ruby lasers in a KDP crystal by M. Bass et al. in 1962 [29].

Optical rectification is usually much simpler for THz generation compared with PCAs, since we
do not need high-voltage supplies to provide the bias field. Generally speaking, optical
rectification refers to the generation of quasi-DC polarization when a strong laser beam passes
through a nonlinear crystal. The change in the nonlinear polarization over time in the nonlinear
medium resulting from femtosecond laser could contain many different frequency components,
inducing the emission of THz.

In nonlinear optics, the electric polarization P induced in the medium can be expressed as the
power series of the electric field of optical pump E:

P= so()((l)f + yPEE +X(3)EE§+...) (D

Here, )((") is the nth-order susceptibility tensor of the material. The second term in equation
(1) explains the optical rectification process; this is due to the noncentrosymmetric nature of the
nonlinear crystal, which causes optical rectification. Equation (2) shows the nonlinear
polarization related with optical rectification:

}_50(122)(9) = 50)((2)(9' W, wz)E( wl)E*( wy) (2)

Here, (1 is the frequency difference between the two frequency components of the optical
pump w; and w,. In the time domain, the THz far-field is proportional to the second-order
derivative of the induced polarization with respect to time, given by [53]:

- 02 ~(2)
ETHz(t) X WPOR (t) (3)
P(t) = &g P OE®) + xXPOEE®) + xXPOEME®E (0)+...) 4

Apparently, by increasing the optical pump power, one can obtain a higher electric field of THz
[30-37]. In theory, the spectral bandwidth of the generated THz pulses depends exclusively on



the frequency components of the pump beam. But in order to efficiently generate high-energy
THz pulses, several prerequisites must be met [38]:

1. To begin with, apart from the noncentrosymmetric crystal structure, the medium should
be highly transparent at all relevant frequencies. Otherwise, the length of the effective
interaction will be limited by absorption.

2. Since difference frequency generation is a nonlinear process, high intensities need to be
used. For material selection, this means that it must have a relatively high damage
threshold to withstand the high intensity of the femtosecond pump beam.

3. Furthermore, many other material properties, such as absorption, diffraction, saturation
and phase-matching conditions must be cautiously analyzed. Among these factors, the
phase-matching between the optical group velocity and the THz phase velocity is one of
the most significant requirements for an efficient optical rectification process, which
determines the best parameters for the orientation and thickness of crystals. The phase-
matching condition is given by:

k(w,) — k(wy) = k(Q) (5)

Here, k is the wave vector depending on the electromagnetic frequency and the corresponding
refractive indexes. The definition of coherence length is the interaction length at which the phase
change reaches m, during which THz waves can have a positive accumulation to prevent the
effects of phase mismatch [42]:

AkL. =1 (6)

Here Ak = k., — k,1 — kry, and L. is the coherence length. To generate efficient THz
radiation from a bulk crystal, the thickness of the crystal cannot be longer than the coherence
length to avoid the conversion cancellation due to phase mismatch.

According to these factors, several nonlinear mediums can be chosen as an appropriate THz
emitter via OR. As a highly relevant process of OR, the performance of electro-optic (EO) sampling
techniques used for characterizing THz pulses also depends on these key rules. Table 1
summarizes some important parameters of nonlinear materials commonly used for OR [20,44-
45].



Table 1. Important parameters of nonlinear materials commonly used for OR [20,44-45].

Crystal EO coefficient Refraction index THz refraction THz absorption
(pm V1) index coefficient (cm™1)
ZnTe 144 =4.0 (0.633um) 2.85 (0.8pm) 3.17 13
LINbO; 733 =30.9 n, =229, n, = 2.18 n,=6.8,n,=4.98 16
Tey = 32.6 (0.633um) (0.633um)
LiTiO; 733 =75,=30.5(0.82um)  n, =2.176, n, = 2.18 n,=6.5,n,=64 46
(0.633um)
CdTe 1y =4.5(1.00um) 2.84 (0.8um) 3.23 4.8
DAST 744 = 160 (0.82um) n, =246, n, = 170 2.4 150
(0.82um)
GaSe 1.7 (0.8um) 2.85 (0.8pm) 3.72 0.07
GaAs Ty =143 (1.15um) 3.61 (0.886pm) 3.4 0.5

A simple configuration for THz radiation generated through the optical rectification process is
shown in Figure 4. As mentioned above, as an intense femtosecond laser beam propagates
through a second-order nonlinear medium, a transient polarization is induced, resulting in the
emission of THz radiation. The electric field of the generated THz pulse is proportional to the
second time derivative of this polarization [39-43].

AN

femtosecond laser THz

I | N

Figure 4. Schematic view of THz generation via optical rectification in a nonlinear crystal. A
femtosecond laser pulse, passing through a nonlinear medium, generates a broadband THz
pulse using difference frequency generation processes.

With the configuration shown above, researchers have demonstrated generating intense and
broadband THz pulses using nonlinear crystals such as LiNbO3, ZnTe, GaAs, CdTe, GaP, DAST and
BNA [37,46-48]. It has been shown that organic molecular crystals like DAST are more efficient
than ZnTe crystals of the same thickness, but they are more fragile and normally suffer from
lower damage thresholds [49-51].



2.2 THz generation from photoconductive antennas (PCAs)

JL optical pump ”A/\ THz

DC I— J

Figure 5. Schematic view of a typical photoconductive antenna (PCA). A DC bias voltage is
applied to the semiconductor substrate to drive the photoexcited carriers.

As shown in Figure 5, a PCA is typically composed of a high-resistivity semiconductor substrate
with two electrodes fabricated on one side [21]. The femtosecond laser pulse illuminates the
semiconductor substrate where the metal electrodes have been deposited, exciting carriers from
the valence band to the conduction band. These free carriers are accelerated by a bias field to
generate a photocurrent. The variation of the photocurrent density in the picosecond time scale
generates the THz pulse. Two of the most unique characteristics of THz pulses generated from
PCAs are their quasi-half-cycle nature and their relatively low central frequency, lying between
0.05 and 1 THz. To generate high-energy THz pulses, large aperture photoconductive antennas
(LAPCAs) have been studied and developed [52,53].

The relation between the surface current J(t) and the radiated near field E,,.,,-(t) can be
expressed as [54,62]:

(1 +ve)

0

J(@t) = - Enear(t) (7)

Here, 1, is the free impedance and &, is the material’s relative permittivity. From Ohm’s law,
J(t) can also be written as [63]:

J(@t) = as(t) (Eb + Enear(t)) ®)



Here, g,(t) is the surface conductivity of the PCA, and E, is the bias electric field. The
conductivity is proportional to the electron mobility and density. The electron mobility remains
constant over the duration of the rising of the current density. In this case, the surface
conductivity g, (t) can be expressed as [55]:

o,(t) = eun(t) 9)

Here, e is the electron charge, u is the electron mobility, and n(t) is the time-dependent
electron density. When using a femtosecond laser pulse, the electron density will increase at the
timescale of the femtosecond laser and then decrease at a timescale proportional to the carrier
recombination time. Equation (9) can be rewritten as [62,64]:

e(1-R) (* ) , t—t"\ |
o,(t) = h—vf_ooy(t — t ) ope(t ) exp | — . dt (10)
Here, R is the reflectivity of the PCA substrate at the laser wavelength, hv is the photon energy,
I,p¢ is the optical intensity, and 7, is the carrier lifetime. By combining equations (7) and (8), we
obtain a new expression for the radiated near field E,, .4, [54]:

os(t)
—Epno
O_s(t)no + (1 + \/g_r)
Equation (11) indicates that the radiated near field E,,.,- is linearly proportional to the bias

electric field E,. Further, the scaling of E,,.,,- is proportional to the surface conductivity but
scales hyperbolically. The maximum radiated near field, E;-%%, is expressed as [62]:

Enear @® = (11)

max
O-S

0" + (1 + Ve;)
where g% is the peak surface conductivity. In this case, the peak surface conductivity appears
just at the end of the laser pulse before carrier recombination happens. From equation (10), the
maximum surface conductivity can be expressed as follows [62]:

e(l1 — R)uF,
gmax — ( hv)# opt (13)

max _
Enear - _Ebno

(12)

Here, F,,; is the optical fluence, and u is the transient carrier mobility. From equations (12)
and (13), we can obtain the new expression for the radiated near field [54]:

Fopt Fopt
Emex = —E 5 =—E - (14)
near b F . + hv(l + \/g_r) g Fopt + Fsat
Pt " e(1— R)uno

Here, F,,; is the saturation fluence and is inversely proportional to the electron mobility, given
by:



_ (1 +VE)
48 e(1— R)un,

From equation (14), we know that the near field of the radiation scales hyperbolically with the
fluence. Therefore, by increasing the optical fluence, one can increase the generated THz electric
field. But a saturation will occur as we increase the optical fluence, as demonstrated in Figure 6
(a) [15].

(15)

The bandgap of the 4H-SiC crystal is 3.26 eV, requiring the absorption of two photons at 400
nm to generate one electron-hole pair in the conduction band, known as the two-photon
absorption (TPA) process. Since the current density is proportional to the square of the input
intensity for the TPA process, the quadratic behavior is observed in Figure 6 (c) [15].
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Figure 6. THz peak electric field versus fluence for a 6H-SiC (a) and 4H-SiC (b) PC antenna excited

at 400 nm and biased with three different bias fields. (c) is an expanded scale of the bottom left

part of (b), in order to show the quadratic dependence of the THz field on fluence for the 4H-SiC
PCA at low excitation fluence [15].

