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ABSTRACT

This dissertation centers on broadband terahertz spectroscopy and is arranged in four main
sections. In the first section, we describe terahertz generation from a two-color laser air
breakdown plasma. This is modeled with a plasma current that includes plasma density and
dispersion in propagation. The terahertz spatial profile has a ring-like structure with a frequency
dependent radius. Parameters for optimal terahertz generation are also presented. The next two
sections discuss broadband terahertz detection techniques: optically biased coherent detection
and electro-absorption in a semiconductor. The subject of the fourth section is terahertz imaging

with electroabsorption.

Optically biased coherent detection is distinguished from air-breakdown coherent detection
by replacing the electrical bias for an optical field. The importance of phase control in this
technique is demonstrated. In addition, we found the terahertz-induced second harmonic to be
spectrally delay-dependent. This is due to the phase matching condition and is discussed in
detail.

Terahertz-induced electro-absorption is performed in GaAs/AlGaAs multiple double
guantum wells and an AlGaAs bulk semiconductor. To the best of the author's knowledge, this is
the first demonstration of large modulation induced by a single cycle terahertz pulse in such
structures. The underlying mechanism is identified as the Franz-Keldysh effect that has been
successfully modeled in both the temporal and spectral regimes.



Terahertz imaging of the plasma profile is accomplished with electro-absorption in these
structures. The observed ring pattern is reproduced with the model described in the first section

of this dissertation. Terahertz raster scan imaging of a large object is also presented.
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Chapter 1. Introduction

1.1. Motivation

Located in frequency too high for electronics, and wavelength to long for optics, the so-
called ‘terahertz gap’ was an area that previously rarely accessed by both areas of
research. In the frequency range typically defined to be between 0.1 to 10 THz (3 mm to
300 pm for wavelength), terahertz (THz = 10' Hz) has generated a lot of interests in

recent years.
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Figure 1.1 Spectral range of terahertz [1].

Because of the low absorption of THz by dry dielectric materials such as fabrics,
papers, and plastics [2], there are applications for airport security screening and product
inspection [3] [4]. The low photon energy is non-ionizing making it suitable for medical

imaging of live tissues where commercial THz imagers are already available. The photon



energy overlaps with typical energies of vibrational/ rotational states in molecules,
making it extremely useful for spectroscopy and chemical identification [4]. Molecules
can be identified by distinct THz absorption lines. The THz radiation also provides a

convenient probe of semiconductor carrier dynamics, e.g. Landau damping [5].

(&) e

Figure 1.2 Examples of THz applications. THz raster imaging with
photoconductive antenna [3] of (a) integrated circuit in plastic packaging, and (b)
water contents in leaf. (c) Drug detection showing MDMA, aspirin, and

methamphetamine (left to right) imaged at seven different wavelengths [4].

The topic of this dissertation is development of generation, point detection and
imaging methods of broadband THz transients with the aim of using them for broadband
THz spectroscopy of THz. A key contribution concerns the novel insight into the
mechanism of THz generation via laser-induced plasma in gas [6] [7] [8], which is still a
subject of scientific debate. The model described here considers the effect of dense
plasma in the focal region to result in a spatially- and spectrally-coupled, non-uniform
THz profile. The predicted features in the generation process are confirmed with a
detailed experimental study. Next we develop a novel method of coherent detection of the

generated THz transient. Our optically biased coherent detection technique removes the



need for an electrical high voltage requirement that has been used for some time in air-

breakdown detection and even sold as a commercial product [9].

Finally, we present a study of alternate detection methods using THz-induced electro-
absorption in semiconductors. In this method, the incident THz pulses induces changes in
the absorption properties of the THz-biased semiconductor, which are then probed in
transmission by an ultrafast probe pulse, resonant to the relevant interband transitions.
Reliance on probe absorption drastically relaxes phase-matching requirements, and
thereby promotes broadband operation of the detection method. Furthermore, it is shown
that electro-absorption induced by a single-cycle THz pulse can be used for imaging.

Observed features in the imaged THz profile are consistent with numerical simulations.

1.2. Dissertation outline

Following the introduction in the previous section, here we provide an outline of the rest

of the dissertation:

Chapter 2 focuses on method of THz generation. A quick overview of current CW/
pulsed THz generation mechanisms is given. Optical rectification and more importantly
THz generation by laser-induced air-plasma are discussed in detail. Mechanisms of the
above-mentioned two techniques are widely used, and detection of THz can be achieved
by the reversal of mechanism. Finally, modeling of THz generation profile via laser

induced air-plasma based on plasma current model is presented.

Chapter 3 concerns the first part addressing broadband THz detection. This chapter
starts with an overview of existing THz detection techniques, which is followed by
detailed descriptions of coherent THz detection by electro-optic sampling (EOS) and air-
breakdown coherent detection (ABCD). Theoretical background, experimental result, and
analysis of our purposed optically biased air-breakdown coherent detection technique
(OBCD) are presented from Section 3.3 to 3.5.



Chapter 4 describes part two of broadband THz detection. This chapter focuses on
observation of strong THz-induced electroabsorption in semiconductor structures.
Experimental details, results and modeling are presented. The strong electroabsorption in
semiconductors can be implemented in a THz detection scheme, which is further

exploited as a THz imaging sensor in Chapter 5.

Chapter 5 demonstrates the two THz electroabsorption imaging techniques by treating
semiconductor structures as either single pixel or large area detectors. THz profile at the
generation is imaged and is found to be consistent with the prediction from Chapter 2.

Chapter 6 summarizes this dissertation and discusses the research outlook.



Chapter 2. Broadband THz generation

2.1.

Method of THz generation

A common source of incoherent terahertz radiation is emitted in a process of black body

radiation. Coherent terahertz source, however, must be engineered in the laboratory.

Summarized below are some coherent THz sources categorized as continuous wave or

pulsed.

Continuous wave (CW) THz sources:

Gas far-infrared lasers. These are typically low-pressure gas lasers which operate
on the rotational/ vibrational levels in gas molecules while pumped by CO, lasers.
The typical lasing wavelengths are between 0.1-8 THz, tunable with composition/
pressure of the gas medium and pump frequency. CW power can be up to ~100 mW.

The commonly used gas medium is methanol [10] [11].

Backward-wave oscillator (BWO). This is vacuum tube with a metal corrugated
structure. An electron beam propagating through it emits low frequency radiation in
the backward direction [12]. Tunable output is typically achieved in the frequency
range of 1 GHz -1 THz at power levels up to 100 mW [13].

Free electron laser (FEL). Relativistic electrons traverse a periodic arrangement of
magnets called undulator [14]. Transverse acceleration of the electrons produces
monochromatic but incoherent synchrotron radiation. When the radiation is strong
enough, electrons are modulated by the ponderomotive force and the radiation
becomes coherent. Pulsed THz can also be generated when short pulses of electron

beams are used.

Semiconductor far-infrared lasers. Doped p-type germanium [15] and silicon [16]

are biased and tuned by high electric and magnetic fields. The output power can



exceed 1 W and the maximum frequency is a few THz, making this laser of interest

for imaging and spectroscopy. Cryogenic temperatures are required [17].

e Quantum cascade laser (QCL). The QCL was proposed by Kazarinov and Suris in
1971 [18] and eventually demonstrated in 1994 [19]. The QCL contains a superlattice
formed by series of engineered heterostructures. A varying electric potential across
the structure splits the conduction band into discrete electron subbands. In contrast to
other semiconductor lasers that emit at the energy of the bandgap, the QCL radiates
between electron subbands. The lasing wavelength therefore is engineered primarily
by layer thickness. Operation typically requires substantial cooling, most often to

cryogenic point.

e Photomixing. A photoconductive antenna (PCA) consists of a semiconductor surface

with a pair of separated electrodes. An electrical bias voltage is applied across the gap

and two overlapping optical beams illuminate it at frequencies @, and @, (Figure
2.1a), CW electromagnetic radiation is emitted at the beat frequency @, = o, — o, [20]

due to the created photo-current. By proper selection of @, and ®,, PCA can

efficiently radiate at THz frequencies [21]

e Difference frequency generation (DFG). Non-centrosymmetric crystals that exhibit
a X(Z) nonlinearity are potential candidates for DFG. Two CW laser beams of different

frequencies incident upon nonlinear crystal results in the nonlinear polarization

P(w,—,) < ¥ PE,(0,)E,(w,) [22] at the THz frequency Aw = o, — o, .

e Frequency multiplication of microwave. Microwave frequency up-conversion using
voltage controlled oscillators or dielectric-resonator oscillators, such as Gunn/
IMPATT diodes [2].

Pulsed THz sources:

e Optical rectification. OR is a second-order nonlinear effect [23] that mixes different

frequency components of a wide-bandwidth femtosecond pulse. The low frequency



components typically result in the THz range, when generated with femtosecond
pulses [24] [25].

Noncentrosymmetric crystals possess second-order nonlinearity 7 |, the

nonlinear response to the complex electric field E(t) = Ee" +c.c. is [22]:
PO(t) = g, x P E*(t) = [50;((2’ EE"e'“™" 4 c.c.} + [50;((2) E%" + c.c.] . (2.1.1)

The terms in the second bracket at frequency 2w correspond to the process of
second harmonic generation (SHG) of the incident field. The first bracket in Eq.
(2.1.1) corresponds to the difference frequency generation (DFG) of the incident field.
The DFG is the mixing of the monochromatic field with itself. It has zero frequency
and is therefore results in a DC field within the crystal. This is referred to as optical
rectification (OR). When a multi-cycle femtosecond pulse centered at w is incident
on the crystal, the DFG between the broad spectral contents within the pulse results in
a nonlinear polarization at low frequency (terahertz). According to Eq. (2.1.1), the

second-order polarization corresponding to the OR of an incident Gaussian pulse
E,(t) = Ee "7 e 1 cc. is:
PO (1) = 2,y PE, e "2 (2.1.2)

The resulting THz pulse width is hence comparable to that of the pump envelope

(7,)

Other than the nonlinear coefficient, the amount of THz generated is influenced

by phase mismatch [22]:

I, oc L’sinc’ (ATkL), (2.1.3)



where L is the length of the OR crystal and Ak =k, —k, —k,, is the wave vector

mismatch due to dispersion in the crystal. Here @, and @, denotes the two frequency

components in the pump, and Q the frequency of THz. Perfect phase matching occurs

n n n,Q
when Ak =0, and thereby f)l— chz = i

. n, n,, and n, are the indices of
refraction for w,, @,, and Q frequencies, respectively. Using the Taylor expansion

n,=n + (o, —wl)g—z) and Q=0 -o,:

2]
1 n n oon 0 aoon ok 1
Vv, ¢ ¢ Ccdw|l, C Cowl, 0m Vv, (2.1.4)

the condition of Ak =0 is meet when the group velocity of the pump v, is equal to

the phase velocity of THz v, . Since the sinc function peaks at ATkL =0, Eq. (2.1.3)

also indicates thin crystal is needed if broad generation bandwidth is desired. THz
generation up to 100 THz has been demonstrated, although there are phonon

resonances that add structures to the emission spectrum [26].

Typical nonlinear crystals used for OR include ZnTe [27], GaAs [24] [25], InP
[28] [25], GaSe [29], and LiNbO; [30]. ZnTe, for example, is widely used because it
is phase matched at 800 nm and therefore can be conveniently pumped with
Ti:Sapphire lasers. Recently organic crystals such as DAST [31] [32], DSTMS [33]
[34] and OH1 [35] [36] [37] possessing large second-order nonlinearities, have been
developed for OR.

