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Abstract

The electrically controlled refractive index in a nematic liquid
crystal cell for switchable /2 phase shifting and quarter wave plate of
terahertz wave was demonstrated. We used the nematic LC, E7, which
exhibits a birefringence of ~0.17 (0.2~1.2THz), useable at the room
temperature range because of the wide nematic range (-10°C~61°C). The
thick, homeotropically aligned LC cell with copper sheets used for mylar
and electrodes, and the use of electrical field to let the tuning of phase up
to 90°, which equivalent a THz quarter wave plate. The maximum phase
shift of 92.2° was achieved at 1.00 THz when the interaction length was
524 pm at room temperature. The driving voltage was 125 V (rms), the
rise time and fall time of the .cellvare’ 7.5 .seconds and 373.5 seconds,
respectively. Additionally,-characteristics and advantages of electrically
and magnetically controlled “THz-phase - shifter are described and

compared in this thesis.
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1. Introduction

In chapter 1, we introduce terahertz (THz) wave and liquid crystals
(LCs), about their history, characteristics, and applications, additionally;
former works of our group are also described.

In recent years, the importance of terahertz wave has significantly
increased. The terahertz region of the electromagnetic spectrum exists
from frequencies of about 300 GHz to 10 THz (10 x 10'* Hz) [1] as
shown in Fig. 1.1, i.e., in the region between visible light and radio waves.
This corresponds to wavelengths between about 1 and 0.03 mm, so THz
can be also called sub-millimeter wave because its wave length is shorter
than millimeter wave’s. The former, limit lies just above the microwave
region where satellite dishes andrmobile phones operate, whereas the
latter limit is located adjaceént to infrared frequencies used in devices such
as television remote controllers.

At lower frequencies, microwaves and millimeter-waves can be
generated by “electronic” devices such as those found in mobile phones.
At higher frequencies, near-infrared or visible light is generated by
“optical” devices such as semiconductor laser diodes, in which electrons
jump across the band gap of semiconductor and emit light.

In physics, THz wave is a very important band of frequency
spectrum. In the real world, the region is of great importance to the
spectroscopy of condensed matter; for example, the electronic properties
of semiconductors and metals are much affected by the bound states
whose energies fall in the terahertz frequencies [2], i.e., many band gaps

which relate material behaviors are contained, It can show the



information of matters, which light at other frequencies can’t observed.
THz wave can also be applied in radio astronomy [3], telemeter, and
medical image. With high speed information age approaching, high-speed
devices are needed, which cause the devices should be operated at higher

operating frequency. THz also acts the indispensable role.
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Fig. 1.1 Electromagnetic spectrum
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However, neither electronic nor optical devices can conveniently be
used in the terahertz region, because not only conventional microwave
sources can not work fast enough to produce radiation efficiently in the
range between microwaves and infrared light, but also laser diode sources
have been limited by thermal effects [4].

Formerly, only Fourier Transform Infra-Red (FTIR) spectroscopy
can be used in this region, but unfortunately lacked the brightness of
incoherent sources and the functions to measure the real and imagine
parts of response functions at a certain frequency are its weaknesses.
Therefore, the development of terahertz spectroscopy has been hindered
without suitable tools. This situation became better in the 80’s with the

appearance of ultrashort pulse lasers of ~100 fs pulse duration. Ultrashort



pulses can generate broadband THz radiation when they impinge on
semiconductors. Recently, advances in ultrafast pulsed laser technology
have led to the generation and detection of broad bandwidth terahertz
light, Mourou and Auston [5-6] first demonstrated generation and
detection of pulsed THz radiation by photoconducting switch with
advantages of time resolution of picosecond and sensitivity enhanced by
phase-lock technique. In 1996, Zhang et al. [7] developed free-space
electro-optic sampling (FS-EOS) technique to enhance signal to noise
ratio (S/N ratio) up to 10000 and to achieve much large dynamic range.
These techniques have now developed to a level for spectroscopy and
sensing. The spectroscopic technique using pulsed THz radiation is called
“THz time-domain spectroscopy (THz-TDS)”.

THz wave has infinite potential in application of science, therefore
our group actively researches many-aspects of the application in THz
region, for example, biological burned skin measurement, THz
communication, and THz image [2], etc. But for further advances in
many of the above applications, variety of active and passive THz optical
elements are required, such as polarizers, attenuators, detectors,
modulators and phase shifters. But, these elements are rarely explored up
to now; therefore, the research and development of THz optical
components are very important and clamant.

In recent years, liquid crystals [8-10] have been applied in many
regimes because its birefringence and the easily changing refractive index
by electric or magnetic field. Although it is well known that optical
properties of liquid crystals, which are usually used in display devices,

alter by applying an electric field to them, their dielectric properties in
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other frequency ranges are un-neglected. The measurement results of the
liquid crystal in microwave and millimeter-wave ranges show that the
loss was relatively small and that the liquid crystal possessed a uniform
and alterable permittivity over these ranges. Therefore, lots of
applications have been demonstrated, for example, fig.1.2 shows the
structure of a micro variable phase shifter (published by NHK, Japan
Broadcasting Corporation) using liquid crystal. By filling the spacing
between the strip line and the ground plane with the liquid crystal, a
microwave transmission line can be made. The permittivity of the liquid
crystal alters when a bias voltage is applied between the strip line and the
ground plane. The signal velocity propagating along the transmission line
alters as the permittivity changes, and so the device shown here operates
as a variable phase shifter. Que group also discovered various applications
by utilizing liquid crystal, for examples-liquid crystal THz phase shifter,
liquid crystal THz filter, tunable. multi-wavelength active mode-locked

semiconductor laser with a liquid crystal pixel mirror, etc.
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Fig. 1.2 Microwave phase shifter



In THz range, the relationship between frequency and refractive
index of one kind of liquid crystal, E7 (Merck) have been researched by
our group, these results demonstrate the feasibility of the liquid crystal
application in THz region, then, the relationship between temperature and
refractive index in THz range were discovered, in consequence, the
development of THz optical components is more practical. For optical

modulation, phase shifter is a fundamental and important component, but

in THz range, tunable range of the former work are too narrow (<40°)

and they should be operated at low temperature (<-100°C) [11-13], in

order to extend the applicationy'bigget shift angle and higher operating
temperature are necessary.

In following chapters,:the electrically controlled refractive index in a
nematic liquid crystal cell for @/2 phase shifting of terahertz region will
be explained in detail. In chapter 2, we mainly describe theories of
terahertz field, liquid crystal, and phase shifters; in chapter 3, our
experimental setup, sample fabrication and data processing method are
expressed; and then we show our experimental results and discussion in

chapter4; at last, we make a conclusion in chapter 5.