Physically, when the optical fluence is small compared to the saturation fluence, the radiated
near field scales almost linearly. On the contrary, when the optical fluence is high, the amplitude
of the radiated near field saturates. As a result, the amplitude of the radiated near field is
comparable to the amplitude of the bias electric field, thus screening the bias electric field itself.
The THz pulse is emitted around the dipole with a polarization direction of the electric field
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parallel to the dipole axis. It has the same direction as the surface current J, which is opposite to
the direction of the bias electric field. When the PCA is operating in the screening regime, the
only approach to increasing the amplitude of the radiated near field is to apply a higher bias field.
The expression of far-field radiation is [65]:

E (t)oca—]ocE- i (16)
far ot bias ot

As shown in equation (16), the THz electric field is proportional to the bias field Ep;,s and the
time derivative of the surface conductivity . As can be seen from Figure 7 [56], carrier
recombination is the dominating mechanism influencing the decay time of photocurrent. The
temporal profile of the THz pulses depends on the rate at which the photocurrent increases and
decreases.

— < T radiated THz far ﬁeld 1

| L ' L L | s L s L 1

0 0.5 1 1.5 2
time (ps)

Figure 7. Calculated photocurrent, the amplitude of the radiated electric field and the laser pulse
shape as a function of time [56].

The optical-to-THz conversion efficiency of PCAs is expressed by [66]:

— TElgias ( Fopt
2Foptn0 Fopt + Fsat

n )? (17)
Here, T is the duration of the THz pulse. The efficiency of converting femtosecond laser to THz
scales quadratically with the bias field. When the optical fluence is equal to the saturation fluence,
the maximum optical-to-THz conversion efficiency is obtained:
TEZ
— bias (18)
8Fsat770
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Consequently, we can obtain the energy of the THz pulses:
WTHZ =7 X Wopt = nAFopt (19)

TAElfias
81,

From equation (20), we conclude that the maximum THz energy only depends on the square
of the bias field EZ;,; and the area of the PCA A. In addition, in contrast to other THz sources, the
energy of the THz pulse is extracted primarily from the DC field applied to the substrate instead
of the optical pump. This characteristic is particularly advantageous for obtaining high optical-to-
THz conversion efficiency while using relatively low optical energy.

max _— —
WTHZ - 77maxAF0p1: -

(20)

The bandgap determines the laser wavelength that we can use to generate THz. To greatly
improve the absorption of photons, the energy of the photons of the laser pulse must be slightly
higher than the bandgap. It allows efficient absorption with high quantum efficiency and
generates free carriers at the bottom of the conduction band. For example, the 3.03 eV bandgap
of 6H-SiC allows 6H-SiC PCAs to be pumped efficiently with the second harmonic of the 800 nm
Ti:sapphire laser.

Dielectric strength marks the highest bias electric field one can apply to a PCA before
breakdown happens. The dielectric strength of semiconductors E, is closely related to the
bandgap E;, given by an empirical formula [67]:

E
E. =136 X 107(76)3 (21)

Apparently, a small difference in bandgap will result in a huge variation in dielectric strength.
This is significant for LAPCA since the radiated peak electric field is linearly proportional to the
bias electric field. From this equation, we find that using a wide bandgap semiconductor as the
substrate of LAPCA is very favorable.

From equations (15) and (17), we can conclude that if the carrier mobility increases, the
saturation fluence will decrease, and the optical-to-THz conversion efficiency will increase. So we
should use semiconductors with high carrier mobility as the LAPCA substrate. Table 2
demonstrates some basic physical properties of wide bandgap semiconductors including carrier
mobility.

Table 2. Basic physical properties of wide bandgap semiconductors [102].

Semiconductor ZnSe GaN 6H-SiC 4H-SiC
Bandgap (eV) 2.7 3.28 3.01 3.23
Direct(D)/indirect(I) D D I I
Dielectric strength (MV cm™1) 1 4 3 3
Carrier mobility (cm?V~1S71) 500 1000 400 800
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As shown in Table 2, ZnSe, GaN, 6H-SiC and 4H-SiC all have large bandgaps, making them good
candidates for substrates of LAPCA. Among them, GaN has a large bandgap of 3.28 eV, which is
higher than 3.1 eV, preventing it from being pumped by the second harmonic of the 800 nm
Ti:sapphire laser. However, it has been demonstrated that for In,Ga;_4N, by increasing the
indium concentration to 15%, the bandgap of InGaN decreases to a value lower than 3.1 eV [68-
71], as shown in Figure 8.

4.0 r r T r : v T T T T T

bandgap of InGaN (eV)

0.5 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

indium concentration

Figure 8. Bandgap of InGaN versus the indium concentration [70].

As can be seen in equation (15), saturation fluence Fg,; is inversely proportional to the electron
mobility. To increase the THz electric field, lower saturation fluence and higher electron mobility
are desired. However, as shown in Figure 9, if we look at the data from [72] (dark blue dot),
electron mobility decreases with increasing indium concentration. In Figure 9, the dashed blue
curve shows the theoretical mobility, the inset shows the InGaN sample structure used in [72],
and other data is obtained from [73-77]. Therefore, instead of choosing a high indium
concentration, an indium concentration at which the bandgap of InGaN is slightly lower than 3.1
eV is preferred.
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Figure 9. Electron mobility of the InGaN as a function of indium concentration [72].

A superb approach to generating intense THz radiation is to use interdigitated LAPCA (iLAPCA)
structure, as shown in Figure 10 [54]. With non-interdigitated LPACA, higher-voltage supplies are
necessary, which are dangerous and difficult to handle. However, iLAPCA possesses a large
photoexcitation surface area, and due to the reduced distance between different pairs of
electrodes, we can avoid applying high voltage in the experiment.

G =800 um

Cr/Al

WXL=1mmx55mm

Figure 10. A typical 6H-SiC interdigitated LAPCA. Here, the iLAPCA is composed of 38 electrodes
with a gap distance of 800 um and a width and length of 1 and 55 mm, respectively [54].
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For LAPCAs, two adjacent electrodes with the same gap size will generate THz pulses having
opposite polarity, which can interfere destructively when propagating in the far-field. Therefore,
it is necessary to block the illumination of all antennas biased with one specific bias field direction
(positive or negative) by using a shadow mask. As shown in Figure 11 [13], with a shadow mask,
constructive interference of pulses emitted with the same polarity will improve the overall far-

field THz emission performance.
& InSe
haegganzyas Shadow
; mask
¢ Electodes

Figure 11. Schematic view of the interdigitated ZnSe antenna covered with a binary phase mask
and shadow mask [13].

As shown in Figure 12 [13], the ZnSe interdigitated LAPCA with the shadow mask (blue curves)
generates a half-cycle THz pulse. The THz waveform becomes symmetric and single-cycle with
the 1 mm thick binary phase mask (red curve). Using a mask thickness of 0.65 mm instead of 1
mm reduces the THz pulse duration (black curve).
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Figure 12. (a) THz pulses shapes generated from the ZnSe iLAPCA excited at 400 nm with a
fluence of 0.2 mi/cm? , at a bias field of 10 kV//cm with 0.65 and 1 mm binary mask and a
shadow mask. (b) Power spectrum with a shadow mask (blue line) and the 1 mm binary mask
(red line). (c) and (d) THz pulse shapes obtained with the 0.65 mm (c) and the 1 mm (d) binary
mask on the ZnSe iLAPCA [13].

Using iLAPCAs, THz pulses with MV/cm peak electric fields can be generated, and THz pulses
with a 1 MV/cm field at 1 THz can accelerate free electrons up to 11 eV, which is sufficient to
generate many nonlinear effects [14].

2.3 THz detection by PCAs

The PCA can also be used in THz detection [83,84]. A femtosecond probe laser pulse illuminates
the gap of a PCA and excites carriers into the conduction band, and the excited carriers are
accelerated by the THz electric field Eyy,(t"). This leads to a transient photocurrent signal across
the antenna gap. We can detect the THz electric field from the transient photocurrent using the

lock-in amplifier.
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More precisely, the femtosecond laser pulse creates free electrons in the antenna gap. When
the THz pulse irradiates the antenna, the THz electric field induces a voltage between the two
antenna electrodes. Driven by the THz induced voltage, a transient photocurrent flows through
the gap. Subsequently, an electrical charge is shifted from one antenna electrode to the other.
The amount of the transferred charge is proportional to the THz field strength. Therefore, we can
detect the THz electric field from the photocurrent I(t) with the amplifier connected to the PCA
detector.

1(t) « f (= ) Epuy (¢ 22)

—00

2.4 Free-space electro-optic sampling

Free-space electro-optic sampling exploits the linear Pockels effect in an electro-optic (EO)
crystal together with a femtosecond laser pulse, to detect the electric field of the THz pulse
[36,85-90]. The probe beam samples the THz electric field at a particular delay time. By varying
the delay time, the entire THz transient waveform is mapped. A schematic view of this technique
is shown in Figure 13.

Balanced
%photo-detector

\,
\ Probe beam

Figure 13. Schematic view of THz detection using the electro-optic sampling technique.

When there is no THz field, a linearly polarized femtosecond laser pulse traverses an EO crystal
and passes through a A/4 waveplate, and it becomes circularly polarized. The orthogonal
polarization components of the laser pulse are then equally separated by a Wollaston prism and
sent to the balanced photo-detector. The detector is connected to a lock-in amplifier, which
measures the difference signal I, — I, from the two photodiodes and gives a zero reading.
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However, when the THz field overlaps the femtosecond laser pulse in time, the polarization of
the laser beam is modified slightly, introducing an imbalance between [, and I,.. The difference
between the two signals is proportional to the THz electric field, for example, for ZnTe crystal,
we can obtain equation (23) [36]:

Lhwl
Iy =1,— 1, =) Ap = TnoréllETHz X Ery, (23)
Here
Iy . Iy
L =2 (1 = sindp) ~ 2 (1 - A¢) (24)
Iy . Iy
I, = 5(1 + sinA¢) = E(l + A¢) (25)

Where [, is the intensity of the incident probe, n, is the refractive index at the optical
frequency, 741 is the EO coefficient, and A¢ is phase retardation between the two polarization
components (A¢ < 1). Thus, by measuring the signal of the balanced photo-detector, the THz
electric field strength can be determined.