Photoconductive (PC) antenna. This is similar to the two-beam CW technique
except now a single femtosecond pump pulse with energy larger than the bandgap is
used (Figure 2.1 (a)). The pulse is incident on the electrode gap and induces photo-
current transient. Energy stored in the gap due to the bias electric potential is released

in the form of THz radiation [21]. The generation bandwidth is limited by carrier



lifetime, the RC time constant, and gate pulse duration [38] [39]. Shorter lifetime
materials (sub-picoscecond), such as low-temperature grown GaAs (LT-GaAs),
doped silicon, radiation damaged silicon on sapphire [40], ErAs super lattices on
GaAs substrate [41], and ion-implanted GaAs [42] [43] [44], are often selected for PC
switches and antennas to increase the generation/ detection bandwidth. While high
voltage bias could increase power and bandwidth, it is limited by the breakdown
voltage of the material. Similarly, the optical pump power and pump aperture size are
limited by thermal breakdown and carrier screening of the bias [45].

Various designs have been report to increase generation bandwidth or power. A
PC antenna with interdigitated MSM (metal-semiconductor-metal) electrodes has
isolated metallization to mask every other electrode period from optical excitation.
The photocurrent and hence THz emission between each pair of electrodes are
constructively interfered [46] [47]. Examples of such antenna are shown in Figure 2.1
(b) and (c). Other solutions include trap-enhanced fields [48] [49] [50] and insulated
RF bias [51].

(a) (b)

Photoconductive Dipole Antenna .

THz puise ;/
r’A
somiconductor wafer 77 | -
ooy eie o=
vocroses [ eded -
Das -
olectric fold l 1 l =
vorage

THz generating “pump” pulse

Figure 2.1 (a) Schematic of photoconductive antenna, (b) grown antennas without
MSM, and (c) example antenna design. Antennas shown in (b) and (c) were

grown by Dr. Jeffrey Cederberg at Sandia National Laboratory.
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The large refractive index of the semiconductor severely limits the escape angle
and coupling in to free space. A hemispherical lens, made from a transparent material

such as high-resistivity silicon, is sometimes used to alleviate the problem.

Laser-induced air-plasma. Generation of broadband terahertz by focusing
femtosecond laser pulses in gas [52] [6] [7] [53] [8]; the laser driven photocurrent in

gas plasma radiates THz and will be detailed in Section 2.2.

Photo-Dember. Electron-hole pairs are created in a semiconductor by an ultrafast
laser pulse with photon energy above the band-gap. Strong absorption near the
surface causes an inhomogeneous distribution and steep spatial gradient into the bulk.
Ambipolar diffusion of electrons and holes results in charge separation and a transient
that dipole field that can radiate a THz pulse [54] [55]. Relying on this mechanism,
our group reported efficient THz generation using InAs nanowires [56]. A linear
autocorrelation signal and corresponding spectrum of the THz emission from an array

of spatially-ordered InAs nanowires are shown in Figure 2.2.



11

(a) 2869 HBr_N2_180 300sec
View = 70 deg from cross-section
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Figure 2.2 (a) Spatially-ordered array of InAs nanowires, grown using MOCVD
by Dr. Jeffrey Cederberg at Sandia National Laboratory. (b) Linear
autocorrelations (top) of the emitted THz are measured using bolometer for two
orthogonal pump polarizations. Corresponding FFT spectra are shown below.

Dotted lines represent control signal obtained from unstructured bulk InAs.

Built-in surface field. The surface field of the semiconductor can drive dipole
oscillations when electron-hole pairs are created by an optical pump. Screening of the
surface field can also launch plasma oscillations in the bulk that can radiate into free

space [2].
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2.2. Broadband THz generation in gaseous medium

Recent years have seen an increasing amount of published work on the topic of THz
generation from laser-induced plasmas in gas [52] [6] [7] [53] [8]. The field is
proliferating due to the widespread availability of high-power, ultrashort pulse laser
sources. The amount of THz power generated via optical rectification and photo-
conductive antennas is typically limited by material damage thresholds. This problem is
absent in gas, which has now become an important source for broadband, high power
THz pulses. Furthermore, relaxed phase-matching conditions promote substantially
broader emission, with smooth spectra in the range from below 1 THz to several 10s of
THz. Strong enhancement of the THz field strength was demonstrated by generating the
plasma with two different laser frequencies [6] [7] [8]. In the simplest arrangement, the
fundamental laser pulse centered at w is focused into beta-barium borate (B-BBO) to
generate a co-propagating beam at 2w and focused in the gas (Figure 2.3). We estimate a
THz field strength > 1MV/cm in our two-color THz generation setup. It should be noted
that THz can also be generated in plasma filament by Cherenkov radiation [57], resulting
from ionized charge carriers moving in the wake of the pump pulse. In the following

sections, the discussion focuses on the two-color gas plasma THz generation.

Plasma channel

BBO /
mJ, femto-second pulses ~1MV/cm

W2 W

Figure 2.3 Experimental scheme for two-color gas plasma THz generation.

The mechanism was originally attributed to four-wave mixing process in air [6] [7],

later literatures have shown experimental agreement [58] or disagreement [8] [59] [60].

In the four-wave mixing (FWM) picture, the nonlinear coefficient ;((3) originates

from the nonlinearity of air:
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P

o yOE ?E, COSA@, (2.2.1)

20

where E, and E, 6 are the amplitude of the time dependent electric field of the

fat-ik, 7+ig, 41N 2t /7,2

fundamental and second harmonic pulse Ew:Ew(z,r)e +c.c. and

E,, =E,, (z,r)e?" et kg 2% oo respectively. P, is the resulting THz
polarization. 7 is the pulse width of the fundamental pulse. Ag =24, - 4,, is the relative

phase between w and 2w.

Figure 2.4 Energy level diagram for THz generation.

(3

It has been pointed out that the known y ) of air is too small to explain the

magnitude of the generated THz [58]. The #* picture also predicts maximum THz
generation at A¢ =0, which disagrees with the experimental results that show the THz
yield approaches 0 at A¢ =0 [61]. The plasma current model proposed by Kim et al.

explains the experimental results very well [61] [62]. In the next section, the model of the

THz generation including spatial profile based on plasma current will be introduced.

2.3.  Modeling THz generation

In this section, formalism for modeling of spatial and spectral aspects of the THz
generation via air-breakdown two-color plasma is presented using the well-known plasma

current model [61] [62]. The propagation of generated THz wave through air plasma,
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including the effect of plasma dispersion and phase matching to the THz profile, is

handled with electromagnetics.

In the plasma current model, THz occurs due to the polar asymmetry of the electric
field [61] [62]. The large enhancement observed with two different pump frequencies is
explained by a non-zero time average of this asymmetric field. The sum of fundamental
and second harmonic co-polarized pump fields is E(r,z,t)=E,(r,z,t)+E,, (r,z,1) ,
which is clearly asymmetric for particular phase difference between the two fields

(Ap=2¢ —¢,, ). We assume Gaussian spatial and temporal profiles for modeling

purposes. For the spatial dependent amplitude E, (z,r) and E,,(z,r), Rayleigh range z,

2w

is the taken to be same for both frequencies, while beam waist of 2w pulse is w, I\2

(where w, = /ZCZO ). A plot of such symmetric-broken field E(t) with Ag=7/2 is
2

shown in Figure 2.5(a).

The plasma photo current J(t) resulting from the asymmetric field E (t) is:

.7 30-Lewno, @3.)

where 7, is the collision frequency, m, is the mass of electron, q is the electron charge,

and p,(t) is the ionized carrier (electron) number density.

lonization induced by intense laser fields can occur via two mechanisms, tunneling
and multi-photon. With the applied external electric field, atomic ionization barrier can
be lowered to induce tunneling process [63], and ionization can also be achieved by
absorbing multiple photons [64]. The Keldysh parameter [65] is used to determine the

dominating mechanism. The experimental condition of this dissertation correspond to the

Keldysh parameter y=,/U;/(2U,) =0.13<1, which makes tunneling the dominant

ionization mechanism. The ionization potential is taken as U,=15.58 eV, which is the
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ionization energy of nitrogen gas, U, = e’l / 2ce,m’ is the laser ponderomotive energy.

The ionization rate is:

5= py {1— e 1 “"‘“}
, (2.3.2)

where p, is the fully ionized number density estimated by ideal gas law and V\~/t (t) is the

tunneling ionization rate [63]:

2 &
3JE()]

E

W, (t) = 4w,

a_e
t

() . (2.3.3)

w, =me* /[(47ze,)’ 1] is the atomic unit of frequency and E, =m?e® /[(47e,)* k'] is the
atomic unit of the electric field. Alternatively, the ionization can be modeled using

Ammosov-Delone-Krainov (ADK) tunneling ionization rate [66]. Figure 2.5 (b) is a plot
of p,(t), the step-like increase is due to the ionization buildup with each optical cycle of

the multi-cycle femtosecond pump.

(a) ’ - (b)
1 |
.05 .
JE3) 0 1oy
-0.5
-100 0 100 -100  -50 0 50 100
time (fs) time (fs)

Figure 2.5 (a) polarsymmetry-broken two-color field E(t), and (b) dynamics of

the ionized charge density p,(t) .

Taking Fourier transform of Eq.(2.3.1), the current density in frequency domain is
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Jw)= 920 C@)
m, 7, +io (2.3.4)

where G(w) = FT{E(t)A,(t)/ po} . p, is the fully ionized carrier density. In the case of

fully ionized plasma ( g, = p, ), the corresponding plasma frequency @, Is:

2
o, = /q Po
Meo (2.3.5)

Using Eq. (2.3.5) and J(t) =dP(t)/dt, where P is the polarization in time domain,

the polarization in frequency domain, P(w) is:

@) _ 0, G(o)

P(w) = o (2.3.6)

2] o 1-iy o

Figure 2.6 shows |G(w)|. We can separate the spectral components and designate

THz, o, 2w, and n-th harmonic generation with Pry;, P, P2, and Py, respectively.

800
w

600 -
3
=400
o THzx 100

200 - 2w

O L Il L L
0 200 400 600 800 1000 1200
frequency (THz)

Figure 2.6 |G(w)| in the numerical modeling, assuming 30% SHG conversion

efficiency.
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This model can then be used to optimize the emitted THz power. An important
parameter is the relative phase A¢ between w and 2w. Figure 2.7 (a) shows the optimal

phase between w and 2w for on-axis THz generation (r=0) at different ionization levels.
The plotted lines are spectrally summed |G(w)| to avoid the pole of |P(w)| at zero

frequency. The optimal phase A¢ is field strength dependent: it is less than 7z /2 when

the field is strong enough to fully-ionize the air, and shifts away from z/2 with
decreasing field strength. At lower field strength, the static tunneling ionization used in

this modeling is no longer valid (Keldysh parameter is larger than unity).

Figure 2.7 (b) shows the corresponding plasma frequencies at each field strength,

which is lowest at 7 /2. This is due to lowest ionization rate from the most asymmetric

composite field. To illustrate this point, Figure 2.8 shows the plots of single-cycle E(t),
W, (t), and p,(t) . The composite field is most temporally asymmetric at 7 /2, evident in

when the gas is ionized (Figure 2.8 (c)). The ionization rate V\7t (t), however, is the lowest.
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Figure 2.7 (a) On axis (r=0) THz polarization strength integrated over frequency
versus relative phase A¢, calculated with 9 % SHG intensity ratio with respect to

the fundamental field. The electric field strength for each line is shown in the

legend. (b) Dependence of the plasma frequency on the relative phase due to the
variation of ionization.

THz vyield, on the other hand, is proportional to P(w) (Figure 2.7 (a)). The drift

velocity of the carrier V, (t)=—i E(t)dt (where ionization occurs at t=t") inherits
m

e

the temporal asymmetry of E(t) . This is where the sum of microscopic

ETHZ(t) qv, (t) dp e() within the optical cycle raises due to the asymmetry [67], and

results in highest THz yield at A¢g=7/2.
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Figure 2.8 () single-cycle composite electric field E(t), (b) ionization rate W, (t) ,
and (c) ionized number density p,(t). Assuming peak electric field strength of

3.03E10 V/m.