2. Terahertz Field, Liquid Crystal, and Phase Shifters

We divide this chapter into three parts; in section 2.1 we describe
mechanisms of generation and detection of THz radiation. And then,
theories of liquid crystal and phase retardation used to draw the
theoretical curve are recounted in detail; then we present some relative
characteristics of LC in section 2.2, including nematica phase,
birefringence, external influence, threshold voltage, phase retardation and
its application; at last we express many kinds of phase shifters in section

2.3.

2.1 Basics of Generation and Detection of THz beam

Generally, people generate and detect THz radiation by using
photoconductive (PC) antennasor electro-optic (EO) materials
illuminated with fs laser pulses. Compare with the PC antennas method,
EO materials can produce broader bandwidth THz radiation but great
lower efficiency of energy conversion. In our experiment, only PC
antennas are used, in the following sections, its mechanisms of generation

and detection is introduced.

2.1.1 Generation of THz Radiation Using PC Antennas

When a femtosecond (fs) laser excites a biased semiconductor with
photon energies greater than its bandgap, electrons and holes are
produced at the illumination point in the conduction and valence bands,
respectively. With the help of an antenna, Fast changes of the density of

photocarriers and the acceleration by dint of the applied dc bias (Vp)
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produce an electromagnetic field radiation. The carrier lifetime in the
semiconductor decides the production of ultrashort currents with a
full-width half-maximum (FWHM) of 1ps or less strongly [14].

The carrier density behavior in time is given by

dn

-4 60) (2.1)

t

where # is the carrier density and G(t) =n, exp(é)z is the generation

rate of carriers due to laser pulse excitation, with At the laser pulse width,
ny the generated carrier density at ¢+ = 0, the carrier lifetime z, can be
engineered by modifying the annealing temperature for LT-GaAs. The
generated carriers are accelerated by the electric field bias with a velocity

rate given by

dve,h _ _ve,h + (qehE) (22)
dt T

rel me_[}",e,h

where v, is the average velocity of the carrier, g, is the charge of
the electron and hole, 7, is the momentum relaxation time, and £ is the
local electric field, which is less than the applied bias £, due to the screen

effect of space charges. More precisely,
P

E=E, "3 (2.3)

where &, is the dielectric constant and P is the polarization induced
by the separation of electrons and holes. The polarization depends on

time according to the expression.

ar__P .y (2.4)
dt T

rec

where 7. IS the recombination time between electrons and holes (7.

= 10 ps for LT-GaAs) and J= env,, + (—e)nv, is the current density. The



far-field radiation is given by

oJ on ov
E - —+en— 2.5
e € > o< ey Y en Py ( )

where v = v, — v;,. The transient electromagnetic field E1y, consists of
two terms: the first term describes the carrier density charge effect while
the second term describes the effect of charge acceleration due to the

electric field bias.

2.1.2 Detection of THz Radiation Using PC Antennas
The electric field of a Gaussian beam on the detector [15] as shown
in Fig. 2.2 can be expressed as:
Bl = £ el ) (2.6)
1

where w; is spot size. The total resistance over the detector is:

Puly +pLs _ pL;
R=— Mtd s td 2.7)

where L, is the total length of the metal electrodes, Lg is the length
of the switch area between the two electrode tips, oy and ps are their
resistivities, respectively, and d is the width of the electrode and the gap
area. The average resistivity ps is much larger than p,, owing to the low
duty cycle of the driving laser (100 fs/10 ns =107®). The resistivity ps
depends on the photogenerated carrier density, which for homogeneous

illumination of power P, Scales as
Lid

_ 28
SN (28)

where & is a conversion factor between laser power and number of

photogenerated carriers. The average field strength E across the



detector gives rise to a potential difference U = E(L,, +L;), so the

average current is

:g_E(L +L)zd§P, (2.9)

[ aser
R L

The average electric field across the detector area is

1
Ld -

J EGx sty = E2 L e G (2.10)

a
2

—_ o [

E(L,d) =

I\J\KN

where Erf'is the error function, and L= L,, + Ls. The peak strength of

the electric field, £y, can be expressed in terms of the total power in the

THz beam:
P, = icg T TEZ(x,y)dxdy =£7zw e E° (2.11)
THz 2 0730700 2 1 00
—Eo 2 | P (2.12)
w, | e,

By inserting Eq. (2.14) into the expression for the detector current,

Eq. (2.11), we get

cP,. 2Rt L (n-Yaw, d (n—-)w,
I(v) = szm,/ L dw (1 1)V Erfl— 2k vIEf T 2 R V]

(2.13)

c R,
ww, (n-1)

when focusing spot size I|m Wi (d ) =
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Fig. 2.1 Structure of antenna detector

2.1.3 Applications

Terahertz spectroscopy-affords easy. -access to both the real and
Imaginary parts, providing a wealth of additional information.

In addition, many previous measurements have been based on
single-frequency or narrow-band measurements, contradictorily;
THz-TDS is inherently a broadband technique.

THz technologies have made great progress for aiming at
applications such as radio astronomy, remote-sensing, spectroscopy
[16-18], optical properties of semiconductors and dielectrics [19],
imaging of general substances [20-22], and biomedical imaging [23-24].
It also can be applied to find specific spectroscopic fingerprints of
biological matter in this region [25]. Since the features of THz imply in

various areas of science, it is clearly THz age will come soon.
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2.2 Basics of Liquid Crystal

Liquid crystal (LC) materials [8-10, 26-27] generally have several
characteristics; the most important one is the birefringence, due to their
nature, that is, they have two indices of refraction or so-called “double

refraction”. By utilizing this, people can do lots of applications.

2.2.1 The Liquid Crystal Phase

General solid changes to transparent liquid because of rising
temperature to its melting point, but, certain matters have special
characteristics; they do not transfer phase from solid state to liquid state
but by way of so called ‘liquid_crystal’ compound state, transfer to the
usual liquid.

Molecules in a solid are constrained to occupy only certain positions.
We describe this condition by saying that the solid phase possesses
positional order. Moreover, the molecules in the ways they orient
themselves with respect to one another. We say the solid phase also
possesses orientational order. When a solid melts to a liquid, both types
of order are lost completely, the molecules move and tumble randomly.
When a solid melts to a liquid crystal, however, the positional order may
be lost although some of the orientational order remains. The molecules
in the liquid crystal phase are free to move about in much the same
fashion as in a liquid, but as they do so they tend to remain oriented in a
certain direction. This orientational order is not nearly as perfect as in a
solid; in fact, the molecules of a liquid crystal spend only a little more

time pointing along the direction of orientation than along some other

11



direction. Still this partial alignment does represent a degree of order not
present in liquids and thus requires that we call this condition a new
phase or state of matter, Fig. 2.2 illustates the order present in the solid,

liquid crystal, and liquid phases [26].

solid Liquid liquid
crystal

0000 OQOO 00 _ 0
0000 0409 007

)
0000 g ggp oyl

0000 00 0 NI

| |
Fig. 2.2 Schematic illustration of the solid, liquid crystal, and liquid

w

phases.