2.5 THz time-domain spectroscopy (THz-TDS)

2.5.1 Introduction

THz time-domain spectroscopy (THz-TDS) is a spectroscopic technique in which the properties
of matter are detected with short pulses of THz radiation. Since THz-TDS determines both the
amplitude and the phase of the THz radiation, it can be perfectly utilized in assessing the complex
dielectric constants of various materials [92-100].

The complex index of refraction of the sample is given by i(w) = n(w) + ik(w), here, k(w)
is the extinction coefficient, related to the absorption coefficient a(w) through k(w) =
a(w)c/(2w). Considering Fresnel field transmission and reflection for normal incidence, we can
obtain the following formulas:

n(w)=1+ %“;)C (26)
a() = =3I (2T () (27)

Here, n is the real part of the index of refraction, a is the absorption coefficient, and w is the
angular frequency. ¢(w) = <psam(a))—(pref(a)) , Where @4, (w) and (pref(w) are the
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unwrapped phase of sample signal and unwrapped phase of reference signal obtained from
Fourier transform. Also c is the velocity of light in vacuum, and d is the thickness of the sample.

T(w) = ifﬂ, where Es,m and E,.r are the amplitude of sample signal and amplitude of

ref

reference signal obtained from Fourier transform.

In THz-TDS measurements, the experimental conditions should be identical for sample and
reference measurements. For example, a holder is put at the focal point of the THz beam in
reference measurement, since we put the sample on a holder in sample measurement. Further,
in the THz-TDS system, the optical length of the pump line and the probe line should be
approximately equal.

In this chapter, we will present a THz-TDS system based on the PCA emitter and PCA detector,
along with the experimental results of CdTe and ZnTe characterization.

2.5.2 THz-TDS system based on PCA emitter and PCA detector

To obtain the THz signal with broad bandwidth, we use a free space PCA THz emitter (TERAVIL
EMT-10) and free space PCA THz detector (TERAVIL DET-10). The PCA is based on GaBiAs
photoconductive material and is optimized for wavelengths around 1060 nm, which matches the
wavelength of the ytterbium laser (Newport Spectra-Physics HighQ-2). It also has a wide spectral
range and low noise level with sub-picosecond temporal resolution. The THz emitter consists of
a microstrip PCA fabricated on GaAs substrate, which is illuminated by laser beams from the
panel side. Laser beams must be focused on the gap between two electrodes. Typically, the laser
spot is smaller than the gap between metallic electrodes. THz radiation is collected by an
integrated lens, manufactured from high-resistivity silicon.

To align the PCA emitter and detector, a CCD camera is used to take images of the electrodes.
As shown in Figure 14, the antenna gap can be observed clearly. The idea of aligning is to make
the pump and probe beam focused on the gap. Afterward, we measure the resistivity with and
without laser illumination. In theory, the resistivity is very high when there is no laser illumination
since the substrate is semi-insulating. However, when the laser is focused on the antenna, the
resistivity decreases dramatically, since the photons are absorbed by the substrate, exciting
carriers from the valence band to the conduction band.
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Figure 14. CCD image of the PCA emitter.

The schematic of the THz-TDS system using the PCA emitter and PCA detector is shown in
Figure 15.

femtosecond laser .
Delay line

Beam splitter E
PCA detector
Sample
A chopper
PCA emitter

G

Figure 15. Schematic of THz-TDS system using the PCA emitter and PCA detector.

Figure 16 shows the THz waveforms generated and detected using GaBiAs PCA emitter and
detector. Both of them are pumped by the 1045 nm laser with 20 mW optical power. We
optimized the THz-TDS system by adjusting the position of the silicon lens installed before the
PCA. After optimization, the peak electric field increases more than 2 times, and the THz pulse
duration decreases from 2 ps to 1.5 ps. The bandwidth is 2 THz.
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Figure 16. (a) THz waveforms and (b) amplitude spectrum, generated and detected by Teravil’s
GaBiAs PCA emitter and detector before (red) and after (blue) rough alignment of the HR Si
lenses.

2.5.3 Phase retrieval in THz-TDS

To get the phase difference between the sample and the reference signal ¢(w), phase
unwrapping is needed. In principle, the unwrapped phase curves of the sample and reference
signal should be monotonically increasing in the frequency domain, and the phase difference
¢ (w) is always greater than zero. We can obtain the unwrapped phase from Origin software, but
this software can give us systematic errors, as shown in Figure 18 (a), the unwrapped phase of
the sample signal is erroneous.

The errors can be corrected automatically by subtracting the overall phase of the signals from
the wrapped phase before unwrapping, and then adding the same phase after unwrapping. This
reduced phase is best calculated by multiplying the complex-valued spectra by exp(—i@sqm) and
exp(—i@orer), respectively, before unwrapping [91]. Here, the overall phase @gsam = 27f tosam,
Porer = 21f tores, Noting that the position of the peak of the THz signal is at time t,, as shown
in Figure 17 (a).
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Figure 17. (a) Typical waveform for a THz-TDS experiment. The blue curve is the measurement of
reference through air, and the red curve is the measurement of the sample. (b) The frequency
spectrum. The gray-shaded area represents the upper limit of the useful spectral region of the

measurements [91].

The strategy for the most stable phase unwrapping is to ensure that the slope of the phase to
be unwrapped is as low as possible, in order to minimize the possibility of unintentional
overcompensation of the phase [91]. As shown in Figure 18 (b), with the inclusion of the overall
phase of the signals in the unwrapping procedure, unwrapping now works as expected, since the
subtraction of the overall phases of the signals leads to relatively small variations of the phase
spectrum.
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Figure 18. Unwrapped phase (a) from Origin (before correction), (b) from MATLAB (after
correction).
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In principle, the unwrapped phase should be zero when the frequency is zero. Otherwise, the
calculated index of refraction will tend to infinity, which is incorrect. However, sometimes the
unwrapped phase does not start with zero, which indicates that there is a global phase offset
(integer multiples of 2m). To solve this problem, we can first check if there is a global phase offset
using the linear regression method in MATLAB. If there is a global phase offset, we need to
subtract it from the unwrapped phase [91].

The index of refraction can be calculated using the phase delay ¢, and ¢ = [n(w) — 1]wd/c,
as shown in Figure 19 (a). The phase delay ¢ can be calculated using the temporal offset of the
reference and sample THz pulses, that is, ¢ = @osam — Porer = 27f (tosam — torer), Where
tosam is the temporal position of the maximum value of the sample THz pulses, and ¢ty is the
temporal position of the maximum value of the reference THz pulses. We can estimate the index
of refraction by substituting the phase difference ¢ into the following equation:

n(w)=1+ % (28)

The estimated index of refraction shows no variation in the whole THz frequency range, which
does not reflect the interaction between the THz radiation and the sample. For example, the
estimated index of refraction of a silicon wafer is about 3.4 in the THz frequency range.
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Figure 19. (a) Representation of time-domain electric field waveforms measured by THz-TDS and
time-resolved terahertz spectroscopy (TRTS). (b) Corresponding frequency-domain intensity
spectra obtained from the Fast Fourier transform (FFT) [101].

2.5.4 THz-TDS of CdTe sample
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ATHz-TDS measurement of 1 mm CdTe sample is done at Ecole de technologie supérieure (ETS).
The system is based on the PCA emitter and PCA detector, both of which are pumped by the 800
nm laser with 20 mW optical power. The electric field, amplitude spectrum and unwrapped phase
of the THz signal are shown in Figure 20, Figure 21 and Figure 22, respectively.
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Figure 20. Electric field of THz signal in THz-TDS measurement of the 1 mm CdTe sample.

1F T T =
E reference amplitude
m sample amplitude
3
7] 0.1
(@)
ie)
5 I
‘_“
© 0.01 3
= E
S
S H
=
o 0.001
©
=
E‘ L
o 1E-4 g- 3
1E-5 L L
0 1 2 3

frequency(THz)

Figure 21. Amplitude spectrum of THz signal in THz-TDS measurement of the 1 mm CdTe
sample.
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Figure 22. Unwrapped phase of THz signal in THz-TDS measurement of the 1 mm CdTe sample.

The calculated index of refraction and absorption coefficient results are shown in Figure 23 and
Figure 24, respectively.
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Figure 23. Index of refraction of the 1 mm CdTe sample.
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Figure 24. Absorption coefficient of the 1 mm CdTe sample.

As shown in Figure 25 (B), our results for the characterization of CdTe are very close to the
literature. The rise in the refractive index and absorption is due to the TO phonon resonance at
141 cm™! in CdTe. A sharp resonance at 2.1 THz (70 cm™!) appears superimposed on the
Lorentzian absorption profile. It is suggested that second-order phonon processes are
responsible for the features [105].

The accuracy of the measurement is mainly limited by the uncertainty in measuring the
thickness of the samples. Oscillation in the index of refraction curve at low frequency (below 0.5
THz) might originate from slightly different diffraction environments of the THz beam through
the sample and reference apertures [108].
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Figure 25. Index of refraction and absorption coefficient of (A) ZnTe and (B) CdTe from literature
[105].