The change of optimal phase at high field strength is related to the multi-cycle nature
of the pump pulse. At high field strength, where the gas is eventually fully-ionized within

the pulse duration, full ionization comes later in time at Ag=~/2 due to the lower

degree of ionization. The total THz yield over the entire pulse duration is therefore lower.

The effect of field asymmetry then further selects the optimal phase to be <z /2. One
should note, for example, that E(t,A¢=0.257) is not equal to E(t,A¢=0.757) (Figure
2.8 (a)) because Ag is 2¢ —¢,, . While p,(A¢=0.257) and p,(A¢=0.757) are the
same after one optical cycle (Figure 2.8 (c)), the time dependence originates from E(t)

determines the THz yield in the multi-cycle pump scenario.

Figure 2.9 shows the optimal phase with different amount of SH at field strength of
10.3E10 V/m. The shift in optimal phase can be contributed to variation of composite
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field strength- the fundamental is kept same while SH changes with ratio in the

simulation. Overall, the optimal phase is not dependent of the amount of SH field.

| 3.43E10 V/m
- “a, SH conversion efficiency
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Figure 2.9 On axis (r=0) THz polarization strength integrated over frequency v.s.

phase A¢ at various mixing of w and 2w.

The second part of the modeling includes the effect of THz propagation through air-

plasma. Assuming all three beams (THz, w, and 2w) to be Gaussian, the wave equation is:

d’E(e,2,1) _ _a)_z[ P(@.z,1)

2 2 +e(w)E(o, 2, r)] (2.3.7)
dz c

0
where g(w) Iis the dielectric function for un-ionized gas that can be approximated as 1.

For multi-cycle fundamental and second harmonic fields, Slowly Varying Envelop
Approximation (SEVA) [68] can be applied to Eq.(2.3.7).

dA(Q-w,z,1) o’ {PM(Q—a), z, r)eikq

dz 2k ¢’ &

(2.3.8)

dAZw (Q —20,1, r) _ i’ |:P2w (Q -2m,1, r)eikzwz :|
= 5 .

dz 2k, ,C &

20
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E (Qzr)=A(Q-wzr)e™ +cc.and E, (Q,z,r)=A, (Q-wzr)e " +cc.. The

20

solutions for A

,2w

are therefore just the integral over dz. For the single-cycle terahertz
field E;,, (€, z,r), the SEVA is no longer valid, i.e. second derivative of E,,(€,z,r) is
non-vanishing. Substituting E, (Q,z,1)= A, (Q,z,r)e™ ™ ycc. into Eq.(2.3.7),
with ki, (Q) =Qy/e(Q) /c:

2 2
Chu@L) gy W20 0 {me} (239
z z ¢ %o

k(©) can be calculated using plasma dispersion &(Q)=1-w,*/Q® and spatial

dependent a)p(z,r)z\/qu(z,r)/mego . p(z,r) is the spatial-dependent ionized carrier

density. The solution to Eq.(2.3.9) is:
Qz ) z 7 : " oo
A (Q,z2,r) = —gez'kmzzjo dz’jO Py, (Q,z,r)em=2dz" (2.3.10)
0

To include the effect dispersion and self-phase modulation in plasma, the calculation

should be carried out iteratively with the numerically computed E_, (®,z,r) as the

0,20
source field in Eq.(2.3.1). The effect of diffraction, due to finite numerical aperture of
two off-axis parabolic mirrors in the experiment can be incorporated by convolving the
THz profile with an Airy disk. The calculated radial-dependent THz profile at each
frequency without iteration is shown in Figure 2.10. With the chosen spectral resolution
there are 40 data points in the radial axis, limited by the amount of computer memory.
The low THz frequencies are vanishing in the middle, due to the denser plasma that is
non-propagating [60]. Periodical lines in the Airy disk-convolved profile is a numerical
artifact due to limited amount of data points in Z, but overall the results indicates a
broadened profile around the ring. In Section 5.3 we will show THz imaging of the
generation point that agrees with Figure 2.10 (a). The THz beam is found tight enough
not to be limited by aperture in our experiment. It should be noted that You et al. has also
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reported similar beam structure, and explained it with off-axis phase matching condition
[69].
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Figure 2.10 (a) Modeled THz profile, and (b) including diffraction from finite

numerical aperture from off-axis parabolic mirrors. The z axis of the plot is
log(intensity).

To summarize this section, numerical modeling of the propagating THz profile
shows a notable frequency-dependent spatial hole in the center due to plasma screening.
Including a finite numerical aperture, the doughnut-shaped profile smears out due to
convolution with the Airy disk. Future studies could image the frequency dependent
profile with spectral filtering. Understanding how pump pulse parameters, such as chirp
and SH ratio, affect generation could be beneficial for optimization. The plasma current

model is not limited to co-polarized pumps so further studies of cross-polarized pump
geometry could be beneficial.
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Chapter 3. Broadband Terahertz Detection |

3.1. Methods of Terahertz Detection

Thermal detectors, such as bolometer, pyroelectric detector, and Golay cells are widely
used for incoherent detection of THz. Bolometers [70] operate by measuring temperature-
dependent electric resistance. Cryogenic cooled bolometers can achieve very high signal-
to-noise ratio. A micro-bolometer thermal camera operates on the same principle with
pixels made of thermal electric detector and an integrated readout circuit. Pyroelectric
crystals [71] have permanent electric dipoles; a change of temperature at one surface
leads to measurable current. A Golay cell [72] is a photo-acoustic device in which
thermal expansion of the gas cell is measured optically. A disadvantage of thermal
detectors is they are relatively slow (>10ms). They still have widespread application
because they can be engineered to operate over large bandwidths. Figure 3.1 (a)
compares the bandwidth of a pyroelectric detector (Gentec SPI-A-65THz) and liquid
helium cooled bolometer (Infrared Laboratories) using THz FTIR. The THz is generated
using the two-color air-breakdown plasma experimental setup that is described in Section
3.4. It is important to note that the bandwidth realized in a bolometer system is limited by
input spectral filtering. The absorption lines in the power spectrum are due to water vapor
absorption in air [73]. The effect of water vapor absorption can be alleviated with a
nitrogen purge (Figure 3.1 (b)). In Chapter 4, we will demonstrate THz induced
electroabsorption via Franz-Keldysh Effect (FKE), which is a promising technique for
fast THz detection.
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Figure 3.1 (a) Bandwidth comparison between pyroelectric detector (Gentec SPI-
A-65THz) and bolometer (Infrared Laboratories). (b) Comparison between

nitrogen purged (red) and unpurged measurements (black).

Time-domain THz detection is typically performed with a photoconductive switch
[21] [74], Electro-Optic Sampling (EOS) [75], and more recently by Air-Breakdown
Coherent Detection (ABCD) [76] [9]. All of these are essentially the reverse of a

corresponding generation process.

Photoconductive Switch

samiconducion walar
4

Seirodes
curnant
oul

I'I THz pulss

Figure 3.2 Schematic for THz detection using a photoconductive switch.

Detection of THz with photoconductive switch works very similar to the generation
(Figure 3.2). Instead of a DC electric bias, the incident THz field is applied across the
photoconductive gap and an optically gated photocurrent is measured at the electrodes.
The current, however, cannot respond instantaneously to the THz field due to finite

mobility of the charge carriers in the semiconductor. The measured signal is therefore a

convolution between THz waveform and time dependent surface conductivity &, (t) [40]:
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J0)=[ 6,0-t)Ey, ) (3.1.1)

Electro-optic sampling of an ultrafast THz pulse works via the linear electro-optic
effect (Pockels effect):

P () =[ 2207 VE(0) |E(®), (31.2)

in which the change of electrical susceptibility is linearly proportional to the applied DC

field E(0). To find the induced spatial polarization density components, we write the

second-order susceptibility 7' in tensor form, with i, j, and k denoting the Cartesian

components:

PO (@) =2) &1i (0,0,0)E () E,(0). (3.1.3)
j.k

For <110> oriented ZnTe crystal that is a widely used crystal for EOS crystal,

phase-matching with large nonlinear constant dy4 is achieved for optical probe at 800 nm

( E, ) and THz ( E,, ) polarized in the <110> direction

@

1 1
— E — E
(Ew:_w -1 ’ETHz: -1 )[77]-
J2 0 J2 0

Eq. (3.1.3) is further simplified using Kleinman symmetry and spatial the symmetry of

ZnTe crystal.
E(u,XETHZ,X
E E
P, 000100 E“'VET“Z'V
0,2 —THz,z ~y
P, | =4&,d,,| 000010 E Ep 4E En |7 —4g,d,,E E.,. ¥ (3.1.4)
P, 000001 ’ ’ ’ ’
Ew,xETHz,z + E(u,z ETHz,x
E(u,xETHz,y + Ea),yETHz,x
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<001 >

Figure 3.3 polarizations for EOS in <110 > ZnTe.

According to Eq. (3.1.4), the induced polarization density is linearly proportional to
E.,, in amplitude, but orthogonal to optical probe polarization. The total probe
polarization becomes elliptical. EOS is usually experimentally setup with balanced
photodiode to obtain a high signal-to-noise ratio [78]. As shown in Figure 3.4, the optical
probe becomes circular polarized passing through the quarter wave-plate, after which it is
split into two orthogonally polarized beams by a Wollaston prism. In this way the
detector can be balanced for background-free detection. The signal detected is

Al =1 sin(Ag) , where A¢:w—an3dl4ETHz [22]. The signal is approximately
c

proportionally to A¢ and E,,, provided E,,, is small enough; L is the crystal length and

n, is the index of refraction at the probe frequency .
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Figure 3.4 Schematic for electro-optic sampling with balanced detection.

Figure 3.5 shows experimentally measured THz transient with 0.5 mm <110 > ZnTe,

THz source is optical rectification in ZnTe.
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Figure 3.5 Experimental data of EOS with 0.5 mm ZnTe, the ultrafast THz source

is derived from optical rectification with ZnTe.

The THz transient retrieved EOS can be distorted due to the finite probe pulse width,
phase matching bandwidth (as discussed in Section 2.1), and dispersion in y® [40].

While a detection bandwidth up to 41THz was demonstrated with GaSe based EOS [79],
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strong dispersion around the Restraheln band cannot be avoided. Air-Breakdown
Coherent Detection is attractive because it does not suffer from Restraheln band
absorption or catastrophic breakdown damage that occurs in solids. Linear THz
electroabsorption in asymmetric quantum well structure [80] [81] indicate time domain
spectroscopy of THz via electroabsorption is viable. In this chapter, we will present a
modified ABCD technique and demonstrate that it is an all-optical detection scheme. In
the following chapter, THz detection with electroabsorption in semiconductor structures
IS presented.

3.2. Air-Breakdown Coherent Detection

Broadband detection of THz by Terahertz Induced Second Harmonic (TISH) was first
discovered in various materials [82] [83]. The recently reported Air-Breakdown Coherent
Detection (ABCD) [76] [9] relies on detection of TISH as well. Although plasma current
model [61] [62] is an accepted mechanism for generation, there are very few studies
where it is used for detection [84]. One could argue that the generation process can

always be reversed for detection and that is the approach implemented here.

TISH generation is modeled using the formalism in Section 2.3 with the addition of a
DC field. When applied to TISH generation, there are the two key differences between
four-wave mixing (FWM) and the plasma current model: saturation and optimal phase.
The plasma current model predicts saturation of TISH generation resulting from complete
ionization of available air molecules; such saturation does not exist in four-wave mixing.
Figure 3.6 shows the calculated TISH polarization with increasing THz field strength. To
demonstrate this saturation experimentally, very high THz field strengths are required,
but the needed high intensity pulses cannot be generated in our laboratory. The plasma
current model also predicts that the optimal phase difference between TISH and
fundamental wave of 7 /2. The four-wave mixing picture, in contrast, requires that the

fundamental, second harmonic, and TISH to be in phase.
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Figure 3.6 Calculated TISH generation v.s. applied THz field strength via plasma
current model. An extrapolated linear fit of low field strength region (dashed line)

illustrates the deviation at high fields.