2.2.2 Nematic Liquid Crystal

At present, there are extremely many kinds of liquid crystal which
uses broadly, according to the conformation, liquid crystal can be divide
into nematic LC, smectic LC, and cholesteric LC etc.

Nematic came by Greek, means “silk”, the nematic liquid crystal

shown in fig. 2.3 is a transparent or translucent liquid, its molecules are

12



parallel arrangement and rotate as a rod that causes the polarization of
light waves to change as the waves pass through the liquid, but actually is
not like the smectic liquid crystal, which has the straticulate structure,
nematic liquid crystal has birefringence in optics. Compares to smectic
liquid crystal, nematic liquid crystal has smaller viscosity coefficient and
smaller fluidity, the fluidity is caused by the easier free motion in the
long-axis direction of the NLC molecule. The nematic phase is
characterized by molecules that have no positional order but to point in

the same direction.

0N )
|

|

[

Fig. 2.3 Nematic liquid crystals

2.2.3 Birefringence
Birefringence, or double refraction, is the division of a ray of light

into two rays (the ordinary ray and the extraordinary ray) when it passes

13



through certain types of material, such as liquid crystals, depending on
the polarization of the light. This is explained by assigning two different
refractive indices to the material for different polarizations. The

birefringence is quantified by
An=n,—n, (2.14)

where n, is the refractive index for the ordinary ray, that means the
electrical field of the incident light perpendicular to the n-k plane, and
similarly, n. is the refractive index for the extraordinary ray, that means
the electrical field of the incident light not perpendicular to the n-k plane.
When the incident direction of light is not parallel to the optical axis of
the liquid crystal molecules, the_extraordinary ray should be written as
following:

sin®@ cos’ @

= 2 2.15
neff ( n//2 + an ) ( )

0 1s the angle between the direction of the incident light and the
optical axis.
Therefore, the birefringence should be changed to:

An=ng —n (2.16)

0

14



Fig..2'4 n 1sfunction of 0

2.2.4 External Influences on Liquid Crystals

Scientists and engineers are able to use liquid crystals in a variety of
applications, because external perturbation can cause significant changes
in the macroscopic properties of the liquid crystal system. Both electric
and magnetic fields can be used to induce these changes. The magnitudes
of the fields as well as the speed at which the molecules align are
important characteristics industry deals with. Finally, special surface
treatments can be used in liquid crystal devices to force specific

orientations of the director.

15



2.2.4.1 Electric and Magnetic Field Effects

The response of liquid crystal molecules to an electric field is the
major characteristic utilized in industrial applications [28-29]. The ability
of the director to align along an external field is caused by the electric
nature of the molecules. One end of a molecule has a net positive charge
while the other end has a net negative charge results the permanent
electric dipoles. When an external electric field is applied to the liquid
crystal, the dipole molecules tend to orient themselves along the direction
of the field. In Fig.2.5, the black arrows represent the electric field vector

and the red arrows show the electric force on the molecule.

<« [~

Fig. 2.5 Accumulation of positive and negative charge result the

permanent electric dipoles
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Even if a molecule does not form a permanent dipole, it can still be
influenced by an electric field. In some cases, the field produces slight
re-arrangement of electrons and protons in molecules such that an
induced electric dipole results. While not as strong as permanent dipoles,
orientation with the external field still occurs.

The effects of magnetic fields on liquid crystal molecules are
analogous to electric fields. Because magnetic fields are generated by
moving electric charges, permanent magnetic dipoles are produced by
electrons moving about atoms. When a magnetic field is applied, the

molecules will tend to align with or against the field.

2.2.4.2 Surface Preparations

The liquid crystal molecular arrangement can be divided into many
kinds, below we list some commonly-used ways and give the simple
explanation to the liquid crystal astangement [10].

(1) Homoetropic arrangement: all LC molecules are vertical
aligned to both substrates.

(2) Homogeneous arrangement: all LC molecules are parallel
aligned to both substrates and face the same direction.

3) Tilted arrangement: all LC molecules are inclined aligned
with a certain angle to both substrates and face the same
direction.

4) Hybrid arrangement: LC molecules are vertical aligned to
one side of substrate, and parallel aligned to the other side
of substrate; therefore, LC molecules are continuously

inclined between both substrates.

17



(5) Twisted arrangement: all LC molecules are parallel aligned
to both substrates, but the direction of each substrates

Mutually has 90 included angles.

Homeotropic  Homogeneous  Tilted Hybrid Twisted
arrangement  arrangement arrangement  arrangement  arrangement

11000 =77 727 111l leeee

OO D

) cecasss s NNV N9
101)] oee 777 SN 7 °°

1) ececepppp sces "

Fig. 2.6 Mechanism'of-various alignments

In the absence of an external field, the director of a liquid crystal is
free to point in any direction. It is possible, however, to force the director
to point in a specific direction by introducing an outside agent to the
system. For example, when a thin polymer coating (usually a polyimide)
is spread on a glass substrate and rubbed in a single direction with a cloth,
it i1s observed that liquid crystal molecules in contact with that surface
align with the rubbing direction. The currently accepted mechanism for
this is believed to be an epitaxial growth of the liquid crystal layers on the
partially aligned polymer chains in the near surface layers of the

polyimide.
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2.2.4.3 Freedericksz Transition

The competition between orientation produced by surface anchoring
and by electric field effects is often exploited in liquid crystal devices.
Consider the case in which liquid crystal molecules are aligned parallel to
the surface and an electric field is applied perpendicular to the cell as in
Fig.2.7. At first, as the electric field increases in magnitude, no change in
alignment occurs. However at a threshold magnitude of electric field,
deformation occurs, where the director changes its orientation from one
molecule to the next. The occurrence of such a change from an aligned to
a deformed state is called a Freedericksz transition and can also be

produced by the application of a magnetic field of sufficient strength.

Fig. 2.7 Liquid crystal molecules are aligned parallel to the surface and an

electric field is applied perpendicular to the cell
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The Freedericksz transition [8] is fundamental to the operation of
many liquid crystal displays because the director orientation (and thus the
properties) can be controlled easily by the application of a field. Refer to
the Applications section for more information about liquid crystals used

in displays

2.2.3 Threshold Voltage
Threshold voltage (Vy,) in this experiment is the voltage at which
liquid crystal molecules begins to rotate. In the case 3 of the Freederiksz

transition model, V, can be derived by following calculation:

—-%_
Irn

Fig. 2.8 Case 3 of the frederiks transition

Assume the angle between z axis and the direction of liquid crystal

can be expressed as a function of z

0=0(Z)=0, -sin(§2) (2.17)

Where 6, is the maximum rotate angle affected by electrical field.
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The distortion free energy density per unit volume of NLC cell can be

written as

fd:%Kl(v-n)z+%K2(n-Vxn)2+%K3(nxvxn)2 (2.18)

In case 3, n,=ncos B, n,=sin B, ny=0, f; is reduced to the forms

1 . do. 1 do
f, = 5 K, sin’ H(E) +5 K, cos’ Q(E) (2.19)

K;, K,, and K; are the splay, twist, and bend elastic constant,

respectively. After integral, the distortion free energy density per unit
area is obtained
N 1, 7,1 7’

Fy = fadz = KO (K =K -6, (2.20)

Electrical field also effects in an.insulating nematics

D=¢,E+(s, —& )(N-E) (2.21)

Where &, and ¢, arethe vertical.and parallel dielectric constant,
respectively.