A preprocessing method known as zero-padding is used before analyzing the data. That is, the
beginning and the end of THz pulses are set to zero. As a result, the oscillation in the amplitude
is mitigated, as shown in Figure 26.
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Figure 26. (a) Amplitude when the end of THz pulse is included. (b) Amplitude when the end of
THz pulse is set to zero. When the end of the THz pulse is set to zero, the oscillation in the
amplitude is mitigated.
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The zero-padding method can improve the Fast Fourier transform (FFT) results (both amplitude
and phase spectrum), mitigating the oscillation in the absorption coefficient when the end of the
THz pulse is set to zero, as shown in Figure 27.
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Figure 27. (a) Absorption coefficient when the end of THz pulse is included. (b) Absorption
coefficient when the end of THz pulse is set to zero. The oscillation is mitigated when the end of
the THz pulse is set to zero.

Dynamic range (DR) is defined as the ratio of the maximum measurable signal to the standard
deviation of the noise signal. The calculated absorption coefficient will be considered accurate
only when it is below the dynamic range. Figure 28 shows the largest absorption coefficient that
can be measured reliably.
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Figure 28. The upper limit of the detectable absorption of CdTe (dynamic range).
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In this experiment, there is considerable noise when the frequency is above 3 THz, so we do
not analyze the index of refraction and absorption coefficient after 3 THz. As shown in Figure 28,
the calculated absorption coefficient is below the dynamic range between 0 and 3 THz, so the
measurement can be considered accurate.

2.5.5 THz-TDS of ZnTe sample

A measurement of a 2 mm ZnTe sample was done using 0.8 mm CdTe crystal as THz emitter
and PCA as THz detector. The schematic of the setup is shown in Figure 29. In the THz-TDS system,
the optical length of the pump line and the optical length of the probe line should be
approximately equal. Here, a nonlinear crystal is used as the THz emitter, so the black
polyethylene is put behind the emitter to decrease laser leakage, thus increasing the signal-to-
noise ratio (SNR).

femtosecond laser
1045 nm 1.645W Delay line
PCA detector
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NI .
Beam splitter /;r_—,-
Sample

A chopper
|
F ]
|

s

G

emitter

Figure 29. Schematic of the THz-TDS system using a nonlinear crystal as the THz emitter and the
PCA as the THz detector.

The CdTe emitter is pumped by the 1045 nm laser with 500 mW of optical power, and the PCA
detector is pumped by the 1045 nm laser with 20 mW power. The electric field, amplitude
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spectrum and unwrapped phase of the THz signal are shown in Figure 30, Figure 31 and Figure
32, respectively.
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Figure 30. Electric field of THz signal in THz-TDS measurement of the 2 mm ZnTe sample.
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Figure 31. Amplitude of THz signal in THz-TDS measurement of the 2 mm ZnTe sample.
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Figure 32. Unwrapped phase of THz signal in THz-TDS measurement of the 2 mm ZnTe sample.

The calculated index of refraction and absorption coefficient of the 2 mm ZnTe sample are
shown in Figure 33 and Figure 34, respectively.
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Figure 33. Index of refraction of the 2 mm ZnTe sample.
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Figure 34. Absorption coefficient of the 2 mm ZnTe sample.

As shown in Figure 25 (A), our results for the characterization of ZnTe are very close to the
literature between 0.2 to 1.8 THz. The rise in the refractive index and absorption is due to the TO
phonon resonance at 177 cm™! in ZnTe [105].

Figure 35 shows the largest absorption coefficient that can be measured reliably. Here the
absorption coefficient is below the dynamic range (alphamax) between 0.2 and 1.8 THz, so the
calculated absorption coefficient can be considered accurate.
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Figure 35. The upper limit of the detectable absorption of the 2 mm ZnTe sample (dynamic
range).

33



Chapter 3

Increasing the THz intensity generated from LAPCA

3.1 introduction

The large aperture photoconductive antenna (LAPCA) is an efficient and compact table-top THz
source. With the laser facilities of the Advanced Laser Light Source (ALLS) at the INRS-EMT, the
generated THz pulse energies from LAPCAs are getting more and more intense, increasing from
a few nJ up to several w, making it possible to study a lot of fascinating nonlinear phenomena
and novel applications, such as the intraband and interband carrier dynamics [5] and nonlinear
transmission enhancement of THz pulses in n-doped semiconductors [1,3].

We can fabricate PCAs using semiconductors with a bandgap slightly lower than the energy of
the photons of the laser pulse, which allows efficient absorption with high quantum efficiency. It
is also very promising that by covering the PCA with insulators like Ti0,, Siz; N, and Al,05, we
can avoid air breakdown, thus increasing the bias field we can apply [14,77-80]. In the previous
chapters, we demonstrate that the generated THz electric field is proportional to the applied bias
field, so by increasing the applied bias field, we can increase the generated THz electric field.
Further, the insulator layer has less reflectivity compared to the substrate, so more carriers can
be generated in the substrate [78]. The THz electric field will be enhanced due to the increase in
the carrier density.

In this study, we will discuss the fabrication of PCAs on high-resistivity semiconductor
substrates, the breakdown field of GaAs PCAs with and without insulator coating, as well as the
THz generation from the GaAs-based PCA after surface passivation.

3.2 Paschen's law

Breakdown voltage is the minimum voltage needed for an electric arc or discharge between
two electrodes in a gas as a function of pressure and gap size. And Paschen's law is an equation
that gives the breakdown voltage, named after Friedrich Paschen, who discovered it empirically
in 1889 [57]. The breakdown voltage can be expressed by the following equation:
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Vo = e 29)
In(Apd) —In[In (1 + y_)]

where I is the breakdown voltage in volts, p is the pressure in pascals, d is the gap distance in
meters, ¥, is the secondary-electron-emission coefficient, A is the saturation ionization in the
gas, and B is related to the excitation and ionization energies. Paschen curves can be obtained
using equation (29) [58,82], as shown in Figure 36.
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Figure 36. Paschen curves obtained for helium, neon, argon, hydrogen and nitrogen, using the
expression for the breakdown voltage [58].

For a given gas, the voltage is only related to the product of the pressure and gap distance. In
this study, we use a gap size of 0.9066 mm, which is a relatively large gap distance. At atmospheric
pressure, the breakdown voltage scales almost linearly with the product of pressure and gap
distance.

When air breakdown happens, the air is ionized, and it becomes an electrical conductor,
preventing the PCAs from working. To generate intense THz radiation, we need to apply high bias
fields beyond the air breakdown limit by surface passivation.

3.3 Breakdown field of GaAs-based PCA
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Gallium arsenide (GaAs) is a IlI-V direct bandgap semiconductor with a Zincblende structure,
with a bandgap E; = 1.42 eV. The band structure of GaAs at a temperature of 300 K is shown in
Figure 37 [61], indicating important satellite valleys at the L and X points, located 1.71 eV and
1.90 eV above the valence band maximum at the I' point. Understanding the band structure is
important when studying the electronic properties of semiconductors, since it determines the
effective mass of a charge carrier, and also since it indicates whether a carrier can scatter into a
lower-mobility satellite valley.

~
™
et

Figure 37. The schematic view of GaAs band structure. Optical photons can excite electrons
directly into the I valley [61].

GaAs has some electronic properties superior to those of silicon. It is used to manufacture
devices such as microwave frequency integrated circuits, infrared light-emitting diodes, laser
diodes, solar cells and optical windows. Moreover, it has been widely used for various transistor
types [59], such as a high-electron-mobility transistor (HEMT), junction field-effect transistor
(JFET) and metal-oxide-semiconductor field-effect transistor (MOSFET) [60]. Table 3 summarizes
some electrical properties of GaAs.

Table 3. Basic physical properties of GaAs.

Semiconductor GaAs
Electron diffusion coefficient (cm?s~1) < 200
Electron thermal velocity (m/s) 4.4 x 10°
Breakdown field (MV/cm) 0.6
Electrons mobility (cm?V~1S~1) < 8500
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We use high-resistivity GaAs substrates (MTI Corporation GAUa101005S52US) to fabricate PCAs.
The GaAs is undoped with two sides polished and grown by the vertical gradient freeze (VGF)
method with a dimension of 10 x 10 x 0.5 mm. The orientation is (100), and the resistivity is
0.6~2 x 108 Q- cm. In theory, GaAs has a dielectric strength of 0.6 MV/cm [103]. It is higher
than the air breakdown field, which is 30 kV/cm [104]. We will experimentally test the dielectric
strength of the GaAs sample in this work.

To fabricate PCAs through photolithography, we need first to make a design in AutoCAD. As
shown in Figure 38, a PCA with a large gap size of 0.9066 mm is presented.

L——Lo 9066

Figure 38. PCA with a large gap size of 0.9066 mm designed in AutoCAD.

The substrate is cleaned using acetone and IPA solution with a temperature of 35 °C for 5
minutes. The microscope image of GaAs substrate after cleaning is shown in Figure 39.
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300um

Figure 39. The GaAs substrate after cleaning.

It can be seen from the microscope image that the substrate surface is very clean and flat,
which is very important for the following fabrication process. Afterward, the antenna is
fabricated by photolithography and e-beam deposition. The electrodes of the GaAs antenna are
made using 5 nm Cr and 80 nm Au. The fabricated antenna based on GaAs substrate is shown in

Figure 40.

Figure 40. PCA with a large gap size of 0.9066 mm fabricated on GaAs substrate.

The antenna is fixed on the mount using silver paint and soldering, as shown in Figure 41. The
dark resistance is measured to be 25 M(). We gradually increase the bias voltage applied to the
GaAs antenna. At 2.44 kV, air breakdown is observed. Therefore, the air breakdown field of the
GaAs PCA is measured to be 23.3 kV/cm.
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Figure 41. GaAs PCA with a large gap size of 0.9066 mm fixed on the mount for measuring the
air breakdown field.