TISH generation can be approximated by the four-wave mixing [6] [7] [8]. The
A¢ =0 and Ag =~ in Figure 3.18 is labeled assuming the FWM process.

g () [ 7O, 07 E (O (3.2.1)

I is the intensity of TISH. E_(t)=E e and E,,(t)=E,. e are the complex

electric field of the fundamental and terahertz, respectively. The detected signal, which is

a cross-correlation between probe w and terahertz pulse, is:

Srion (1) o [|E, 2t + ) Epyy ) . (3.2.2)

As shown in above equation, detecting TISH along does not guarantee coherent
detection because the intensity of TISH is proportional to the intensity of THz pulse. One
could, however, interfere TISH with an additional field at frequency 2w as first

demonstrated by Dia et al. [76]. The source of 2w field could come from local oscillator

(LO), i.e. 2w components in the plasma supercontinuum (E,, (t) = E o +c.c.).

The total 2 signal I, is:



30

L o |79, 2By + Eio| =79 B[ +|Eo| +2Re{7PE,*E,E,r"}. (329)

The measured time resolved cross-correlation signal in the ABCD experiment is:

§,,(0) « [|E, (OE, (t+2)+ Eo ()]

4[

where 7 is the delay between the probe » and THz field. The second term can be

E O w4 +[Euof +2Re(E/ OB+ IEL O L oy

experimentally excluded with lock-in detection while chopping the THz beam. The first
term can be ignored when E, is large enough. Under these conditions, the measurable

third term allows for coherent detection. With the requirement of a large LO field, high
probe intensity is required to ensure coherent detection [76]. Further limitations of this
method are the lack of independent phase and intensity control of the LO, which tracks

the probe fundamental w.

The same group latter reported a technique to generate the required 2w by applying
high DC voltage across the detection plasma (ABCD) [9]. The DC field breaks the

centro-symmetry of the plasma, thus enables second harmonic generation of the field

E o - This relaxed the requirement for a high intensity probe. High voltage electrode pairs

placed orthogonally have been used for polarization reconstruction of the terahertz [85].
With sufficient long electrode pair, signal modulation in the third term of Eq. (3.2.4) due
to phase-shift between @ and 2w averages out, a precise phase control is therefore not
necessary. The disadvantage of this approach is that the remote detection becomes
problematic. In the next section, we introduce an all optical technique to supply the

required local oscillator 2w, and remove the requirement of high voltage bias.
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3.3.  Optically Biased Coherent Detection

The requirement of local oscillator for coherent detection of THz can also be satisfied by

providing 2w optically, which is implemented in experiment by inserting a -BBO into

the probe arm. The phase between E,, and E, is therefore important since E ’E " in
Eq. (3.2.4) is E,’E ,e", where Ag=2¢ —¢, . Since E is produced by second

harmonic generation in B-BBO, E (t) cc I (t) and the measured coherent signal is:
S, (r) < cOs(AG)[ T, (1) Eyyy, (t+7)clt (3.3.1)

The measured signal is sensitive to A¢, and the condition of Ag=mz (m is an

integer) is essential for sensitive coherent detection of a THz time signal. The coherence

of this detection technique can also be studied experimentally by A¢ dependent

§2w (z,A@) response.

The benefit of this Optically-Biased Coherent Detection (OBCD) is the removal of
the external high voltage bias. Bias supplied by a light pulse further allows for
polarization/ phase control and convenient stand-off detection setup. Supplying high

voltage bias electrodes at remote location is certainly problematic.

3.4. OBCD Experimental setup

The experimental setup consists of two arms, one arm generates THz source via air-
breakdown plasma and the other arm generates the detection plasma required for ABCD.
THz generation via optical rectification in ZnTe can be implemented in the generation
arm instead, for experiments that require less field strength. The laser source is the a 40fs
Ti:Sapphire amplifier (Coherent Legend Elite) with pulse energy ~3.5 pJ. The central
wavelength is around 800 nm, and repetition rate is 1 kHz. The amplifier is seeded with a

conventional, home-built mode-locked Ti:Sapphire oscillator with 88 MHz repetition rate
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and ~500mW mode-locked average power. To further ensure an optimal and consistent
pulse as close to transform limited as possible, a femtoFit pulse shaper is employed (see
Appendix A). The amplifier output is split into two experiment arms by an ultrafast 50-50

beam splitter (Newport).

\ generation

detection

Figure 3.7 Schematic of OBCD experimental setup

In the THz source arm, beam first passes through an ultrafast zero-order half wave
plate (HWP, Newlight Photonics WPS02-H-800-AR800/400 ~ 45 um) for polarization
matching purposes and focused by a 12.5 cm lens (Thorlabs BK7 lens LA1986-B, B-
coated BK7). The focused beam passes through a 30um-thick type-I beta-Barium Borate
(B-BBO) crystal that generates second-harmonic wavelength required for two-color
plasma THz generation with p-polarization. The fundamental beam is then rotated to p-

polarization for optimal THz generation by another zero-order HWP.
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Figure 3.8 photo of OBCD experimental setup (waveguide and its 3-axis

translation stage is not shown here).

The optimal phase between w and 2w for THz vyield is 0.5z (section 2.4). This
condition is attained by moving the BBO position along beam propagation direction. The
phase control is possible due to the dispersion in the air for the two frequencies, e.g.

propagation in 25.9 mm of air results in relative phase shift of z.

The THz beam generated by the two-color plasma interaction is collimated and
refocused on the detection plasma by a set of 3-inch gold coated off-axis parabolic
mirrors (Edmund Optics NT63-200 and NT63-199. f=76.2 mm and 50.8 mm,
respectively). Residual pump light (w and 2w) is absorbed by a 0.5 mm high resistivity
Silicon wafer (MTI <100> HR-Si, 3” diameter x 0.5 mm. 2 sides polished, N-type
undoped) placed between two off-axis parabolic mirrors (OAPMSs). THz polarizer
(TYDEX HDPE polarizer, 63 mm open aperture) could be place in between the two
OAPMs to pass only p-polarized THz. However, the TISH generated by a THz polarized
orthogonal to probe fundamental is negligible, so this is not necessary. Experimental
results with and without the polarizer show no difference other than a small amplitude
change. For lock-in detection, an optical chopper blade (Thorlabs MC2000 with MC1F10
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chopper blade) is inserted between the focusing lens and BBO crystal. Alternatively, we

can chop THz directly with a two-slot blade (MC1F2).

THz beam profile near focus
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Figure 3.9 Knife-edge measurements of THz spot sizes at two different positions.

THz beam waist size wy was estimated with knife-edge experiment. Two spot sizes

were measured at different positions to calculate w, (Figure 3.9). The estimated w, for 1

THz is about 150 um. With an additional THz power measurement from pyroelectric

detector (Gentec SPI-A-65THz), the estimated peak THz field is ~1 MV/cm.

Figure 3.10 Metallic waveguide. Waveguide is glued to a post that is mounted on

a 3-axis translation stage.
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In the detection arm, the probe is attenuated to ~ 50 nJ by reflective metal neutral
density (ND) strip. A 17.5 cm lens (Thorlabs LA1229-B, B-coated BK7) is used to
focused the probe beam through a 10 pum-thick type-1 B-BBO (Newlight BTC10010-

SHG800(1)-P), that generates the optical bias ELO. The optical bias pulse is temporally

shifted ahead of the fundamental probe pulse by a 500 um calcite plate (Newlight
CAL1200-A). This arrangement has the advantage of avoiding possible cross-phase
modulation induced by the detection plasma. The group delay dispersion induced by
3mm-long fully-ionized plasma is estimated to be only 6.4 fs?, which is negligible. The

calcite pair can thereby provide phase control, as described later in this section. The
temporal shifts between E,, and E,, as they propagate through optical elements are

detailed in Table 3.1. The focusing optical bias and probe pass through a hole in the
center of the THz-focusing OAPM, and at their focal point produce a weak detection

plasma in spatial overlap with the focusing THz.

ELo (s-pol.) ET|5H (p-pol.)
500 um Calcite -252.17 fs N/A
20 cm Air+10 um BBO
+FS wedge pair +(61.20+X) fs N/A
200 pum Calcite at normal +133.47 fs +10.20 fs
total (-57.50+X) fs +10.20 fs

Table 3.1 Temporal displacement of E,, and E,, relative to the probe

fundamental w after passing each optical element. Positive numbers represent that
o leads in time. BBO crystal with Imm fused silica substrate is assumed. X is the
amount contributed from fused silica wedge pair (Eq. 3.4.3). If used without fused
silica wedge pair, rotation of 200 um calcite plate is needed to increase the

effective thickness, thus bringing E,, and E, in temporal overlap.
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Since the spectral and spatial THz profile from the plasma is not uniform [86] [69], a
5-mm long silver coated stainless steel cylindrical waveguide of inner diameter < 200 um
(Figure 3.10) is placed near the focus to improve phase matching of the probe pulse with
THz frequencies of large k vector [87]. The mounted waveguide is attached to a 3-axis

translation stage for position fine tuning.

THz waveguides can be used in THz time-domain spectroscopy to measure thin
films or gas [88]. In such experiments, THz source and detector are coupled to both ends
of the waveguide, with the material interrogated placed inside the hollow waveguide [89].
The circular and rectangular hollow waveguide were found to exhibit strong group
velocity dispersion and loss in the THz regime [90] [88] [89]. Other THz waveguides,
such as plastic ribbon [91] and unclad sapphire fiber [92], are capable of single mode
operation, but also display strong dispersion.

(b) | >XTHZ transmitter

Parallel
Plate . Input coupler
Waveguide ~a o
Wa;/eguide
J

Figure 3.11 Schematics for (a) the parallel plate THz waveguide with coupling
cylindrical lens on both ends [93], and (b) the metal wire THz waveguide [94].

Single mode (TMy) propagation of broadband THz field, which is polarized
perpendicular to the plates, has been demonstrated in the copper parallel plate
waveguides [93] with low dispersion and loss. Intriguingly, a simple metal wire
waveguide also exhibits low loss and dispersion in THz regime [94]. Since the metal wire
waveguide operates in a radial TM mode, coupling linearly polarized THz field into the
wire is inefficient. In Figure 3.11 (b), another metal wire perpendicular to the waveguide
is utilized as the input coupler. Studies have shown that the coupling efficiency can be

increase by using conical metal wire waveguides [95], or a radial symmetric
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photoconductive antenna as the THz source [96]. For our OBCD experiment, the co-
propagation of the optical probe and TISH along with THz pulse is essential; therefore

the hollow circular waveguide is the only viable choice.

Using a circular metallic waveguide over the two-color generation plasma was
theoretically studied by Babushkin et. al. [87]. The plasma current is used for modeling
the generation, and THz waveform propagated through the argon-filled, aluminum-coated
hollow waveguide was calculated. The linearly polarized EH;; mode shows strong
absorption under 11THz (Figure 3.12 (a)), as well as strong dispersion < 250 THz (Figure
3.12 (b)). For the optical pump pulses, the loss is small but there is a slightly broadening

[87].

-2
(a) 1o ) S— e e
2107} 2
= b=
3 3
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Figure 3.12 Transmission of a hollow metallic wave guide with inner diameter of
100 um [87]. THz source originates from a two-color plasma. The 10 fs pump
pulse consists of 10" W/cm? and 2-10** W/cm? intensity of fundamental and
second harmonic wave, respectively. (a) Spectra of the propagated THz in log
scale, and (b) the waveform of the propagated THz (< 250 THz) components.
Propagation distance of 0.5, 2, and 10mm are represented with black dashed,

green, and red lines, respectively.