The energy density per unit volume produced from electrical field is

f, = —%J'D-dE =S g2 % gy (2.22)

87 87

Where ¢, =¢, -¢,

The electrical energy density per unit area is

2 2
F =2 [sintaiz~ -2 g,2 8 (2.24)
& kY4 2
The total free energy is
FoF 4 F =0 Kk 2oL ey ) (2.25)
d e m 4 3 d 167 a m \eeee .

At Ec, the coefficient of 6_°is zero
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2 2
K,z _ g, E

2.26
d 4 ( )
Then, Vc in cgs units is as follow:
2K
V, =272 3 (2.27)
8088
Vc in MKS units is rewritten as
V. =z | (2.28)
E.E

2.2.6 Application of Liquid Crystal

The arrangement of LC molecules is not as solidity as crystal, it is
soft and easy to distort by the external force, therefore, it can be affected
by electric field, magnetic , field, <heat, light, stress, attracts of
heterogeneous matter and so on, the molecules would be rearranged, the
distortion, or characteristics:would change, therefore LC may apply to the

LC display, LC optics component [10]; etc.
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2.3 Phase Shifters

The phase shifter, as a general-purpose component, finds use in a
variety of communication and radar systems, microwave instrumentation
and measurements systems; many kinds of phase shifter will be

introduced below.

2.3.1 Phase Retardation
Suppose that the E-field of an incident monochromatic plane wave

has components parallel and perpendicular to the optic axis, two separate

plane waves will propagate through the crystal. Since v, >v,, n,>n

0o e’

and the e-wave will move across the'specimen more rapidly than the
o-wave. After traversing assuperposition. of the e- and o-waves, which
now have a relative phase difference of A®. Keep in mind that these are
harmonic waves of the same frequency whose E-fields are orthogonal.

The relative optical path length difference is given by

A=d(n,-n,) (2.29)
and since Ag =kA , the phase difference, in radians, is
Ago=i—”d(ne _n,) (2.30)

THz wave produce different time delay when it pass through
different media, i.e. different refract index. As we show in fig. 2.9, when
THz pass through the free space (the refract index of free space is ~1), the
time delay would larger than pass through the other media, we take it for

reference. Then we radiate another THz wave through a liquid crystal
sample with positive refract index (n. n,), the THz wave can be
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separated to two parts, one is Ordinary-wave and another one is
extraordinary-wave, the two parts “see” different refract index when
passing through the LC sample, and cause different time delay, we call
them t, and t., by substituting eq. (2.29) and eq. (2.30), we can

easily obtain the phase difference.

}ﬁvﬂvf "VAV" - Reference wave
reference i
cell ' |
- : —” Atcn "—
Ia \v" :.: -V'}r »  Ordinary-wave
LC cell : .| I
o A
R R O .
l"v v 'ii AhS *  Extraordinary-wave
LCcell |[{{] :

Fig. 2.9 Difference time delay produced by the THz wave

transmitting through different refractive index

2.3.2 Micro Wave and Millimeter Wave Phase Shifters [30]

Phase shifters can be broadly classified as mechanical or electronic,
depending on whether the phase control is achieved through mechanical
or electronics tuning, these phase shifters may be classified as ferrite,
semiconductor device, active FET, or bulk semiconductor phase shifters

etc. in the following sections, we briefly describe some common phase
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shifter used in micro wave and millimeter wave.

2.3.2.1 Mechanical Phase Shifters
Mechanical phase shifters are generally constructed in coaxial line
or metallic waveguides. The phase of the device is varied by means of
mechanical tuning, such as a variation in the physical length of the line or
rotation-displacement of a dielectric slab inside a waveguide. As
compared with the electronic phase shifters, mechanical phase shifters are

rugged, simple to fabricate, and have very low loss.

2.3.2.2 Ferrite Phase Shifters

The basis of operation:of all ferrite devices is the interaction
between the electromagnetic. waves and. the spinning electrons in a
magnetized ferrite. In a magnetized ferrite, the magnetic dipole moment
of the spinning electron processes..about the applied field, and its
precession frequency is directly proportional to the magnitude of this dc
magnetic field. Ferrite phase shifters have been realized mostly in
waveguide geometry. Other geometries, such as the coaxial line, strip line,
and micro-strip line, have been employed as well but to a much lesser
extent. These phase shifters can be designed to operate either in analog or

digital mode.

2.3.2.3 Semiconductor Device Phase Shifters
The semiconductor phase shifters considered here are those that use
semiconductor junction devices as electronic control elements. Examples

of devices that can act as electronic switches are the p-i-n diode, GaAs
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FET, and the Schottky diodes.

2.3.2.4 Active FET Phase Shifters
Phase shifters that amplify the RF signal in addition to the phase
shift are knows “active” phase shifters. The GaAs metal semiconductor
(MESFET) in particular, the dual-gate MESFET, is the key control
element that enables this dual function. Both analog and digital phase

shifters have been realized.

2.3.2.5 Bulk Semiconductor Phase Shifters
The use of bulk semiconductor elements is reported to be an
attractive practical alternative to the use of semiconductor junction
devices in realizing phase: shifters' at- millimeter-wave frequencies. In
addition to circumventing-theiptoblem. of -having to fabricate minute
concentrated junctions, the bulk element offers an extended medium for
millimeter-wave interaction, particularly in terms of higher bandwidth

and power handling.

2.3.2.6 Traveling-Wave Phase Shifters
The traveling-wave tube (TWT) is an excellent example of a
traveling-wave phase shifter. The operation of TWT is based on the
interaction between an electron beam and waves on a traveling-wave
structure. The TWT phase shifter has certain practical limitations: a high
noise figure and interdependent phase and gain. Furthermore, the phase
shifters are bulky and heavy. Because of these limitations and the

subsequent development of other attractive phase shifters such as the
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ferrite and semiconductor types, the use of the TWT device as a phase

shifter has receded.