Figure 42 shows the microscope image of PCAs after air breakdown. When air breakdown
happens, the air is ionized, and it becomes an electrical conductor, preventing the PCAs from
working. Here we don't observe the breakdown of GaAs substrate.

Figure 42. Air breakdown observed in the GaAs PCA when a bias field of 23.3 kV/cm is applied.
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The breakdown field of GaAs PCA with an epoxy coating is measured. We first mix the epoxy
resin (EFI Polymers 20003) and the epoxy hardener (EFI Polymers 50013) at room temperature.
Then we manually add a few drops of the mixed solution on the gap of PCA. We wait 72 hours
before testing the PCA, allowing the epoxy to cure. The thickness of the epoxy coating is
estimated to be 0.15 mm.

We gradually increase the bias voltage, and the breakdown is observed at a field of 53.3 kV/cm,
as shown in Figure 43. The GaAs substrate seems to be damaged, perhaps due to the high
temperature induced by the high bias voltage. In this experiment, we successfully demonstrate
that by covering the GaAs PCA with an epoxy layer, we can overcome the air breakdown limit
and apply higher bias fields to the PCA.

800um

|

Figure 43. Breakdown observed in the GaAs PCA when a bias field of 53.3 kV//cm is applied.

3.4 THz generated from GaAs-based PCA

The 0.9 mm gap size GaAs PCA is used to generate THz. Figure 44 shows the schematic of the
setup. A 1 mm thick (110) CdTe crystal is used as the THz detector. A lithium triborate (LBO)
crystal is used for generating the second harmonic of the 1045 nm laser, allowing the laser beam
to excite carriers from the valence band to the conduction band in the GaAs substrate. The laser
beam with a pump power of 84 mW is focused on the gap of the GaAs PCA, and the probe beam
is focused on the CdTe crystal detector.
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Figure 44. Schematic of the setup using GaAs PCA as THz emitter.

The dark resistance is measured to be 25 M(Q). When the laser beam is focused on the PCA, the
resistance decreases to 130 kQ. We increase the bias voltage from 200 V to 550 V, the current on
the PCA increases from 1.5 mA to 2.15 mA, and Figure 45 shows the THz waveforms at different

bias voltages.
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Figure 45. THz waveforms at different bias voltages. The THz peak electric field increases as the
bias voltage increases.

The relationship between the THz peak electric field and the applied bias field is shown in
Figure 46.
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Figure 46. Relationship between the THz peak electric field and the applied bias field. From 2.2
kV/cm to 4.4 kV/cm, the THz peak electric field scales linearly with the bias field.
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From 2.2 kV/cm to 4.4 kV/cm, the THz peak electric field scales linearly with the bias field,
which is in accordance with equation (16). However, we observe a saturation effect when the
bias field is higher than 4.4 kV/cm. In fact, it has been demonstrated that GaAs PCAs often
experience significant degradation with time and subsequent failure, primarily due to the
increased temperature resulting from Joule heating [15]. As temperature increases, the GaAs fails
to work properly, and thus the THz peak electric field is less than what we expect when the bias
field is higher than 4.4 kV/cm.

The failure of GaAs PCA with an epoxy coating after applying a bias field of 5.5 kV/cm is
observed, as shown in Figure 47. The epoxy coating can prevent PCA from dissipating the heat.
Due to the increase in temperature, some electromigration of the gold electrodes occurred,
resulting in a total electrical short-cut of the electronic circuit preventing the PCA from working
[54].

Figure 47. Failure of GaAs PCA after applying a bias field of 5.5 kV//cm, due to the increase in
temperature.

It is preferable to choose semiconductor substrates with high thermal conductivity for
dissipating the heat. In addition, it is important to realize high-quality Ohmic contacts on the
substrate. Another option is to use a substrate with a short carrier lifetime and high dark
resistivity to limit the heating of the PCA. The short lifetime reduces the duration of the
photocurrent. Dark resistivity is the resistivity of the PCA without laser illumination, and is mainly
determined by the bandgap of the semiconductor substrate. The use of wide bandgap

43



semiconductors with high dark resistivity reduces the heating of PCAs by lower the dark current
[54].

The waveforms and amplitude spectrums of THz generated from PCAs with and without the
epoxy coating are shown in Figure 48 and Figure 49. It is found that by covering the GaAs PCA
with the epoxy resin, the THz peak electric field increases 1.37 times and 1.66 times at 200 V and
400 V bias voltage, respectively. The spectrum of the radiated field showed a bandwidth of 1.5
THz and a peak frequency of 0.2 THz.
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Figure 48. THz waveform (a) at 200 V bias voltage, (b) at 400 V bias voltage, with (red curve)
and without the epoxy coating (black curve). By covering the GaAs PCA with the epoxy resin, the
THz peak electric field increases.
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Figure 49. THz amplitude spectrum (a) at 200 V bias voltage, (b) at 400 V bias voltage, with (red
curve) and without the epoxy coating (black curve).
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To explore this enhancement of THz peak electric field after covering the GaAs PCA with the
epoxy resin, we perform simulations calculating the laser intensity irradiating the GaAs surface
using FDTD solutions. The schematic is shown in Figure 50. The thickness of epoxy in this
simulation is 0.7 um.

(a) (b)

Figure 50. (a) Schematic of the 522 nm femtosecond laser transmitting into bare GaAs
substrate. (b) Schematic of the 522 nm femtosecond laser transmitting into GaAs substrate with
an 0.7 um thick epoxy coating.

The 522 nm laser beam is incident on the GaAs surface at z = 0. Thus we can obtain the laser
intensity irradiating the GaAs surface by calculating the |E|? at z = 0 using FDTD solutions,
where E is the transmitted electric field of the 522 nm laser. If there is an enhancement in the
laser intensity irradiating the GaAs surface after covering the GaAs substrate with the epoxy,
more carriers will be generated in the GaAs substrate. The calculated results of the laser intensity
irradiating the GaAs surface without and with the epoxy coating are presented in Figure 51 and
Figure 52, respectively.
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Figure 51. The intensity of the laser after travelling through z microns of GaAs without epoxy

layer.
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Figure 52. The intensity of the laser after travelling through z microns of GaAs with the epoxy
layer.

The 522 nm laser beam is incident on the GaAs surface at z = 0. Without the epoxy coating, the
laser intensity incident on the GaAs surface is 0.056. While with the epoxy layer, the laser
intensity incident on the GaAs surface is 0.126. At a depth of 0.6 microns, the laser intensity
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decreases to less than 107°, which means GaAs almost completely absorbs the 522 nm laser
beam. The intensity of the laser after travelling through z microns of GaAs without an epoxy layer
can be expressed as:

T, = 0.056 x e~%/P (30)

Here, D is a constant. The intensity of the laser after travelling through z microns of GaAs with
the epoxy layer can be expressed as:

T, = 0.126 x e~?/P (31)

As we can see, after covering the GaAs PCA with the epoxy layer, the laser intensity irradiating
the GaAs surface increases 2.25 (T,/T;) times, which means more photons will be absorbed by
the GaAs substrate, and thus more carriers should be generated in the GaAs substrate. According
to equation (16), the generated THz electric field should increase as the carrier density increases.

As shown in Figure 48 and Figure 49, it is found that by covering the GaAs PCA with the epoxy
resin, the THz peak electric field increases 1.37 times and 1.66 times at 200 V and 400 V bias
voltage, respectively. It should be pointed out that in this experiment, we cannot control the
thickness of the epoxy. The epoxy layer used in the experiments is not a thin film. It has a
thickness of approximately 0.15 mm (much larger than 0.7 um used in the simulations). The
mechanism of the transmission enhancement with the epoxy coating may be different. Thus we
may not have a 2.25 times enhancement in the laser intensity irradiating the GaAs surface. The
structure with a thickness of 0.15 mm requires a tremendous amount of memory, and our
computing equipment cannot support that simulation. However, the simulation using 0.7 um
verifies that the laser intensity that irradiates the GaAs surface increases after covering the GaAs
PCA with the epoxy layer, which can direct future investigations.

We calculate reflectance with and without the epoxy coating using Fresnel equations for
normal incidence. The schematic is shown in Figure 53.
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Figure 53. (a) Schematic of the laser beam transmitting into bare GaAs substrate. (b) Schematic
of the laser beam transmitting into GaAs substrate with an 0.15 mm thick epoxy coating.
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We calculate the reflectance of the air-GaAs interface, as shown in Figure 53 (a). Using Fresnel
equations for normal incidence, the reflectance without the epoxy coating is given by:

(nGaAs - nair)2
(nGaAs + nair)2

= 37.4% (32)

As shown in Figure 53 (b), with the epoxy coating, neglecting the absorption of epoxy resin and
considering only one back reflection in the epoxy layer, the reflectance is given by:

R12 + T1’2 X R23 = 23-9% (33)

Here, at 522 nm, the refractive index of air n,;;,- = 1, the refractive index of GaAs ng 45 = 4.15
[109], and the refractive index of epoxy nepexy = 1.6 [110]. Ry, is the reflectance of the air-
— (nepoxy_nair)z

(nepoxy+nair)2

ANgirNepoxy
(nair+nepoxy)2

and R.. = M = 0.197
23 (nGaAs+nepoxy)2 . .

epoxy interface, and Ry, = 0.053. Ty, is the transmittance of the air-epoxy

interface, and T, = = 0.947. R,3 is the reflectance of the epoxy-GaAs interface,
12

As we can see, the reflectance decreases 13.5% (37.4% — 23.9%) with the encapsulation
layer. Therefore, the epoxy coating can act as an index-matching material, through which the
reflectivity is reduced and the transmission is enhanced, thus more carriers should be generated
in the GaAs substrate [78].