While we still call it a waveguide in our experiment, we do not rely on its THz wave
guiding capability, but instead use it to confine the optical probe and THz wave for the
generation of TISH. The intention is to increase the overlap between the optical probe

and the THz wave, which divergence is frequency dependent. Since the waveguide we
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used is similar to the one studied by Babushkin et. al. [87], we argue that due to the
strong loss, the contribution to TISH generation from the propagated and distorted THz
wave is small. Currently we have limited waveguides available in our lab, and modeling
of the waveguide we used is prevented by lack of accurate waveguide parameters, due to
manufacturing limitations. However, for future studies, it would be of great interest to

design and fabricate a waveguide structure that is optimal for the detection process.

After passing through the plasma, the diverging TISH and optical bias are re-
collimated by a 20 cm calcium fluoride lens (Thorlabs LA5714). The collimated beams
then pass through a 200 um calcite plate (Newlight CAL12002-A) to bring them into

temporal overlap. Since the polarizations are orthogonal, a Glan-Thompson polarizer is

can conveniently select the amount of optic bias. The polarizations of fundamental E_,

second harmonic optical bias E,, and THz E,,,, are shown in Figure 3.13.

EX and E

® 20 THz *

Figure 3.13 Polarizations of E

As mentioned in Section 3.4, the condition of A¢ =0 is critical for accurate THz
time trace measurement. A¢ can be controlled by various ways in our experiment. The

simplest method is to use a thin AR-coated fused silica (thickness: 100 um or 250 pm)
phase plate after the 10um-thick BBO (Newlight photonics FSG10010-AR800/400 or
FSG10025-AR800/400). Tilting of the phase plate introduces optical path length

difference between E,, and Ew that translates into phase difference (Figure 3.14):
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coséd, cosb,, (3.4.1)

Figure 3.14 Schematic of phase control using phase plate.

Here 4,, is the wavelength of 2w, ¢, is the incident angle, n, and n,, are the

refractive indices of fused silica at @ and 2w , respectively. €, and 6,, are the

refractive angles of @ and 2o inside fused silica phase plate, respectively. In Eqg.

(3.4.1), A¢ >0 means w lags in time. The disadvantages of using phase plate are the

introduction a global time delay as A¢ changes due to increase of optical path length,

and also a parallel spatial shift AX, ,, due to finite thickness of the phase plate:

AX,,, =dsing,(1-coto,tand, , ).
(3.4.2)

This parallel shift leads to reduced overlap of probe and THz and manifests as a

reduction of signal as the phase plate rotates. Since THz spectral profile is not uniform, it

would also introduce experimental error in S, (7,A¢) measurement.

The second method involves a pair of fused silica wedges (FemtoLasers OA924,
30mm x 20mm, Figure 3.15), in place of the phase plate. Changing the wedge insertion

varies A¢ according to:

_ 2rtan a, AX

, 3.4.3
2 (3.4.3)

Ag
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where «, is the wedge angle and AXx is the change in vertical insertion. The advantage

of using wedge pair is that while the beam does shift vertically, the amount of shift does
not change due to constant distance between the two wedges. Changing the insertion

amount, however, still introduce global delay as does the phase plate.

(a) (b)

Figure 3.15 Fused silica wedges pair. (a) photo and (b) schematic.

The third method is to rotate the 200 um-thick calcite plate around the optical axis
(Figure 3.16). Rotation around the optical axis does not change the index of refraction for

the p (extraordinary, ET,SH) or s (ordinary, ELO) polarized beam, but changes the

effective optical path for both. The time delay between the two when brought into
overlap is therefore controllable. The change of phase relative to normal incidence
scenario is in the same form as Eq. (3.4.1):

4, |\ COSE,,, CcOsO

2m,e

n n
A¢ = 27d |:[ 20,0 208 J— sin 00 (tan 924;,0 —tan 9260,9) ’ (344)

Here we assume E,, and E,q, are both centered at 2 . n,, . and n

®,0

are

2mw,e

ordinary and extraordinary index of refraction of calcite, respectively. 6,,, and 6, are

2m,e
the refractive angle inside calcite of E,, and E,, , respectively. Since the rotation is

done after the detection plasma, the distinct advantage of this method is that it does not
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change the global delay or the probe-THz overlap. Experimentally, the 200 um calcite
plate is mounted on a motorized rotational stage for better precision.

Figure 3.16 Schematic for phase control using calcite plate.

A measurement of TISH spectrum versus THz-probe delay is performed using a
simplified setup shown in Figure 3.17. An Ocean Optics HR4000 USB spectrometer is
used in this experiment. Data is taken with a Labview program which automatically
records multiple spectra at each delay to improve signal-to-noise ratio through averaging.
The reason why this measurement is performed is discussed in Section 3.5.

pump delay

______________________

-
WG

BP

detection

Figure 3.17 Schematic for delay dependent TISH spectra measurement.
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3.5. OBCD results and discussion

A typical time trace for a THz pulse generated by two-color air-breakdown plasma and
measured by OBCD is shown in Figure 3.18 (a), detection bandwidth reaches up to 15
THz as shown in Figure 3.18 (b). The THz pulse has a fast raising peak that decays to a
valley at a slower rate. The persistent oscillation at longer delay is due to free-induction
decay of water vapor in ambient air [97]. It disappears in a nitrogen-purged setup. The
result is multiple dips in linear spectrum (Figure 3.18 (b)). The coherence of this
detection technique is also demonstrated in Figure 3.18 (a) by the almost perfect of flip of

signal when A¢ is changed by z. The slight difference of peak amplitude is attributed to
the time domain sampling resolution and the accuracy of A¢ (A¢ is derived from

corresponding phase control scheme).

The signal-to-noise ratio (S/N) for the data presented in Figure 3.18(a) is around 40,
with 100ms time constant on the lock-in amplifier, a 370 Hz mechanical chopper
frequency, and averaging over 3 time traces. Assuming 0.7 MV/cm of peak field strength
we had available when this experiment was performed, the minimum detectable peak
field strength is 17.5 kV/cm. In comparison, EOS claimed minimum field sensitivity of 1
V/cm [75], and about 0.5 to 1 kV/cm for ABCD [9] (estimated from data presented). The
reason for relatively low S/N in OBCD is that the coherent signal is measured on top of a
large background (optical bias), and the saturation of the detector becomes the limiting
factor. The S/N can be further improved by lowering the injected 2w just enough to avoid
detection saturation yet held high enough to render incoherent term negligible for linear
detection. This requires substantial modification of the experiment, including separate,

independent generation of optical bias from the probe pules.
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Figure 3.18 (a) OBCD time trace demonstrating coherent detection; the signal

inverts when A¢ = 7. (b) Corresponding spectrum E ().

To verify the four-wave mixing picture and linear detection of OBCD are valid
within our experimental parameters. The peak TISH signal versus THz power and peak
OBCD signal versus THz field amplitude are plotted in Figure 3.19. Both follow the
expected scaling, i.e. with intensity and field amplitude, respectively. THz power is
attenuated by additional HR Si wafers placed between the pair of off-axis parabolic
mirrors, and measured by pyroelectric detector.
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Figure 3.19 (a) TISH peak signal v.s. THz power, (b) OBCD peak signal v.s. THz
field strength.
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Figure 3.20 Measured OBCD signal S,, (7, A¢) .

A typical phase dependent OBCD signal S~2w(r,A¢) is plotted as a surface map in
Figure 3.20. The expected signal nodes is missing, i.e. at Agp=(M+1Dz/2 (m is an
integer), the signal approaches zero as suggested by Eq. (3.3.1). For comparison, the
expected surface map is plotted in Figure 3.24 (a). The lack of nodes can be explained by
two factors: shift in central wavelength of the TISH (away from 2w) and finite probe
duration. On a side note, Gouy phase dependence of the signal in the case of high voltage
ABCD with thin electrodes has been reported [98]. The lack of nodes is also evident in

the data presented.

To explain this unexpected feature, we first measure the peak wavelength of the
TISH spectrum versus delay. This measurement is performed immediately before the
acquisition of the phase dependent OBCD response (Figure 3.20). The data shows that
the central wavelength of TISH redshifts ~ 4 nm in the main peak portions of the THz
transient. (Figure 3.21). Figure 3.21 (b) shows the integrated spectrum as a function of

delay, which is THz pulse intensity temporal profile.
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Figure 3.21 (a) TISH spectral peak v.s. delay, peak of bias 2w ~ 397 nm. (b)
Integrated TISH signal v.s. delay.

The redshift can be explained by phase matching of tightly focused Gaussian beams
[22] [60]. In the forward propagation scenario, TISH generation consists of two possible

paths: ar,, =2w+ @y, (Figure 3.22 (a)). To calculate the phase matching condition,

one needs to include the plasma dispersion. Plasma dispersion from Drude model is used
here:

n=n,J1-0,’ /o’ (3.5.1)

2
o, = % (3.5.2)
e“0

air

n,, IS the refractive index of air, which is taken to be 1. Wavelength A is in the unit of

um. o, is the plasma frequency, and n,, e, m,, and &, are number density of electron,
electric charge, mass of electron, and permittivity of free space, respectively. The
propagation of THz through plasma is forbidden or heavily damped when o <®,, so
transparency only occurs at partially-ionized spatio-temporal regions of the plasma [60].

To estimate the phase matching condition, plasma frequency ~ 1.3 THz is used, in

consistent with the absent of low frequencies in the measured OBCD spectrum. The
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calculated phase mismatch Ak =k,, -2k, —k,, for arg, and wg, frequencies is
shown in Figure 3.22 (c). Angular phase matching is also possible when Ak <0
(onsy = 20—y, ) (Figure 3.22 (b)). The angular phase matching angle, which is within
the converging angle of the probe beam in our experiment, is shown in Figure 3.22 (d).

The calculation shows that @y, = 20—y, is the favored process [99].
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Figure 3.22 (a) Wave vector diagram for the two possible processes of the TISH

generation. (b) Angular phase matching for Ak <0 . (c) Calculated phase
mismatch vs frequency for @y, and @y, , assuming plasma frequency of 1.3

THz, and (d) angular phase matching angle for the Ak <0 case.

The TISH spectrum of tightly focused Gaussian beam can be calculated using the
formalism described in Ref. [99] and Ref. [22]. Starting from wave equation and making

the slowly varying envelop approximation:
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. 16} 417 2 ,
21k, A(;SH +VT2AI'ISH == C:;ZISH pTISHeAkZ’ (3.5.3)

with A, and p;g, being the spatial varying part of complex electric field and

i2wt

polarization density (i.e. Epg,(20) = Ay, (r,2)e** and B, (20) = prgy (r, 7)),

1 &
2

is the transverse Laplacian in cylindrical
r’ og*

respectively. V.° = lag(raﬁ) n
ror  or

coordinate and Ak =k, —2k_ —k,,, is the phase mismatch. Assuming the process

THz
Oy = 20—y, and Prg, (r,2) = yPA (r,2)* A, (r,z), the solution for Eq. (3.5.3) can

be found by using the trail solution:

A,(r,2) =—{%’” g M) A () = —AT'_SH (2) g artiet s
1+iz/ z, 1+iz/z,

A
,and rz)=——"e_ 3.5.4
Ar(r,2)= ot (35.4)

, Where Z, and Z; are the Rayleigh length of the fundamental and THz, respectively. W,

is the beam waist of the fundamental. A, and A,,, are the amplitude of the fundamental

and THz, respectively. Radial dependence of THz is ignored because its beam waist is
much larger than that of the optical frequencies. The TISH spectrum can be calculated

using:

Y B itk 477
A 7) = (3)A 2
nisn (2) noc X @ THZL@ A+iz' 1z )A-iz' z;)

[2]

Akz
Z.2.e77
(A 2 RET
XA Ay ————— (3.5.5)
n,.c I, +1;

H 2
181w

Calculated TISH spectrum assuming 8 THz pump pulse, using the above-mentioned

formalism is presented in Figure 3.23.
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Figure 3.23 Measured (solid line) and calculated (dashed line) TISH and
measured bias SH spectra at zero delay. Phase-matching is considered for 8 THz.
The redshifted TISH spectrum demonstrates the dominance of the

Oy = 20— @y, PrOCESS.