2.3.3 THz Phase Shifters

Beforetime, Libon et al. [31] used a mixed type-I/type-II

GaAs/AlAs multiple-quantum-well sample to demonstrate an optically
controllable and tunable terahertz filter. Long-lived electron—hole pairs in
the quantum wells, which allow for efficient THz attenuation over a large
THz spot size for extremely low optical cw power. Because the shifting
of the THz wave forms can be optically controlled via the carrier density
and hence the complex refractive indexj:this quantum well structure can
therefore also be used as:a THz phase. shifter. The optically induced
change of the GaAs quantum wells from a dielectric to a conducting
material leads to the observed attenuation-and the shifting of the THz
wave forms. A good phase shifter can tunes the phase from 0 to 2z, in
THz region, the characteristics of liquid crystal are applied in phase
shifter. Magnetically and electrically controlled liquid crystal phase

shifters are introduced as follow.

2.3.3.1 Magnetically Tunable THz Phase Shifter

Magnetically tunable THz phase shifter [32] was publicized by our
group; fig 2.10 demonstrates the LC THz Phase shifter, which consists of
a rotary magnet homeotropically and a aligned LC cell. The rotation axis
is perpendicular to both of the polarization direction and the propagation

direction of the THz wave. 0 is the magnetic inclination angle, which is
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defined as the angle between the magnetic field and the propagation
direction. The effective refractive index of LC changes with the LC
molecular orientation controlled by the angle 0. The phase shift, 5(0), due

to magnetically controlled birefringence is given by

5(0) = j %Aneﬁ (6,2)dz (2.31)

where L is the thickness of LC layer, .n. is the change of effective
birefringence, f is the frequency of the THz waves and c is the speed of

light in vacuum.

Fig. 2.10 Relative position of the magnet and the liquid crystal cell

Fig 2.11 shows the relative position of the magnet and the liquid

crystal cell, when we rotate the magnet, the liquid crystal would be
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aligned along the direction of the magnetic field, such that the effective

refraction coefficient is changed, which causes phase retardation.

i

@: Rotation axis

Magnet

______ / c? _ Propagation axis
LC cell|[*]

Fig 2.11 Schematic diagram of a magnetically controlled THz phase
shifter
Because the magnetic field is large enough such that the LC
molecules are reoriented parallel to the magnetic field, the phase shift,

d(0) can then be re-written as

cos’(0) sin*(0)
+
2 n 2

0 e

8(0) = 24— J-n,) (2.32)

where n, and n. are the ordinary and extra-ordinary refractive indices
of the LC. The theoretical phase shift can be calculated if we know the n,

and n, of LC and the thickness of the LC layer.
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2.3.3.2 Voltage Dependent Birefringence
2.3.3.2.1 Electrically Controlled 4.07° Terahertz Phase Shifter [33]
Fig. 2.12 schematically shows the configuration of a variable phase
shifter with a nematic LC cell for phase shifting of THz signals
propagating in free space. The cell was produced by sandwiching the

commercial available LC, 5CB (Merck) between two fused silica

windows as substrates. The thickness of the cell was 305 % I.Sym’ and the

substrates were deposited the gold strips in 3mm width (one on each
substrate) cross at an angle of ~30° onto the inner surfaces of the
substrates of the cell as electrodes. At the probing position, the strips
were separated by about 3 mm. The, cell was homogeneously aligned such
that the director or optical-axis, of, the EC was parallel to one of the gold
strips. An ac voltage at 1 kHz was applied t6 the electrodes. Consider a
linearly polarized THz beam passing-through the cell with LC having
positive dielectric anisotropy. Without'or with small bias field (root mean
square value) which is smaller than a threshold value, LC molecules
would not or only slightly be affected, the transmitted THz beam will
remain linearly polarized if the polarization of the incident THz beam is
parallel or perpendicular to the LC director. Once the bias field is larger
than a threshold value, this bias field will reorient the direction of LC
toward the bias field direction; this phenomenon is so called Fréedericksz
transition. As a result, the effective refractive index of the LC layer will
change. The phase shift due to the electrically controlled birefringence is

given by
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Y (2.33)

where L is the LC layer thickness, is the frequency of THz wave, Angg is

the average effective birefringence and is the speed of light in vacuum.

Top view

5CB layer  Gold strip Géldsyup

Fused silica substrate

Fig. 2.12 Schematic diagram of a THz phase shifter using a LC 5CB cell.

The inset shows the top view of 5CB cell.

2.3.3.2.2 Electrically Controlled /2 Terahertz Phase Shifter
The structure of electrically controlled cell using a NLC E7 cell is

shown in Fig 2.13.
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Fig 2.13 Schematic diagram of an electrically controlled THz phase

shifter

The sample was fabricated with the liquid crystal layer between two
fused silica substrates. The .two copper .pieces (purity 99.94%) were
sandwiched between two-substrates—as spacers and electrodes. The
electrodes were parallel to each: other: The substrates were coated by
dimethyloctadecyl-(3-trimethoxysilyl)-propylammonium- chloride
(DMOAP) so that the orientation of the liquid crystal was perpendicular
to the substrates (so-called homeotropic alignment [34]). In our
experiment, the linearly polarized THz beam passed through the E7 layer
which has positive dielectric anisotropy. Without any bias, the effective
refractive index of LC is n,. Once the bias increases beyond the threshold
voltage (vy), the director of the LC will be induced to reorient toward the
direction of the electric field. The above phenomenon is called the
Frederiks transition. Subsequently, the effective refractive index of the
LC will be changed. The phase shift due to the electrically controlled
birefringence is given by
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where d is the thickness of the LC layer, f is the frequency of THz
wave, Ang(Vv) 1s the average effective birefringence varied with applied
voltages and c is the speed of light in vacuum.

It should be attend that the difference from magnetically and
electrically controlled phase shifter. For the magnetically controlled one,
the permanent magnet provides the enough magnetism so that the
orientation of the LCs in the NLC cell is induced to the direction of the
magnetic field. In the electrically controlled case, the voltage is gradually
applied from O volt, under the threshold voltage, liquid crystal molecules
are not affected to rotate by electrical field. If the applied voltage is
higher than the threshold voltage, liquid'crystal molecules rotate different
angle as they are in differcnt ‘part of the cell.“It is mainly decided by the
distance from the molecules and the fused silica substrates, the short one
is affected by stronger effort of the substrate. The longer one is weaker
affected by substrate but largely by the electrical field. Until the voltage
is high enough that most molecules in the NLC cell rotate parallel to the
electrical field, the shift angle is finally saturate. Therefore, theoretical
curve should be separated in several parts according to the applied
voltage.

The alternating current (AC) voltage (square wave) was applied to
the electrodes from 0 to 125V (rms) at 1 kHz. The analyses of case 3 in
the Frederiks transition to the electric case was derived, and the
differences between the splay elastic constant and the bend one of LC

were so close to be negligible. We can obtain the subsequent results. The
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birefringence is not changed and the molecules are not reoriented for

applied voltages v<vy,, where

L( k3 Jz

and k; and ¢, are the bend elastic constant and anisotropic dielectric

constant of E7 respectively. L is the separate distance of two electrodes.