Further, the surface of the epoxy coating is not flat. Instead, the coating could form a convex
lens, which can focus the laser beam and increase the optical fluence irradiating the GaAs surface.

The fluence of a laser pulse is the optical energy delivered per unit area. The high-energy pulsed
laser is not used in this experiment. The optical power of the 522 nm laser is 84 mW, the
repetition rate is 64 MHz, and the beam diameter is approximately 1 mm. Therefore, the optical
fluence irradiating the GaAs surface is estimated to be 167 nJ/cm?, which is much lower than the
saturation fluence (~0.1 mJ/cm? for GaAs LAPCAs [52]). Therefore, the signal-to-noise ratio (SNR)
is very low, which can lead to experimental errors.

It has been demonstrated that for LAPCAs, the generated THz peak electric field can be
expressed as the following equation [15]:

F

Epeak o ﬁ
F+ Fgy;

THz

(34)

Here, [ is a constant, F and Fy,; are the fluence and the saturation fluence, respectively.

When the optical fluence is much lower compared to the saturation fluence, the generated
THz peak electric field scales almost linearly with the fluence. The laser beam might be focused
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by the epoxy coating, causing an increase in the optical fluence. At 200 V and 400 V bias voltage,
the alignment is changed for optimizing the THz signal, thus the degree to which the laser is
focused may be different. Therefore, the enhancement of the optical fluence irradiating the GaAs
surface may be different at 200 V and 400 V bias voltage, leading to different enhancements of
the generated THz electric field.

For example, a 10% reduction in the beam diameter results in a 23.5% increase in the optical
fluence. A 20% reduction in the beam diameter results in a 56.3% increase in the optical fluence.
As we can see, a slight decrease in the beam diameter can lead to a large increase in the optical
fluence, and thus a large increase in the generated THz electric field.

In conclusion, the increased optical fluence irradiating the GaAs surface due to the
transmission enhancement and the focusing effect with the epoxy coating partially explains the
increased THz output observed in Figure 48 and Figure 49.
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Chapter 4

Conclusions and Perspectives

In this thesis, we discussed the generation and detection techniques of THz radiation, studied
the THz time-domain spectroscopy (THz-TDS) and investigated new methods to increase the THz
intensity. LAPCA can generate intense THz, which makes it possible to study many fascinating
nonlinear phenomena.

We introduced a phase retrieval method in THz-TDS measurements and presented the
experimental results of the index of refraction and absorption coefficient of CdTe and ZnTe
samples. We successfully demonstrated the generation of THz radiation from 0.9 mm gap size
GaAs PCAs, which provides the basis for interdigitated LAPCA. It was also demonstrated that we
could overcome the air breakdown limit and apply 2.28 times higher bias fields to the PCAs by
surface passivation.

An enhancement of the THz electric field after covering the GaAs PCA with an epoxy layer is
observed. We demonstrate that with the epoxy coating, the optical fluence irradiating the GaAs
surface increases, leading to the increase in the generated THz electric field.

However, failure of GaAs PCA with an epoxy coating after applying a bias field of 5.5 kV/cm is
discovered. As we know, GaAs PCAs often experience significant degradation with time and
subsequent failure, primarily due to the increased temperature resulting from Joule heating.
Therefore, it is preferable to choose semiconductor substrates with high thermal conductivity for
dissipating heat.

Further experimental as well as theoretical work is needed to understand the enhancement of
the THz electric field after surface passivation. In addition, we can use semiconductors with high
thermal conductivity and wide bandgap like 6H-SiC to fabricate LAPCA and apply high bias fields
beyond the air breakdown limit by surface passivation to generate intense THz radiation.
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Sommaire Récapitulatif-Amélioration de la limite de claquage de I'air
dans les antennes photoconductrices par passivation de surface pour
une génération intense de térahertz

1. Introduction

Dans les semi-conducteurs, les porteurs de charge sont a la base d'une série de technologies
importantes telles que les lasers a semi-conducteurs et les dispositifs électroluminescents, qui
ont fait I'objet d'études approfondies pendant plusieurs décennies. [1-6]. La gamme des
térahertz (THz), située entre les micro-ondes et l'infrarouge, est une région spectrale
particulierement intéressante pour ces études. Comme montre le montre la Figure. 1, le domaine
THz couvre un spectre de fréquences allant de 0.1 X 1012 § 10 X 102 Hz, et 1 THz équivaut a
une échelle du temps de 1 picoseconde qui correspond a une longueur d'onde de 0.3 mm et a
une énergie de photon de 4.14 meV [36]. Le rayonnement THz établit une liaison entre les
dispositifs photoniques et électroniques en fournissant une grande quantité de largeur de bande
utile.

Le spectre de rayonnement électromagnétique
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Figure 1: Le spectre de rayonnement électromagnétique. [64]
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Bien que le rayonnement THz soit invisible a I'ceil humain, il possede de nombreux attributs
uniques et possede un grand potentiel d'applications dans notre vie quotidienne. Par exemple,
de nombreux matériaux qui bloquent la lumiere visible et infrarouge se révelent transparents
dans la gamme des fréquences THz [7], et le THz est sélectivement absorbé par I'eau et les
substances organiques [10]. De plus, l'imagerie THz peut atteindre des résolutions spatiales a
I'échelle submillimétrique, alors que l'imagerie en champ proche permet des résolutions a
I'échelle nanométrique. [8]. En raison de la faible énergie des photons, les ondes THz sont
également non invasives et non ionisantes. Elles ne présentent donc aucun danger pour les
humains, les plantes et les animaux, en comparaison avec les rayons X [9].

Jusqu'a la fin des années 1980, les chercheurs étaient confrontés a d'énormes problemes
techniques pour générer et détecter efficacement des impulsions THz, notamment a cause de
I'absence de sources laser pulsées de haute énergie et de détecteurs sensibles. Il est a noter que
la premiére source intense de THz a été démontré par You et al. en 1992. [11]. Apres une longue
période, Blanchard et al. ont démontré la génération d'impulsions THz intenses par la méthode
du redressement optique en utilisant un cristal de ZnTe de grande ouverture en 2007. [12]. Par
ailleurs, en 2013 Ropagnol et al. ont développé une source THz intense intégrée aux antennes
photoconductrices de grande ouverture (APCGO) fabriquées sur des cristaux de ZnSe [13,14].
Grace a leur large bande interdite et a une rigidité diélectrique élevée, les substrats 6H-SiC et
GaN sont également utilisés pour la fabrication des APCGO [15,16]. Dans la recherche de
nouveaux matériaux, le cristal organique BNA et le cristal DAST sont considérés comme capables
de générer un rayonnement THz intense [17,18]. Grace a le Laboratoire de Sources
Femtosecondes (LSF) installé a I'INRS-EMT, les énergies des impulsions THz générées sont de plus
en plus intenses et sont passées de quelques nJ a plusieurs W [12-14,19-23].

Les sources THz efficaces et compactes de haute intensité nous permettent d’étudier de
nombreux phénomenes non linéaires fascinants, telles que la variation de la masse effective
anisotrope d'électrons chauds dans la bande non parabolique d'InGaAs [63], la diffusion
interbande et intrabande des porteurs de charge [5] et la blanchiment par absorption des
impulsions THz dans les semi-conducteurs dopés [1,3]. En outre, le développement de la
spectroscopie THz dans le domaine temporel (THz-TDS) ouvre une nouvelle voie dans la science
THz, permettant de développer diverses applications pour exploiter les possibilités uniques
offertes par les ondes THz [24-28].
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L valley

I" valley

Figure 2: Mécanisme de diffusion intermittente induite par des impulsions THz intenses. Les
électrons de la bande de conduction sont accélérés par le champ électrique THz (fléche verte) ;
apreés avoir acquis suffisamment d'énergie cinétique, ils peuvent se disperser dans la vallée L [1].

L'impulsion THz peut servir de polarisation de tension transitoire, entrainant de nombreux
phénomeénes non linéaires dans les semi-conducteurs. Comme le montre la Figure 2 [1], les
porteurs au bas de la bande de conduction sont accélérés par le champs électrique THz de haute
intensité. Les électrons sont donc accélérés et gagnent de I'énergie cinétique. Lorsque |'énergie
cinétique est supérieure a la séparation d'intervalle la plus proche, ils peuvent se disperser dans
une vallée supérieure, par exemple, la vallée L. Dans la vallée L, la masse effective d'électrons est
plus élevée ce qui induit une réduction de la mobilité des porteurs. La conséquence est une
diminution de la conductivité de la couche semi-conductrice et une augmentation de la
transmission des ondes THz. Ce phénomene est connue sous le nom de blanchiment par
absorption ce qui est observé dans les semi-conducteurs dopés n soumis a des champs THz élevés,
comme le montre la Figure 3 [14].
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Figure 3. Intégrale temporelle normalisée du module au carré du champ électrique transmis
en fonction de la position du balayage Z de I'échantillon InGaAs pour trois champs THz de créte
différents (174, 144 et 115 kV//cm) et pour le substrat InP a un champ de créte de 174 kV/cm
[14].

Dans ce cas précis, I'impulsion THz de haute intensité est générée par une antenne
photoconductrice a grande ouverture ZnSe interdigitée [14]. Il s'agit d'une source THz compacte
tres efficace, qui peut générer des impulsions THz en espace libre avec une énergie allant jusqu'a
8.3 £ 0.2 pJ. Cette source THz de haute intensité est tres pratique puisqu'on peut facilement
controler le champ électrique créte en appliquant un champ de polarisation spécifique.