To include the combined effect of wavelength shift and finite probe pulse width, the

cross term in Eq. (3.2.3) can be rewritten as:
2% O Re{l, (Ey, (t+7)e >} (3.5.4)

using the fact that E,, oc @1 (t) and E., < @1 ()E,, (t+7)e™*, where 1 is the
delay between probe and THz. 4w is the difference in frequency between injection 2w
and @y, - T ,(t) =‘I§w2(t)‘ is the intensity of the fundamental pulse. The experimentally

measured coherent component is:
S, (1,Ad) o j [ 2(t)E,,, (t+7)cos(Awt +Ag)dt . (3.5.5)

The effect of finite probe pulse duration manifest itself as the fact that ETHZ (t+7)

cannot be taken outside of the integral, and the shift in TISH central frequency produces

additional phase Adwt. As the consequence, the phase-dependent OBCD response
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§2w(r,A¢) no longer approaches to zero at some A¢. Therefore the nodes expected in

the S~2w (r,A@) are absent, as shown in Figure 3.24 (a).

Theoretical modeling is presented in Figure 3.24. The OBCD measured THz
waveform (Figure 3.18 (a)) is used in this calculation. Figure 3.24 (a) shows the expected
experimental result without TISH spectral shift. Figure 3.24 (b) shows the simulation
assuming a constant 4nm shift in central wavelength across the entire time delay and 36fs
probe pulse width. The numerically simulation (Figure 3.24 (b)) agrees well with the
experimental data (Figure 3.20). Minor discrepancy away from the zero-delay is
attributed to the assumption of constant TISH spectral shift, which is not avoidable in

numerical simulation.

a
( )1000 I (b)IOOO I
1
11
. 10.5
500 0.5 ~ 500 —
& s &€ E
z oz = 0 3
E 5 3 5
OP o - | 057 O | com— - | -

—
1
—_

-500

0 0.5 -300)

1.5 2 0.5 1.5 2

1 1
Ad (m) Ad(m)

Figure 3.24 Numerically modeled OBCD signal S, (z,A¢) . (a) No deviation of

TISH central wavelength from injection wavelength, and (b) with 4 nm shift in

TISH central wavelength.

Linearity of the detection shown in Figure 3.19, can be addressed using numerical
modeling. With the four-wave mixing picture, one expects infinite linearity in OBCD.

The plasma current model, presented in Section 2.3, predicts differently about OBCD

linearity.
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In our experimental geometry, 2w is moved ahead of the probe pulse in time. We
therefore model TISH generation with a single color field (E,) plus a DC field. The
polarization of TISH can be found in the numerically calculated P(w), as described in
Eq.(2.3.6). The plasma current model shown in Figure 3.25 predicts TISH saturation at
THz field strength above 15 MV/cm. For future works, it would be interesting to look for
a deviation from linearity at this THz field strength, which would serve as further

experimental verification of the fundamental mechanism behind TISH.
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Figure 3.25 Spectrally integrated TISH polarization v.s. THz field strength.

To summarize, we have demonstrated a novel coherent THz detection technique
(OBCD), and the observed TISH spectrum shift is explained by phase matching of tightly
focused Gaussian beams. Coherent control in OBCD is demonstrated and modeled with a
spectrally shifted TISH. For future work, the optical bias can be generated from a split
probe arm, then recombined with the probe fundamental. The amount of optical bias is
then independent of probe intensity, and can be optimized for signal-to-noise ratio.
Finally, if TISH saturation can be experimentally observed at high THz field strength, it

can serve as additional evidence for the plasma current model.
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Chapter 4. Broadband Terahertz Detection I

4.1. THz induced electroabsorption in Semiconductors

Electric field induced absorption change in semiconductor (electroabsorption, EA) can be
caused by different physical phenomena including the Franz-Keldysh Effect (FKE) [100]
[101], the Quantum Confined Stark Effect (QCSE) [102], and the AC Stark effect [103].
Excitonic electroabsorption has a response time as fast as 50 fs [104], which is a major
advantage for applications in high speed communication. For this reason, EA has been
subject of studies in opto-electronics, e.g. electroabsorption modulators (EAM). The
necessary electric fields are typically applied with a bias voltage across metallic contacts,
and a 50 GHz bandwidth has been demonstrated with a multiple quantum well (MQW)
EAM [105]. Electronically controlled switching bias, however, cannot reach speeds
approaching 1 THz. The recent availability of strong THz field (>1 MV), most notably
through air breakdown plasma with femtosecond lasers, opened up the possibility of
THz-induced electroabsorption. EA in quantum dots [106] and carbon nano tubes (CNT)

[107], for example, have been demonstrated with sub-picosecond response time.

In this chapter, broadband THz detection using THz induced electroabsorption in
semiconductors is demonstrated. The detection bandwidth can be greatly enhanced when
the material thickness is small compared to the THz wavelength (in our case ~ 1um). The
common problem of high dispersion around the Restrahlen absorption band in solid-state
detectors is negligible. We have observed modulation of the transmission spectra up to =
40 % AT/T, and a detection bandwidth exceeding 7 THz (Figure 4.1). In this particular
set of data, obtained by averaging ~50 spectra from an USB spectrometer, shows signal-
to-noise ratio ~ 80. The corresponding minimum detectable peak THz field strength is 8.8
kV/cm. Higher sensitivity can be obtained by more spectra averaging, or by taking the
time trace with the combination of PMT and monochromator (Section 4.2). Detailed

analysis of the experimental data is presented in this chapter. The large depth of
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modulation makes THz imaging with electroabsorption a possibility, a subject that will

be discussed in Chapter 5.

This work is motivated by earlier reports of excitonic electroabsorption in multiple
quantum wells with DC bias [80], electroabsorption in asymmetric multiple double
quantum wells (ADQW) using QCSE with DC bias [81], and THz transient induced EA
in GaAs/AlGaAs QWs [108]. To demonstrate THz coherent detection using QCSE, a
complicated beam geometry is necessary because of the high refractive index of
semiconductors. We however observed large amount of electroabsorption when THz
polarization is perpendicular to the growth direction of the asymmetric/ symmetric
double quantum wells (ADQW/ SDQW). This is unexpected because the QCSE should
only occur when the electric field is polarized parallel to the direction of the quantum
confinement. To isolate the responsible mechanism, we have investigated a bulk
Alg11GaggoAs sample, and found the time-dependent differential spectra are explained by

the combination of Franz-Keldysh and Fabry-Perot effects.
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Figure 4.1 Single-cycle THz induced electroabsorption in AlGaAs at 793.9 nm. (a)
EA v.s. THz-NIR probe delay with AT/Ty ~ 40 %, and (b) corresponding power

spectrum showing bandwidth exceeding 7 THz.
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4.2. THz-EA Experimental Setup

The setup is similar to the pump-probe experiment described in Section 3.4. The THz-EA
experiment consists of a generation arm as previously detailed in Section 3.4, and a
detection arm with either unfocused or focused probe. The probe intensity is attenuated
below 1.6 pJ with refractive metallic neutral density filters (Thorlabs) to avoid free
carrier effects, and to prevent damages when focused probe is used. In the case of an
unfocused probe, a metallic pinhole of 150 um mounted in X-Y translation is placed
behind the sample to sample the localized electroabsorption response. This is better than
getting than getting an average response when the THz profile is known to be non-
uniform. A 50 cm calcium fluoride lens (Thorlabs LA5464) is used in the focused probe
geometry; the focused spot is smaller than 50 um. Figure 4.2 shows the schematic of the

experiment using a focused pulse.
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Figure 4.2 Schematic of THz-EA experimental setup.

Supercontinuum generated by a sapphire crystal can also be used as an octave-
spanning probe that can be spectrally filtered by equilateral prism pairs and a knife edge.
A supercontinuum probe avoids large free-carrier absorption when ADQW/ SDQW is
interrogated at room temperature, and provides the extended spectral range for probing

bulk GaAs at room temperature.
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A schematic of the supercontinuum generation and its spectral modulation is shown
in Figure 4.3 (a). Supercontinuum is generated and collimated by a pair of lenses (L1 and
L2). The end mirror after prism pairs (M1) tilt the beam slightly vertical, allowing the

return beam to be picked up and sent to the experiment by a second mirror (M2).

(a) /

lens L1  sapphire lens L2
——
—_

Mirror
M2

Figure 4.3 (a) Supercontinuum generation and spectral modulation. (b) Photo of

the setup without sapphire crystal and knife edge.

The alternative to the use of a filtered supercontinuum probe is to cryogenically cool
the samples. A liquid nitrogen cryostat (Janis) is deployed for this purpose. To allow
transmission of the far-IR, a special cryostat window is used. It is a 17mm-diameter,
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250um-thick piece of CVD diamond mounted in custom holder. A spectrometer shows
the window has =~ 60 % power transmission across relevant THz spectrum. The

temperature of the sample is varied by a Lakeshore 331 PID controller.

By varying the delay 7 between THz pump and weak NIR probe, temporal
electroabsorption response AT,(7) can be measured at selected wavelength using a

monochromator with a photo-multiplier tube (PMT) detector. The complete spectral-

temporal response T(A,r) can be measured, by recording the time-dependent

transmission spectra with Ocean Optics HR-4000 USB spectrometer. The THz is
chopped at 1 Hz with Thorlabs MC2000 optical chopper between the off-axis mirror pair.

AT (A4,7)

———2  where T,(4) is the sample
T.(0) o(4) p

The normalized transmission change is

transmission spectra in the absence of THz light. Chopping the THz beam allows the
acquisition of T,(4,7) instead of just a reference spectrum T,(4), and the laser power

fluctuations are thereby removed. An average of 100 spectra per delay step was made to

increase the signal-to-noise ratio.

The ADQW structure we investigated was first proposed by Aguilar et al. [81]. Our
samples were grown by Dr. Jeffery Cederberg with MOCVD process at Sandia National
Laboratory. The ADQW contains 90 pairs of 5 nm and 6 nm double quantum wells,
separated by 2 nm of Al 3Gag;As. A SDQW sample was grown on GaAs (100) substrate
as a comparison with the same structure except for an equal quantum well thickness of 5
nm (Figure 4.4(a)). Photoluminescence spectra of ADQW/ SDQW are shown in Figure
4.4 (b). The variation of the peak wavelengths is due to sample inhomogeneity across the
wafer. GaAs heterostructure (750 nm InGaP/ 750 nm GaAs/ 750 nm InGaP) and
Alg11GaggeAs bulk thickness of 1017 nm were also investigated. As the experiment is
setup in transmission geometry, all samples are epitaxially lifted off from the substrate
and then bonded to BK7 glass slides. Our group member Zhou Yang processed the
samples using techniques that make bonding large-area samples possible [109] [110]
(Figure 4.5).
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Figure 4.4 (a) Structure of SDQW, and (b) photoluminescence (PL) spectra of
ADQW and SDQW.

Sy

Figure 4.5 Photo of large area Alp11Gag goAs sample, bonded to a glass slide.

4.3. THz-EA results and discussion

By treating the THz transient as a quasi-DC field, the electroabsorption in bulk
semiconductors we observed can be described by the Franz-Keldysh effect (FKE) [100]
[101]. The Franz-Keldysh effect is named after Walter Franz and Leonid Keldysh, and

was first observed by Baer et. al. [111]. In the absence of external electric field, the two
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particle (electron-hole pair) Schrédinger equation and its discrete solution ¢, () without

Coulomb potential is [112]:

A eikxx-¢-ikyy-¢-ikzz

om Vig(r) =E¢(r), ¢,(F) S v (4.3.1)

Where ¢(F) is the wave function, E is the energy measured from bandgap energy E, .

m, :(1/ m, +1/ mh*)fl is the reduced effective mass, where m~ and m,~ are the
effective electron and hole mass, respectively. The quantum number n=(n,,n ,n,). The

wave vector k, . =2zn, /L, whereL isthe unit cell length. V is the unit cell volume.