Before deriving the phase shift angle, correct An, (v) value should

be calculated at first. There are two factors affect the orientation of the

LCs, distortion and electrical field. By finding the lowest value of the
total energy which is the sum of distortion and electrical energy, O(v,z)

will be known.

Form eq. 2.23 and 2.26, total energy per-unit volume is expressed as
f=tyrf =2 Lk sin 9(—)+ K, cos 9(—) gv E2 4+ —(ﬁ- E)2(2.36)

At equilibrium

—[(k sin® 6 + K, cos 6?( ) )+é&,sin” 0] = (2.37)
dg . .

P 0,0, the maximum value in the center

g,e,E7sin” ¢ = (K, sin’ ¢ +Kk; cos’ ¢§)(— ¢) +e,6,E°sing (2.38)

1/2

(c.c.) Edx= j(kSIH ¢+k cos’ ¢

sin’ @

Yo (2.39)

=0 for threshold electric field vector

K
— eogaEC=% K, , Ec=2 |3

(2.40)

&,&

o0~a

To measure the optical phase difference P between light polarization
in the x and y direction
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P:z—”f(n(x)—no)dx n(x) = (COS i szj’})'? (2.41)
A% n, o,
B dn 27 2Ec™ 1+ Ksin® ¢ v
¢=PE)-PO)= 1+ J.(1+VSII1 ? #)(sin 24, —sm2¢)) 99)
(2.42)
Where v= zne
ne
_dEc%, l+ksin’g
= 7k '([(sin2 P —sin? ¢)d¢ (2'43)
n(x)=n.n,(n,’ cos® g+n,’sin’ #)""?, k= ki k_ ks
27dn, E-Ec 1 5 E Ec.,
7= Ve k+id (K+l) 2 +4V SO ) )
(2.44)

(a)For O<v-vgp<<vy, the woltage'-dependence of birefringence is

given by

w2
e B (2.45)

where n, and n. are the ordinary and extraordinary refractive indices

of E7.

(b)For v-vg>>vy,

1
2
Aneff(\/):(ne_no 1_%( k j dL

vl &,¢,

(2.46)

By utilizing the above-mentioned formulas, the experimental data

can be compared with theoretical model.

35



2.3.3.2.3 In-Plain Switch THz Phase Shifter

Fig 2.14 illustrates the LC THz Phase shifter, the schematic is
similar to the copper electrode THz phase shifter, consists of a
homeotropically aligned fused silica substrates LC cell and NLC cell. The
only one different between in-plain switch THz phase shifter and copper
electrode one is conductive electrode. Copper electrode THz phase shifter
take coppers as not only electrodes but also mylar; but we coated a thin
gold layer on one substrate for electrode of the in-plain switch phase
shifter, and controlled the cell gap by utilizing Teflon as mylar. The phase
shift, 8(0), is given by
24

c

5(0) = [ ==Any, (6, 2)dz (2.47)

where L is the thickness.of LC layer,..ngy is the change of effective
birefringence, f is the frequency of the - THz waves and c is the speed of

light in vacuum.

Cooper electrodes
Fused silica substrate

500um I

r 3
L J

S LC layer

Fig 2.14 Schematic diagram of in-plain switch THz phase shifter
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Compare with the copper electrode THz phase shifter, in-plain
switch phase shifter has several disadvantage, (1) Gold electrode is more
expensive than cooper electrode, additionally, coating a gold layer on the
substrate is much difficult than aligning a copper sheet. (2) Gold
electrode layer is too thin such that it is easy to be effaced. (3) Ang is not
easy to simulate because it is the function of the rotation angle of LC,
which is determined by the position in the NLC cell, and affected by
more than one dimensional variety. (4) The farther distance between LC
molecular and the electrode is, the smaller influence to the LC molecular,
therefore, by observing fig.2.16, we can find that with the same cell
thickness and LC, the phase shifter angle is smaller than the cooper

electrode cell.

substrate
. ;
500um | ; a .
o . Teflon mylar \
/" Gold Gold
electrode electrode
|
substrate « >
8mm

Fig. 2.15 In-plain swtich electrode pattern and sample alignment
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In plain switch cell Cooper electrode cell
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electrode

v

A J

substrate substrate

(a) (b)
Fig 2.16 The schematic diagram of electrical field distribution (a) in-plain
switch cell (b) cooper electrode cell

For these reasons, we know the cooper electrode cell is the better

choice for phase shifter.

2.3.4 Wave Plate

To suit different applications, phase retardation plates are available.
Wave plates are made fromi“materials which exhibit birefringence. The
velocities of the extraordinary and ordinary rays through the birefringent
material vary inversely with their refractive indices. This difference in
velocities gives rise to a phase difference when the two beams recombine.
At any specific wavelength the phase difference is governed by the
thickness of the retarder - waveplate.

If the angle between the electric field vector of the incident linearly
polarized beam and the retarder principal plane of the quarter-waveplate
is 45, the emergent beam is circularly polarized. When a quarter
waveplate is double passed, i.e. by mirror reflection, it acts as a half
waveplates and rotates the plane of polarization to a certain angle.

Quarter waveplate are used in creating circular polarization from linear or
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linear polarization from circular, ellipsometry, optical pumping,
suppressing unwanted reflection and optical isolation.

The transmitting and receiving antenna of our experiment are both
parallel relative horn configurations, to further verify the quarter
waveplate operation in this experiment; we rotated the liquid crystal
sample, the transmitting antenna parallel to ground can produce the
parallel polarization radiation, the receiving antenna only can receive the
horizontal electric field, the field (amplitude) transmission should vary
sinusoidally with the rotation angle, with a period of m/2, it can be known
by following computation.

0 is defined as the angle between the long axis of the liquid crystal

and the horn of the transmitting antenna.

E, 1
E, = {EJ - EOM (2.48)

In order to calculate conveniently; we define the new coordinate in
the liquid crystal long axis direction.

We can transfer the matrix from XY to X’Y’ by transverse matrix R,
in addition, we also consider the influence of reflection between different
interfaces.

Where we know in our experiment, the refractive index of LC
n=n,~=1.79, n,=n,=1.62, the refractive index of substrates and free space
are Nga—1.9 and ny=1, respectively, the transmittance of different

interfaces is t=2n;/(n;tn,),

. :{ cosé sm@} (2.49)

—sin@ cosd
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Fig. 2.17 Diagram of THz transmitting through LC cell

Then Er can be transferred-to E+

cos@ sinf|l
E; =RE; =E, )
—sin@ cosd@ || 0

—sin @

~E, = E{ COS@} (2.50)
X'y!'