2. Techniques de génération et de détection de THz intenses

2.1 Redressement optique

Le redressement optique est une approche largement utilisée pour la génération de
rayonnement THz intense. Il s'agit d'un processus non linéaire de second ordre qui peut avoir lieu
dans des milieux non centrosymétriques. Un faisceau laser femtoseconde intense se propage
dans un milieu non linéaire, induisant une polarisation transitoire qui entraine I'émission d'un
rayonnement THz. Le champ électrique de l'impulsion THz générée est proportionnel a la dérivée
temporelle du second ordre de la polarisation induite [38-42].
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Une configuration simple pour le rayonnement THz généré par le processus de rectification
optique est illustrée a la Figure 4. Comme mentionné ci-dessus, lorsqu'un faisceau laser
femtoseconde intense se propage a travers un milieu non linéaire de second ordre, une
polarisation transitoire est induite, entrainant I'émission de rayonnement THz. Le champ
électrique de l'impulsion THz générée est proportionnel a la dérivée seconde de cette
polarisation.

N\

femtosecond laser THz

I | >

Figure 4. Schéma de la génération THz par redressement optique dans un cristal non linéaire.
Une impulsion laser femtoseconde, traversant un milieu non linéaire, génére une impulsion THz
a large bande en utilisant des processus de génération de fréquence de différence.

Avec la configuration présentée ci-dessus, les chercheurs ont démontré la génération de
rayonnement THz intense et a large bande en utilisant des cristaux non linéaires tels que le
LiNbO3, le ZnTe, le GaAs, le CdTe, le GaP, le DAST et le BNA [37, 43-45]. Il a été montré que les
cristaux moléculaires organiques comme le DAST sont plus efficaces que les cristaux de ZnTe de
méme épaisseur, mais ils sont plus fragiles et souffrent normalement de seuils de dommages
plus bas [46-48].

2.2 L'antennes photoconductrices (APC)
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Figure 5. Schéma d'une antenne photoconductrice (APC). Une tension de polarisation est
appliquée au substrat semi-conducteur pour piloter les porteurs photoexcités.

Comme le montre la Figure 5, I'APC se compose généralement d'un substrat semi-conducteur
de haute résistivité avec deux électrodes déposée sur une seule face [21]. L'impulsion laser
femtoseconde illumine le substrat semi-conducteur ou les électrodes métalliques ont été
déposées, et un champ de polarisation est appliqué. Si I'énergie des photons de I'impulsion laser
femtoseconde est supérieure a la bande interdite, les photons peuvent étre absorbés par le
substrat et les porteurs sont excités de la bande de valence a la bande de conduction. Ces
porteurs libres sont accélérés par le champ de polarisation pour générer un photo-courant. Les
variations de la densité de photo-courant sont dans une échelle de temps picoseconde ce qui
entrainent la génération d'ondes électromagnétiques pulsées qui se situent dans la gamme de
fréquences THz.

Une propriété unique de ces impulsions THz générées est la grande asymétrie dans I'amplitude
des composantes positive et négative du profil temporel. Ici, une impulsion THz quasi-demi-cycle
est générée naturellement. La deuxieme propriété unique des ondes THz générées est la
présence de basse fréquence, typiquement dans la plage de fréquences inférieure a 1 THz
puisque comprise entre 0.05 et 1 THz. Pour générer des impulsions THz a haute énergie, il est
nécessaire d'augmenter I'ouverture de I'APC. Par conséquent, des antennes photoconductrices
a grande ouverture (APCGO) ont été étudiées et développées [49,50].

aJ do
Efar(t) x a X Ebias E (1)

Comme le montre I'équation (1), le champ électrique THz est proportionnel au champ de
polarisation E,;,; et a la dérivée temporelle de la conductivité de surface o. La rigidité
diélectrique détermine le champ électrique de polarisation le plus élevé qui peut étre appliqué a
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un APC avant qu'une dégradation ne se produise. Et la rigidité diélectrique E est liée a la bande
interdite E;, donnée par une formule empirique [51]:

E
E. =136 X 107(76)3 2)

Apparemment, une petite différence de bande interdite entrainera une énorme variation de la
rigidité diélectrique. Ceci est trés important pour augmenter l'intensité des APCGOs puisque le
champ électrique de créte THz est linéairement proportionnel au champ électrique de
polarisation. A partir de cette équation, nous constatons que I'utilisation d'un semi-conducteur
a large bande interdite comme substrat de APCGO est tres favorable.

2.3 Détection THz avec une APC

L'APC est également largement utilisée pour la détection des ondes THz [52]. Une impulsion
laser femtoseconde éclaire I'espace interélectrode ce qui génere des porteurs dans la bande de
conduction. Les porteurs excités sont accélérés par le champ électrique THz. Cela conduit a un
signal de photocourant transitoire a travers I'espace d'antenne. Nous pouvons détecter le champ
électrique THz du photocourant transitoire a I'aide d’'un amplificateur.

t
10 o [ 0306 = DBy edr 3)
—o00
Un facteur qui affecte grandement le signal détecté est la taille de I'APC. Par exemple, une taille
d'écart plus petite permettra la détection de signaux de fréquence et d'amplitude plus élevées,
tandis que des électrodes plus longues augmenteront I'amplitude du signal détecté mais seront
plus sensibles aux basses fréquences [53].

2.4 L’échantillonnage électro-optique

Pour I'échantillonnage électro-optique, une impulsion laser femtoseconde a polarisation
linéaire se superpose avec une impulsion THz picoseconde dans le cristal électro-optique. Le
champ électrique THz induit une biréfringence dans le cristal, qui modifie la polarisation de
I'impulsion laser en la chevauchant linéairement. Le changement de phase entre les deux
composantes de la polarisation du faisceau sonde (qui est proportionnel au champ électrique
THz) peut étre mesuré en utilisant des polariseurs croisés installés avant et aprés le cristal
détecteur. Dans ce cas, le changement de phase apparait comme une modulation dans I'intensité
du faisceau sonde. La forme d’onde THz compléte peut étre reconstruite en balayant le faisceau
sonde sur la totalité de I'impulsion THz. Un schéma de cette technique est illustré a la Figure 6.
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Figure 6. Schéma de détection THz utilisant la technique d'échantillonnage EO.

3. Spectroscopie THz résolue en temps (THz-TDS)

Spectroscopie THz résolue en temps (THz-TDS) est une technique spectroscopique dans
laquelle les propriétés de la matiére sont détectées avec des impulsions. Etant donné que THz-
TDS détermine a la fois I'amplitude et la phase du rayonnement THz, il peut étre parfaitement
utilisé pour évaluer les constantes diélectriques complexes de divers matériaux [54-62].

En considérant la transmission et la réflexion du champ de Fresnel pour une incidence normale,
on peut obtenir les formules suivantes:

n(w) =1+ % (4)
a() = =3I (25T (w) g

Ici, n est I'indice de réfraction, a est le coefficient d'absorption et w est la fréquence angulaire.
La différence de phase @(w) = @sam (W) —@rer(w), C est la vitesse de la lumiere dans le vide et

. . . E . .
d est |'épaisseur de I'échantillon. T(w) = %, ou Esgmet Erof sont respectivement le spectre

ref
en amplitude du signal transmis au travers de I'échantillon et de la référence obtenues par
transformée de Fourier.

Pour obtenir la différence de phase entre I'échantillon et le signal de référence, il est nécessaire
d’ajuster des phases. Nous pouvons obtenir la phase non-ajustée (unwrapped phase en anglais)
a partir du logiciel Origin, mais ce logiciel peut nous donner des erreurs automatiques, comme le
montre la Figure 7 (a). La stratégie d'ajustement de phase la plus stable consiste a s'assurer que
la pente de la phase a dérouler est aussi faible que possible, afin de minimiser la possibilité d'une
surcompensation de phase non intentionnelle. Comme le montre la Figure 7 (b), avec l'inclusion
de la phase globale des signaux dans la procédure de déroulement, le déroulement fonctionne
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maintenant comme prévu, puisque la soustraction des phases globales des signaux conduit a des
variations plut6t faibles du spectre de phase.
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Figure 7. Phase non emballée (a) de Origin (avant correction), (b) de MATLAB (aprés correction).

Une mesure THz-TDS de I'échantillon de CdTe est effectuée a I'Ecole de technologie supérieure
(ETS). Le systéme est basé sur les APCs pour I'émission et la détection avec une puissance optique
de 20 mW a une longueur d’onde de 800 nm pour I'émetteur et le détecteur. L'indice de
réfraction et le coefficient d'absorption mesuré de I'échantillon de CdTe sont tres précis, comme
le montrent la Figure 8 et la Figure 9, respectivement.
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Figure 8. Indice de réfraction de I'échantillon CdTe.
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Figure 9. Coefficient d'absorption de I'échantillon de CdTe.

Comme le montre la figure 10 (B), nos résultats pour la caractérisation de CdTe sont tres
proches de la littérature.
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Figure 10. Indice de réfraction et coefficient d'absorption de (A) ZnTe et (B) CdTe de la
littérature [65].
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4. Augmentation de l'intensité THz générée par APCGO

Lorsqu'une tension de claquage entre les électrodes se produit, I'air est ionisé et devient un
conducteur électrique, empéchant I'APC de fonctionner. Nous pouvons fabriquer des APC en
utilisant des semi-conducteurs avec une bande interdite Iégérement inférieure a I'énergie des
photons de lI'impulsion laser, ce qui permet une absorption efficace avec une efficacité quantique
élevée. Il est également tres prometteur qu'en recouvrant I'APC d'isolants comme Ti0,, SizN,
et Al,05, nous puissions éviter le claquage d'air, générant ainsi un rayonnement THz intense.