In comparison, under the influence of uniform electric field, the Schrédinger

equation becomes [112]:
(——h2 V2 +eF -1)g(T) = E4(T) . (4.3.2)
2m,

Assuming the applied field F is along z axis (F = FZ), the solution is [112]:

- _eikxx+ikyy d2¢(Z)
o(r) = 7A #(z) , where 52

~Z4(Z)=0. (4.3.3)

2m.eF
h2

the z dependent wave function. The solution for the Z dependent part of the wave

A is the area of the unit cell and Z = ( Y3 (z _E_Ié) , Where E, is the eigenenergy of
e

function has the form of Airy function. The forbidden optical transitions below the
bandgap then become possible due to tunneling. When a time varying electric field is
applied, the electroabsorption is referred as dynamic Franz-Keldysh effect [113] [114].
Since the slowly varying THz transient can be consider as a quasi-DC field, we found it

sufficient to model the experimental data with classical FKE.
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The modified absorption coefficient due to FKE, which can be derived from the

transition rate given by the Fermi’s golden rule and the wave function solution of Eq.

(4.3.3), is [112]:

’E .
© 0 (@Meye g [—nAit )+ A2, (4.3.4)

a\w) =
(@) 12ce,mne = h°

where m,, E , &, n, are the electron mass, Keldysh energy parameter, vacuum

p i)
dielectric constant, refractive index (assumed constant), respectively. A is the Airy

2,22
function. 76, :(he—F)”3 and 7 =
2m, A

Eg —ho L .
. In the limit of F — 0 it can be shown that

the FKE modified «(w) approaches the free carrier absorption value o, (@) [112]:

ezEp (Zmr)S/Z hw—Eg
12ce,mn @ K 7

o (@) = (ho>E,)

a,(w)=0 (ho<k)). (4.3.5)

An example calculation of the FKE oscillation is plotted in Figure 4.6. Notable
characteristics of FKE are the increase of absorption below the gap, and an oscillatory
behavior of the absorption coefficient above the gap. The spectral oscillatory frequency
in the above-gap region decreases with the increase of electric field strength.
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Figure 4.6 Calculated Franz-Keldysh oscillation (red and blue lines, F>0),

compared to free carrier absorption (blue line, F=0).

The normalized electroabsorption response % of the Alp11GaggeAs bulk
0

sample at room temperature subjected to the time dependent THz bias field is shown in
Figure 4.7 (a). The calculated FKE response using THz waveform measured by OBCD
(Figure 3.18 (a)) is shown in Figure 4.7 (b). The above gap behavior is well described by
the FKE. The below-gap spectral oscillations in the experimental data, however, are not
predicted by Franz-Keldysh effect. A plausible explanation is given by the Fabry-Perot
transmission interference arising from the air-semiconductor and the semiconductor-glass

interfaces.

We now derive the Fabry-Perot transmission of the NIR probe corresponding to our
experiment conditions. We assume the multiple reflections occur between the air-
semiconductor and the semiconductor-glass interfaces. The reflections from the glass-air
interface are not considered because the glass slide thickness is much greater than the
coherence length. Each medium has different index of refraction. The semiconductor
layer in addition has index of refraction that changes when the THz modulates the
absorption. The absorption of the NIR probe pulse in the semiconductor layer is

accounted for, and this absorption is also modified by the THz pump.
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Figure 4.7 (a) Measured normalized EA response AT(A,7)/T,(1) of the

Alg.11Gap geAs bulk sample, and (b) AT (4,7)/T,(4) modeled using FKE.

A schematic illustrating multiple reflections within the bonded sample is shown in

Figure 4.8. n,, n,, and n, are the refractive indices of air, semiconductor, and glass,

respectively. Following the usual formalism for the Fabry-Perot transmission and adding
the media absorption, the total complex electric field transmission coefficient is:

al
[e's] _ al o0 _ al t t e_200591
_ 2c0s6, cos, pidym __ 0112
t= 2 ‘,tm =€ t01t122(r10r12e € ) = al
=0 =0 - s
m m 1_ rlorlze cosé, elb . (436)

t. is the m-th transmitted field, L is the thickness of the sample, 6 is the probe refractive
angle in the semiconductor as given by Snell’s Law: 6, =arcsin(n,sing, /n,), where 6y is

the probe incident angle. to; and t;, are the field transmission coefficients of the air-
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semiconductor interface and the semiconductor-glass interface. rip and ry, are the field
reflection coefficients of the semiconductor-air interface and the semiconductor-glass
interface. Because the reflections at both interfaces are internal, rip and ry, are real

quantities. ¢ is the phase difference that is added to each successive reflection due to the
path length difference:

4rn

o(n,A)=2kL/coség —k,L, = Lcosé,

, (4.3.7)

where k; and k, are the probe wave-vectors in semiconductor and glass, respectively. The

path length difference between t, and t, ; inglassis L, =2Ltané, siné,, where 6, is the

refraction angle in glass: 6, =arcsin(n,siné, /n,).

The transmitted intensity is:

—al
|'[01|2 |t12|2 ™"
“2al —al

1+|r10|2 |r12|2 % —2|r,||r,|€*** cos(

T(6,(n), 4,0)=tt" =

47zn L cos 6?1)
. (4.3.8)

air AlGaAs glass

Figure 4.8 Multiple reflections in bonded EA samples.
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The transmitted intensity is time-dependent because it depends on time-dependent n,

and a. More explicitly, the time-dependent n, modifies the refractive angles (61 and 6,)

and the Fresnel reflection/ transmission coefficients (ro1, 1o, to1, and ti2). The change of

refractive index An, due to the change of the absorption Ao can be calculated using

Kramers-Kronig relationship:

Anl(a)) = %@J‘wAL(CO)dw’

° 0" -0’ (4.3.9)

With the above modification, the normalized differential transmission

AT(A,7)IT,(A) is calculated in Figure 4.9 (a). All the essential features of the

experimental data are well reproduced. The blue line in Figure 4.9 (b) shows

AT (4,7)IT,(4) fitted at single time delay, and the red line shows the data fitted

exclusively with FKE with the same parameters. The main takeaway for Figure 4.9 (b) is
that a more accurate model accounting for both FKE and Fabry-Perot interference
describes increased transmission below the gap, while a model that ignores interference

cannot.
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Figure 4.9 (a) Calculated EA response AT (4,7)/T,(4) by combined effect of the

FKE and Fabry-Perot. (b) AT(4,7)/T,(4) data at single delay (circle dots), fitted
with the FKE and Fabry-Perot Effect (red line), and same fit with the Fabry-Perot

effect turned off (blue line).

The experimentally measured data can also be used to retrieve the THz waveform.
By least square fitting of field strength at each delay, while keeping the other parameters

fixed, the THz waveform amplitude can be extracted (Figure 4.10).
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Figure 4.10 OBCD measured THz waveform (blue line), and THz waveform

extracted form AT (4,7)/T,(4) (red line).
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Figure 4.11 (a) Measured and (b) modeled AT (4,7)/T,(4) for SDQW structure at

135K.
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Figure 4.12 Measured and modeled AT (4,7)/T,(4) for GaAs structure at room

temperature with spectrally filtered supercontinuum probe.

In this chapter we have shown large electroabsorption induced by single cycle THz

pulse. The electroabsorption response AT(4,7)/T,(4) can be modeled with the

combination of the Franz-Keldysh and the Fabry-Perot effect. For future studies, one
could demonstrate coherent THz detection with quantum confined stark effect in an
ADQW structure. The THz electric field, however, must be polarized along the quantum
confinement direction. This requires complicated experimental setup, as one must be able
to isolate the contribution of QCSE induced EA (coherent) from the FKE induced EA
(incoherent).
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Chapter 5. THz Electroabsorption Imaging

5.1. Introduction

The importance of THz imaging has been briefly summarized in Chapter 1. Similar to the
THz detection, THz imaging techniques can be catalogued as incoherent or coherent
techniques, and continuous-wave (narrow-band) or pulsed (broadband) techniques.
Incoherent THz real-time imaging can be performed with a pyroelectric camera [115] or
a microbolometer array [116]. An example of a commercialized microbolometer cameras
is the NEC unclooled THz imager. There are also commercially available CW THz
sources derived from photomixing in a PCA or the QCL. The combination of such
sources and detectors yields a tunable narrow-band real-time THz imaging system

achieved with relatively low cost and complexity.

Coherent THz imaging is typically uses raster scanning with EOS or
photoconductive antenna [3]. The main drawback of raster scan is the relatively slow
image acquisition speed. Use of an arrayed photoconductive antenna [117], for example,
can increase data collection rate. Alternatively, Zhang et al. have demonstrated THz
imaging using the EOS of the entire THz beam [118] [119] [120] [121]. More
sophisticated techniques include compressed sensing [122] [123], interferometric array
[124], and linearly chirped probe [125] that improve the speed of image acquisition.

The large electroabsorption via FKE demonstrated in Chapter 4 is a promising
approach for incoherent THz imaging. The formalism detailed in Section 4.3 is used to
calculate FKE EA response of a semiconductor (band edge at 797nm), shown in Figure
5.1. The large modulation above the gap does not scale monotonously with field strength
due to the Franz-Keldysh oscillation (Figure 5.1 (b)), so it is important to select the probe

wavelength to be below the gap for imaging purposes.
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Figure 5.1 Calculated AT/T versus field strength F, including Franz-Keldysh and
Fabry-Perot effect. Band edge wavelength used is 797 nm. (a) AT/T, across all
wavelengths, and (b) AT/To at 793 nm and 805 nm.

In this chapter, two schemes for the THz EA imaging are proposed. In the first
scheme, EA response of the semiconductor images a focused THz beam. This is
potentially a fast and inexpensive THz imaging technique, which requires only a CCD

camera responsive to the probe wavelength (800nm in our experiment).

As discussed in Chapter 2, the spatial profile of a THz pulse generated from air-
breakdown plasma is not uniform, which makes it a poor choice as an imaging source.
The object size for this large-area THz-EA imaging technique is also limited by the spot
size of the focused THz beam (=~ 375 um in our setup). The object features that can be
resolved must be larger than THz wavelength (30 pm- 300 pum) to avoid diffraction.
Higher power and uniform THz sources, such as optical rectification with LiNbOs,
DSTMS, and OH1 [37], are better suited for this application because looser focusing can

be used.

The second imaging scheme is to use the semiconductor structure as a single-pixel
detector. The THz images are obtained with a raster scan, which relaxes the limitation on
the object size. A PMT is used in our experiment to obtain high dynamic range. The

image acquisition time can be reduced with a 2-axis motorized translation stage.
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5.2. THz-EA imaging Experimental Setup

There are two types of imaging experiments described in this section. The first utilizes
the entire focused THz beam for the large-area THz-EA imaging, and the second uses

raster scan imaging.

pump delay

Bandpass

filter
1) J

MDQW/
Bulk AlGaAs

Figure 5.2 Schematic for direct THz-EA imaging setup.