After passing through the LC sample, the electrical field is:

2. N gass 0 2-n, 0 »
E.-E Nyiass + Nair , Ny + N gass [e'”e 0 }
0 . nglass 0 2. no 0 emLkL

Nyiass + Nair Ny + Nyjags

2Ny 0 2Ny, 0

Nyiass + Ne Nair + Ngrass [ cos 6 } (2.51)
2-n, 2Ny, —sin® '

0 glass 0 a
Nglass + Mo Nair T Nglass
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Then, return back to XY.
cosf —sind
LC

sind cos@

_Eo|:COS(9 —sinH]{A O][cos&} (2.52)

ELC = R_IELC' = Eo|:

sind  cosé 0 B||-sind
2-n 2.n . 2:n 2.n..
Where A: glass . e . e|n,/kL . glass . air and
nglass + nair ne + nglass nglass + r.le r.lair + nglass
2-n 2.n . 2-n 2.Nn..
| | :
B= ges . o .gnk. ges . ar__  the electrical field
nglass + nair no + nglass nglass + no nair + nglass

perpendicular to the ground is:
E_E [0 0}[(:050 —sin@}{A O}{ COSH}
- °l0 1| sin@ cos@ |0 B|—sind
0
- E{Acos@sin@— BcosHsinH}
(2.53)

E, =E,(Acos@sind - BeosOsin )
(2.54)
In our experiment,

E, = E,(0.903e™*" cos@sin @ —1.137e™*" cos fsin A)

iAnkL —iAnkL

= E, cosOsin@-e™(0.903e > —1.137e 2 )

ir —ir

= E, cosOsin@-e™(0.903e2 —1.137e 2 )

=E, cosHsinH-ei”kL(O.903cos%+ iO.903sing—1.137cosg+ i1.137sing)

= E, cos@sin6-e™ (—0.234(:05£ + i2.04sin£) (2.55)
° 2 2

— Ny +n
Wheren=-"1—% An=n; -n,
2

The intensity is

|, =|E.[ =1,sin® 26?(0.014coszg+1.04sin2g) (2.56)
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lg=1,—1, =1,(1-sin’ 26’(0.014coszg+ 1.04sin’ g)) (2.57)
When the NLC sample acts as a quarter waveplate, I =7t/2

I, =1,—1, =1,(1—0.527sin>26) (2.58)

Transmitting antenna / Receiving antenna

M*/%H

- -

NLC sample X

Fig. 2.18 Signal transmitting and receiving are both in the parallel

direction
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LC molecular

Transmitting antenna

Fig. 2.19 Side view of fig 2.10, 0 in this diagram means the angle

between antenna horn and long axis of liquid crystal
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3. Experimental Methods

In chapter 3, we describe our experimental methods, including the
mechanism and setup of THz-TDS [35-36] system, procedure of sample

fabricating, and data processing.

3.1 THz-TDS System

THz-TDS is a powerful technique that allows the broadband
generation and detection of the THz field amplitude and phase. A
schematic representation of our setup is depicted in Fig.3.1. In this
experiment, the device was measured by the conventional THz-TDS
system, A diode pumped solid state laser (DPSSL) is used to optically
pump a Ti:sapphire laser. This laser produces light pulses at a repetition
rate of 90 MHz. The pulses ‘are split in two beams. One of these beams
constitutes the so-called pump or-exeitation pulse. The other beam is
referred as the probe pulse. "When " femtosecond mode-locked laser
pulses (1) impinged on a photoconducting material, low temperature
grown gallium arsenide dipole antenna (3), which acts as a surface field
emitter. Then the THz pulse was collected and guided by gold-coated
parabolic mirrors (4) onto the sample, and transmitted through the LC
layer (5) between the two electrodes. The transmitted or reflected pulses
by the sample are focused onto the THz detector, which in our case is a
photoconductive antenna. This antenna is gated by the optical probe
pulse and consists of a metallic dipole antenna, which is structured on
top of a low-temperature grown gallium arsenide (LT-GaAs). The

Ti:sapphire probe pulse that hits the LT-GaAs generates charge carriers,
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and effectively turns the antenna on for a short time interval. This time
interval is determined by the lifetime of the excited carriers and it is
typically of a few hundreds of femtoseconds. The carriers are
accelerated by the THz electric field and they produce a photocurrent
that is measured. The photocurrent is proportional to the THz field
amplitude. The transmitted THz pulse was monitored by the probe beam
from the identical laser and the same kind of antenna. By connecting the
antenna detector to a lock-in amplifier (LIA), when the optical path
length of the two branches of the setup (pump and probe) are equal the
THz and the probe pulse arrive simultaneously to the antenna. By
moving a delay stage, the time window in which the carriers are
available in the antenna shifts. Hence, by.changing this time window it
is possible to monitor the time evolution of the amplitude of the THz

pulse, signal from LIA can be easily-obtained and analyzed using PC.
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Fig. 3.2 Pictures of Ti-sapphire ultrafast laser
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3.2 Sample Fabrication

The sample in this experiment was fabricated by several components,
fused silica substrate, copper electrodes, and E7 liquid crystal. First, two
pieces of quartz glasses were chosen for substrate, after several cleaning
processes treating,
dimethyloctadecyl-(3-trimethoxysilyl)-propylammonium- chloride
(DMOAP) were coating on them so that the orientation of the E7 was
perpendicular to the substrates (so-called homeotropic alignment). The
two copper pieces (purity 99.94%) were sandwiched between two
substrates as spacers and electrodes.. The electrodes were parallel to each
other and separated by 11.95%0.05 mm: Then, E7 liquid crystal was filled
into the middle of the two substrates, The thicknesses of the substrate and
E7 layer were 858+1 and 524+ I pm-respectively.

The procedure of manufacturingliquid crystal cell was shown

below:

Procedure of manufacturing liquid crystal cell

Glass cutting—> Glass cleaning—>/Alignment layer coating—

‘Vertical alignment~—>|Sealing the cell}—>‘Filling the liquid crystal cell}—>

|Sealing the gap}—>\Sample Checking\

‘Glasses cutting‘
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. Put on the gloves in order to avoid being cut and pollute glasses.

. Choose fused silica glass, not ITO coating glasses because that
THz can not pass through the ITO film.

. Using the diamond knife-edge to cut the glasses, in this
experiment, 15 mmx>30mm and 15mmx40mm glasses were chosen

for upper half and next half, respectively.
. Cut two pieces of copper sheets by mechanical-finishing. 15mmx
I5mm in length and width, the thickness is 500pm.

. Measure the thickness of the glasses and copper sheets by screw

micrometer.

Fig. 3.5 Glass cutting
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‘Glass cleaning\

l.

Put on the mouthpiece to avoid the damage causing by organic

chemistry matter volatility.