Nous utilisons des substrats GaAs a haute résistivité (MTI Corporation GAUa101005S2US) pour
fabriquer des APC. Le GaAs est non dopé avec deux faces polies et fait croitre par la méthode
VGF avec une dimension de 10 x 10 x 0.5 mm. L'orientation est (100) et la résistivité est de
0.6~2x 108 Q- cm.

L'antenne de GaAs est fabriquée par photolithographie et dép6t par faisceau électronique. Les
électrodes de I'antenne sont réalisées en utilisant 5 nm de chrome et 80 nm d’or. L'antenne est
fixée sur le support a I'aide de peinture a I'argent et de soudure, comme illustré a la Figure 11.

Figure 11. GaAs PCA fixé sur la monture.
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Nous augmentons progressivement la tension de polarisation appliquée a I'antenne GaAs.
Lorsqu'un champ de polarisation de 23.3 kV/cm est appliqué, on observe la génération d’un flash
de lumiere indiquant le claquage de I'air par la tension, comme le montre la Figure 12.

Figure 12. Lorsqu'un champ de polarisation de 23.3 kV//cm est appliqué, on observe la
génération d’un flash de lumiere indiquant le claquage de I’air par la tension.

Le champ de claquage de I’APC de GaAs avec un revétement époxy est mesuré a 53.3 kV/cm.
Nous avons démontré avec succes qu'en recouvrant I'APC de GaAs avec une couche d'époxy,
nous pouvons dépasser la limite de la force diélectrique de I'air et donc appliquer des champs de
polarisation plus élevés entre les électrodes de I'APC.

L'APC de GaAs est utilisé pour générer le rayonnement THz. La Figure 13 montre le schéma de
la configuration. Un cristal CdTe de 1 mm d'épaisseur (110) est utilisé comme détecteur THz. Un
cristal de triborate de lithium (LBO) est utilisé pour générer la deuxiéme harmonique du laser a
1045 nm, permettant au faisceau laser d'exciter les porteurs de la bande de valence a la bande
de conduction dans le substrat GaAs. Le faisceau laser d'une puissance de pompe de 84 mW est
focalisé sur I'entrefer du GaAs APC, et le faisceau sonde est focalisé sur le détecteur a cristal CdTe.
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Figure 13. Schéma de la configuration utilisant GaAs APC comme émetteur THz.

La résistance a I'obscurité est mesurée a 25 MQ. Lorsque le faisceau laser est focalisé sur le
APC, la résistance diminue a 130 kQ. Nous augmentons la tension de polarisation de 200 V a 550
V, le courant sur le APC augmente de 1.5 mA a 2.15 mA et la Figure 14 montre les formes d'onde
THz a différentes tensions de polarisation.
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Figure 14. Formes d'onde THz a différentes tensions de polarisation. Le champ électrique de
créte THz augmente a mesure que la tension de polarisation augmente.

La relation entre le champ électrique de THz créte et le champ de polarisation appliqué est
illustrée a la Figure 15.
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Figure 15. Relation entre le champ électrique de créte THz et le champ de polarisation appliqué.
De 2.2 kV/cm a 4.4 kV/cm, le champ électrique de créte THz évolue linéairement avec le champ
de polarisation.

Le champ électrique de pointe THz évolue linéairement lorsque le champ de polarisation est
dépassé de 2.2 kV/cm a 4.4 kV/cm, ce qui est conforme a I'équation suivante (1). Cependant, on
observe un effet de saturation lorsque le champ de polarisation est supérieur a 4.4 kV/cm. En
effet, il a été démontré que I'APC de GaAs subissent souvent une dégradation importante au
cours du temps et une défaillance ultérieure, principalement en raison de I'augmentation de la
température résultant du chauffage par effet Joule [15]. La défaillance du GaAs APC avec un
revétement époxy aprés application d'un champ de polarisation de 5.5 kV/cm est observée,
comme le montre la Figure 16. Le revétement époxy peut empécher le APC de dissiper la chaleur.
En raison de I'augmentation de la température, une certaine électromigration des électrodes en
or s'est produite, entrainant un court-circuit électrique total du circuit électronique empéchant

le APC de fonctionner.
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Figure 16. Défaillance de GaAs APC apreés application d'un champ de polarisation de 5.5 kV//cm,
due a I'augmentation de la température.

Les formes d'ondes THz générées a partir de I'APC avec et sans revétement d’époxy sont
illustrées a la Figure 17. On constate qu'en recouvrant I'APC de GaAs avec la résine d’époxy, le
champ électrique créte THz augmente d’un facteur 1.37 et 1.66 respectivement pour une tension
de polarisation de 200 V et 400 V.
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Figure 17. Forme d'onde THz (a) a une tension de polarisation de 200 V, (b) a une tension de
polarisation de 400 V, avec (courbe rouge) et sans le revétement époxy (courbe noire). En
recouvrant le GaAs APC avec la résine époxy, le champ électrique de créte THz augmente.

Pour explorer cette amélioration du champ électrique de créte THz apres avoir recouvert I'APC
de GaAs avec la résine époxy, nous effectuons des simulations calculant I'intensité laser irradiant
la surface de GaAs a l'aide de FDTD solutions. Le schéma est illustré a la Figure 18.

(a)

(b)

Figure 18. Schéma du laser femtoseconde 522 nm transmettant (a) dans un substrat GaAs. (b)
dans un substrat GaAs avec un revétement époxy.

S'ily a une amélioration de I'intensité du laser irradiant la surface de GaAs aprés avoir recouvert
le substrat de GaAs avec I'époxy, davantage de porteurs seront générés dans le substrat de GaAs.
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Les résultats calculés de l'intensité laser irradiant la surface de GaAs sans et avec le revétement
époxy sont présentés dans la Figure 19 et la Figure 20, respectivement.

0.06- ——transmittance VS GaAs depth without epoxy

0.054
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0.034

0.024
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Figure 19. L'intensité du laser aprés avoir traversé z microns de GaAs sans couche époxy.
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0.1
0.054
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T T T
0 0.1 02 04 05 0.6
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Figure 20. L'intensité du laser apreés avoir traversé z microns de GaAs avec la couche époxy.

Le faisceau laser de 522 nm est incident sur la surface GaAs a z = 0. Sans le revétement époxy,
I'intensité laser incidente sur la surface GaAs est de 0.056. Alors qu'avec la couche époxy,
I'intensité du laser incident sur la surface de GaAs est de 0.126. A une profondeur de 0.6 micron,
I'intensité du laser diminue & 107°, ce qui signifie que GaAs absorbe presque complétement le
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faisceau laser de 522 nm. L'intensité du laser apres avoir traversé z microns de GaAs sans couche
époxy peut étre exprimée comme suit:

T, = 0.056 x e %/P (6)

Ici, D est une constante. L'intensité du laser apres avoir traversé z microns de GaAs avec la
couche époxy peut étre exprimée comme suit:

T, = 0.126 x e~?/P (31)

Comme nous pouvons le voir, apres avoir recouvert le GaAs APC avec la couche époxy,
I'intensité du laser irradiant la surface de GaAs augmente de 2.25 fois (T,/T;), ce qui signifie que
plus de photons seront absorbés par le substrat de GaAs, et donc plus de porteurs devraient étre
générés dans le substrat GaAs. Selon I'équation (1), le champ électrique THz généré devrait
augmenter a mesure que la densité de porteurs augmente.

5. Perspectives

Dans cette theése, nous avons discuté des techniques de génération et de détection du
rayonnement THz, étudié la méthode THz-TDS et étudié des nouvelles méthodes pour augmenter
I'intensité THz. L'APCGO peut générer des ondes THz intenses, ce qui permet d'étudier de
nombreux phénomeénes non linéaires fascinants.

Nous avons démontré avec succes la génération de rayonnement THz a partir de I’APC de GaAs,
qui fournit la base d'APCGO. Grace a I'encapsulation par I'epoxy, il a également été démontré
gue nous pouvions dépasser la limite du claquage de I'air et appliquer des champs de polarisation
2.28 fois plus élevés a I'APC.

Une amélioration du champ électrique THz est observée aprés avoir recouvert I'APC GaAs d'une
couche d'époxy. Nous illustrons cette amélioration en interprétant le revétement époxy comme
une couche antireflet, a travers laquelle la transmission est améliorée. Par conséquent, le champ
électrique THz augmente en raison de I'amélioration de la densité de porteurs de charge dans le
substrat GaAs.

Cependant, nous avons observé une dégradation de I'APC de GaAs avec un revétement époxy
aprés avoir appliqué un champ de polarisation de 5.5 kV/cm. Comme nous le savons, les APC de
GaAs subissent souvent une dégradation importante au cours du temps et une défaillance
ultérieure, principalement en raison de I'augmentation de la température résultant du chauffage
par effet Joule. En raison de cette augmentation de température, une certaine électromigration
des électrodes en or s'est produite, entrainant un court-circuit électrique qui empéche le
fonctionnement de I'APC. Par conséquent, il est préférable de choisir des substrats semi-
conducteurs a haute conductivité thermique afin de dissiper la chaleur.
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D'autres travaux expérimentaux et théoriques sont nécessaires pour comprendre
I'amélioration du champ électrique THz apres encapsulation. De plus, nous pouvons utiliser des
semi-conducteurs a haute conductivité thermique et a large bande interdite comme le 6H-SiC
pour fabriquer I'APCGO et appliquer des champs de polarisation élevés au-dela de la limite de
claquage de I'air par passivation de surface pour générer un rayonnement THz intense.
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