The experimental setup for large-area THz EA imaging is shown in Figure 5.2, the
THz generation arm is described in Section 3.4. The object to be imaged is located where
the THz beam is focused. The THz beam transmitted through the object is collimated and
focused onto the semiconductor detector, which is a MDQW or bulk semiconductor. The
imaging magnification is determined by the off-axis parabolic telescope. There are four
off-axis parabolic mirrors with focal lengths (in sequence) of 7.62 cm, 5.08 cm, 7.62 cm,
and 5.08 cm (Edmunds Optics NT63-200, NT63-199, NT63-188, and NT63-199 with a
hole drilled in the center). Magnification at the detector is unity. The unfocused near-IR
probe beam passes through the hole in the final OAPM, and is incident onto the detector
collinearly with the THz beam. The probe pulse is brought into temporal overlap with the
THz pulse with a motorized stage delay. The transmitted probe beam is filtered by a
bandpass filter that selects the probe spectral range. A bandpass filter of 810+10 nm
(Thorlabs FB810-10) is used for AlGaAs, and a 830 nm+10 nm bandpass filter is used for
SDQW (Thorlabs FB830-10). A zoom lens of variable magnification from 0.7 to 4.5
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(Edmund Optics NT83-892) is mounted on the CCD camera (Mightex BTE-B050-U) to
increase resolution. By capturing the images with and without the object, and a

background image of the probe itself, THz imaging of the object can be obtained by:

image,, —image,,
image,,; —imagegg

: (5.2.1)

where imageos and image,, are the images captured without and with the object,
respectively. imagegg is the background image captured without the THz pulse and the
object present. The final image is normalized to the signal in the area where THz beam is
completely blocked by the object. When simply imaging the THz profile at generation
point, i.e. without an object, a background subtraction suffices. The CCD camera
manufacturer supplied a Microsoft C# image capture sample software, it is modified to
view images with background subtraction in real-time, enable convenient alignment and
optimization.

pump delay

Pinhole

MDQW/ M A
Bulk AlGaAs

il jensBBO 2
2
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sample

Figure 5.3 Schematic for THz-EA raster scan imaging setup.

The second method treats the semiconductor EA device as a single-pixel detector.
The OAPM telescope in this configuration has less magnification, but it’s irrelevant to
single-pixel detection. The object is translated across two dimensions orthogonal to the
beam path allowing the EA response to maps out the THz transmission. The maximum

object size is only limited by the range of the translation. A photo of the setup is shown in
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Figure 5.3. A metallic pinhole of 150um is placed behind the detector to define the size
of the single-pixel. The transmitted probe passes through a monochromator impinging on

a PMT. Lock-in detection is used.

The imaging targets for large area imaging includes cross slits of 50, 100, 200, and
300 um. The raster scan images a plastic sheet with lettering ‘“THZ’ cut out. All targets
were commercially 3-D printed. Photos of targets are shown with the imaging results in

Section 5.3.

Figure 5.4 Photo of the detection section of THz EA imaging setup.

5.3. THz-EA imaging results and discussion

We first show the THz beam profile at the generation point, i.e. without an object,
imaged at the focus of the last OAPM (Figure 5.5). A SDQW is used here due to the large
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electroabsorption modulation below the gap it exhibits. The fringes and dots in the
processed images are the unfocused probe diffraction pattern by the hole in the last
OAPM and the defects on the sample. Differential imaging should remove these from the
background, but the residual signals remain due to both power and spatial fluctuations of

the amplified laser beam.
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Figure 5.5 THz profiles at the generation point. (a) pump power of 1.1W, and (b)
0.9W.

The ring structure of the THz profile is consistent with the discussion and modeling
in Chapter 2 without a limiting aperture. It arises from the opacity at the center of the
high density air-breakdown plasma. The measured THz beam size between first and
second OAPMs is about 2.5 cm diameter, which is much smaller than the 7.5 cm
collection area of the OAPM. No aperture effect is expected or observed. The dimensions
in Figure 5.5 are deduced from pixel size of the CCD camera and the 3X magnification of
the lens. The spot size is also consistent with the knife edge experiments (Section 3.4).
The two profiles at different pump powers are shown, with the lower-power one

displaying a marginally smaller hole in the center, consistent with the model.

Next we quickly demonstrate the effect of a metallic waveguide in THz generation.
A gold waveguide of inner diameter around 500um is placed at the focus of the pump, the
corresponding THz profile is shown in Figure 5.6. Compared to the profile without

waveguide, the spot size is larger, and its energy distribution is more localized. The THz
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power is 72 % of the value measured by a pyroelectric detector without the waveguide.
The modulation is larger, and could be contributed to change in THz frequency spectrum
due to frequency-dependent waveguide loss, and the frequency-dependent EA response.
The larger center hole is also expected due to higher plasma density at the center. The
effect of a waveguide is, however, a complicated subject. Multiple parameters such as the
material, dimension, placement of the waveguide, and the focusing geometry of the pump
beam, affect the generated THz profile. As discussed previously in Section 3.4, a

systematic study in the future is required to draw conclusions.
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Figure 5.6 THz profile at the generation point with gold waveguide.

The commercially 3D printed plastic objects (Shapways) for the large-area imaging
experiment are shown in Figure 5.7. Because of the highly non-uniform THz profile from
air-breakdown plasma and the tight focusing, it unsurprisingly we have yet to
demonstrate imaging with these cross slits. The difficulty in imaging small features is
consistent with the THz imaging resolutions previously reported (200 um to 1 mm) [3]
[116] [122]. The primary complication preventing diffraction-limit resolution here is the

lack of THz intensity at the center of the beam.
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Figure 5.7 3D printed imaging objects. From left to right: the object for raster
imaging, 100 um cross slits, 200 um cross slits, and 300 um cross slits.

The raster method, in contrast, is not limited by THz beam size. THz raster imaging
of the object, on the far left of Figure 5.7, is shown in Figure 5.8. The pixel size is 500um
by 500um. The Bulk AlGaAs sample descried in Section 4.2 was used as the detector in
this experiment. Signal-to-noise ratio of about 67 was achieved with lock-in detection
and a PMT. An automated data acquisition system would allow for rapid rendering of
THz images.
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Figure 5.8 THz EA raster imaging.

To summarize, we have demonstrated THz imaging via electroabsorption with
single-cycle THz pulse. The images of THz at the generation points exhibit features

described by the model presented in Chapter 2. The effect of metallic waveguide on THz



74

generation was shown. The THz raster imaging with EA is demonstrated to be easy to

implement.

microlens

Detector Array

MDQW mask
/bulk

Figure 5.9 Schematic for arrayed THz-EA detection.

Future study can examine how various waveguide geometries affect THz generation
in both temporal and spatial domain using OBCD and THz EA imaging. For raster
imaging, arrangements such as arrayed detection could be done to increase acquisition
speed (Figure 5.9). As mentioned in Chapter 4, one could expect broadband coherent
THz detection with a MDQW via QCSE, and with it, the hyperspectral imaging should be

attainable.
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Chapter 6. Conclusion and Research Outlook

In this dissertation we have modeled the terahertz profile generated by a two-color air
plasma. For the generation part, the plasma current model is used. The propagated
polarization is calculated from the solution of the wave equation, where the dispersion is
included. The terahertz profile is shown be ring-like due to the plasma screening, our
approach to obtain THz profile is novel, although other published works have predicted
the emission directionality as well. Without the propagation, the plasma current model
also predicts that the optimal phase between the two-color fields should be around z/2.
This is the major discrepancy between the plasma current model and the four-wave
mixing picture; it should be subjected to future studies. This dissertation also includes, to
our knowledge, the first theoretical prediction of pump power dependent optimal phase in

two-color plasma THz generation

For the broadband terahertz detection, we have demonstrated the first an all-optical
gas plasma detection technique based on ABCD. The controlled optical bias (second
harmonic beam) is injected as the replacement of the high voltage bias in ABCD. The
spectral shift of the TISH is uncovered and explained by phase matching condition while
the coherence of the OBCD was studied. We have also modeled the detection process by
treating the terahertz as a quasi-DC field in the plasma current model. The predicted
deviation from linearity at high THz field strength is yet another discrepancy from the
four-wave mixing picture, which is a potential experimental evidence to the underlying

mechanism

We have also reported the first spectro-temporal study of large single-cycle THz
induced FKE in bulk and multiple quantum well structures at room temperature. The
terahertz induced electroabsorption is very promising for broadband terahertz detection.
The large modulation we observed is attributed to the Franz-Keldysh effect, and the data
is modeled successfully with the combined effect of the FKE and the Fabry-Perot. Even
with the incoherent detection, we have shown that the retrieval of the terahertz envelope
is possible. For future studies, the THz induced QCSE in an ADQW structure has the
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potential for coherent detection, but with a less trivial experimental setup. With the large
EA observed from FKE, it is reasonable to expect coherent detection can only be
achieved when the incident terahertz is entirely polarized in the quantum confinement
direction. Even so, the prospect of achieving broadband coherent terahertz detection with

an ADQW is very exciting.

Using the terahertz induced electroabsorption we have demonstrated two imaging
techniques, large-area and raster scan. To our knowledge, this is the first demonstration
of THz imaging techniques base on electroabsorption. The imaging of the air-plasma
THz source is consistent with the predicted terahertz profile. With an uniform terahertz
source, large-area fast terahertz imaging should be a viable technique. While the circular
metallic wave guides have shown effects for improving phase matching in OBCD. For
generation, there is however enough to explore and warrant another dissertation.
Terahertz raster scan of a large object is presented in this dissertation. The raster scan
method has limited speed. However, various schemes to improve acquisition speed,

which we could benefit from, have been reported.
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Appendix A FemtoFit

A FemtoFit is a commercially produced pulse shaper/measurer; the principle of
measurement is the multiphoton intrapulse interference phase scan (MIIPS) [126] [127].
A known phase function is added to the measuring pulse by a spectral light modulator
(SLM, a liquid crystal array). FemtoFit performs phase retrieval by measuring a set of
phase dependent second harmonic spectrum. The spectral phase is compensated with the

SLM to optimize the output pulse.

The second harmonic spectrum S (A) at frequency 2(w, +A), where @, is the central

frequency of the fundamental, is related to the spectral phase ¢(A) by [127]:
S@(A) o \ j |AA +Q)||A(A - )| el Doy Q‘ . (A1)

Expanding the spectral phase in Eq. (A.1) around A, the SH spectrum is only affected by

even-order terms. The zero-order term is a constant:

kd (n)
2i 4 (A)Qn

SO (a) o e [|AA+ Q)| AGA-Q)e ™ " da), (A.2)

where m is a positive integer. S®”(A) is maximum when spectral phase is minimal

(transform limited pulse). FemtoFit optimizes the phase by adding a known phase

function f(A,0) : The total spectral phase is
o(A) =p(A)+ T(A,0) =¢(A)+acos(yA—5) , where a and y (= pulse duration) are
constants. The &-dependent SH spectrum S (A,5) (MIIPS) is measured for each
iterative optimization that minimizes ¢"(A), such that ¢"(A) = f"(A,d,,,) . Therefore,

the pulse measurement process itself is also the pulse shaping process.
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4T

Figure A.0.1 MIIPS trace with transform limited pulse [128].

Intuitively, when the pulse is transform-limited, maximums of S®(A, &) only occur at
Onax TOr all wavelengths. The maximums also occur at an interval of m across the

wavelength due to the cosine phase function f(A,&8). Parallel lines in measured MIIPS

trace serve as a visual confirmation that the pulse is transform-limited (Figure A.0.1).

A photo of optical setup in MIIPS is shown in Figure A.0.2 (a). The original pulse is
spatially dispersed by the grating and focused onto the SLM. The slightly tilted return
beam clears the first turning mirror and exits the enclosure. For optimizing a chirp pulse
amplifier, such as the one in our setup, FemtoFit commonly sits between the seeding
Ti:Sapphire oscillator beam and the amplifier. The detection section measures SH
generated from amplifier pulse with a B-BBO crystal and a Ocean Optics USB
spectrometer (USB4000). In this arrangement FemtoFit optimizes the oscillator pulse for
a transform limited amplifier output; the potential damages to the SLM, caused by the
high energy amplified pulse are avoided.
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Figure A.0.2 (a) Photo of the MIIPS optics, and (b) the FemtoFit software

interface. Optimization of Ti:Sapphire oscillator laser pulse is shown.
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