. Mount the glasses on Teflon foundation of the beaker; add water

to surpass the glasses up to, and pour into the cleaner.

. Put the beaker into the supersonic oscillator, after shaking it for 5

minutes, take it out and flush it by the distilled, then use the
nitrogen to air-dry. The function of this step is for eliminating

dusts, ashes and grimes on the glasses.

. Load the glasses into the beaker with acetone, shake it for five

minutes. The function of this step is for eliminating oil-slick and

organism on the glasses.

. Load the glasses inte the beaker-with methyl alcohol, shake it for

five minutes. The function of this-step:is for eliminating particles

on the glasses.

. Load the glasses into the beaker with pure water, shake it for five

minutes. The function of this step is for eliminating the residual

solvent on the glasses.

7. After using nitrogen to air-dry, put the glasses into 100 degrees

centigrade ovens to dry out the moisture.

. The copper sheets clean procedure is the same as the glasses.

50



IAlignment layer coating| and [Vertical alignment

l.

Vertically alignment was used in this experiment, therefore
DMOAP
(dimethyloctadecyl-(3-trimethoxysilyl)-propylammonium-
chloride) was chosen. Put the DMOAP solution in the room
temperature to warm for 20 minutes. Additionally, acetic acid was

prepared for help DMOAP cohere on the glasses.

. Put the glasses into a beaker with solution which mix water, acetic

acid, 50% DMOAP solution according to 95:3:2 in weight

percentage concentration.
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3. Put the beaker into the supersonic oscillator, after shaking it for 15
minutes, take it out and flush it by the distilled, then use the
nitrogen to air-dry.

4. Put the glasses into 100 degrees centigrade ovens to dry out the
moisture for 2 hours. Attend that the surface which will contact

with liquid crystal should be upturned.

Fig 3.7 Equipment for vertical alignment

Sealing the celll

1. Blow the glass with the nitrogen to remove the dust and the pellet
on the substrate surface.

2. Assemble two glass substrate plates and copper sheets by Fig.3.8
way.
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3. Fix the cell with the clips; spread the AB glue all around in the
sample, only leave a gap for filling the liquid crystal.
4. Do not take off the clip before the glue drying.

Fused silica substrate
15mmx30mm

Cooper
electro

.‘.______ —_—————————

o —————————

Fused silica substrate
15mmx40mm

Fig. 3.8 The alignment of the NLC sample
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Fig. 3.9 Spread AB glue around the NLC sample but left a gap for

filling liquid crystal

Fig. 3.10 Assemble two glass substrate plates and copper sheets
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Filling the liquid crystal ceFj{J“antL:lL

The properties of E7 are hs’ted.m -t@tﬂe 3 1.

ffgEn®

Manufacture Merck Ltd
Dielectric anisotropy Ae 20° C 13.8¢
g,20° C 19.0¢gy
£.20" C 5.2¢
Elastic constants ~ K120° C 11.10 10N
K320° C 17.10 10N
K3/K120° C 1.54

Table 3.1 Properties of E7
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1. The cell gap is enough wide, vacuum is not necessary, directly
drip liquid crystal into the cell, pay attention that do not produce
bubbles.

2. Seal the gap by using AB glue.

Fig.3.12 Fill liquid crystal into the cell

\Sample Checking\

1. Observe the sample outward appearance, whether the liquid
crystal leak off.

2. There is a simple way for sample checking, we put the NLC
sample among cross polarizer, if aligned effect is good, we can
discover slightly light to shade change when rotating the cell.

3. Measure the sample thickness by screw micrometer.
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Fig 3.14 Picture of NLC cell




3.3 Data Processing

In this experiment, we use the “high voltage source” to generate high
voltage, and use the “pulse generator” to transfer the high voltage to
voltage pulse. Therefore, if we need a 100V peak to peak square wave to
be our bias, we should setup these machines and generate 200V by the
high voltage source, and connect it to the pulse generator, then the
100V, signal would be obtained from the output of the pulse generator.
Of course, the frequency of the output signal can be tuned by changing
the synchronized input signal.

Using THz-TDS system, amplitude and phase information can be
easily obtained. But not only information of liquid crystal, additional
influences of glass substrates, .and=air are ‘also included in the original
data, we can resolve this-problem by the following way: at first, we
measure the waveform of Zzero-bias applying for referential data, which
include above-mentioned information, and then we apply bias voltage to
change the refractive index of NLC cell and measure the result (of course
it also includes above-mentioned information), subtract the reference and
get the data which only includes the influence of liquid crystal. The
transmitted THz spectra were deduced from the time domain of the THz
pulse with fast Fourier transform (FFT) algorithm.

Two time-domain waveforms can be wused to obtain
frequency-domain spectra using numerical fast Fourier transform, and
then the experimental data divided by the reference should be the
amplitude transmittance of this sample. The difference of phase was the

phase retardation. Compare the phase retardation data of different
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voltages applied to NLC samples; the voltage versus phase shift curve

can easily be drawn. Also, v-® curve in various frequencies are obtained.

Fig. 3.16 The high voltage source and the pulse generator
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Fig. 3.17 Program for THz-TDS system
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4. Experimental results and discussion

In this chapter, we show the experimental data, the theoretical curve
and discussion, and then compare with the former work to find the

characteristics and advantages.

4.1 THz-TDS Waveforms and Spectra

Using lock-in amplifier, we can obtain the waveform in time domain,
after fast Fourier transform (FFT), spectrum in frequency domain can
also be obtained. The reference signal in fig 4.1 means the THz signal
which was received by receiving antenna in our experimental system
without passing though the NLC sample. The amplitude of signal was
expressed in the form of electrical field. In this experiment, we scanned
the THz radiation for ~70 Pico:seconds, which equals to scan 21

millimeters in the space. By observing fig 4.1, we can get the main signal
amplitude is 2.92x10™ units, and locates between 0 to 10 ps, the swing

signal behind the main signal mainly comes from the moisture in the air,
the SN ratio (signal-noise ratio) can be observed in fig. 4.2 is about 10°,

the bandwidth is about 1 THz.
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Fig. 4.1 Waveform of refetence and NLC sample in this experiment
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Fig. 4.2 Spectrum of the reference signal
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By observing fig 4.1 again, we know the amplitude of sample signal

(THz radiate though the NLC sample with 0V applied voltage) is smaller
than the reference signal; the peak value is probably 3.35x10” units,

therefore, transmittance of the sample can be derived by dividing the
reference data, it is 11.47%. Additionally, there is a period of time delay
between main signal and sample signal, we can get 6.603ps time delay by
the peak value of the sample signal (15.007ps) subtracting the peak value
of the main signal (8.404ps), it also means 1.981 mm optical difference in
space.

If we carefully observe the part after the main signal in fig 4.3, we
can know that beside the oscillation which was produced by the moisture,

there are also some multi-refract signals'mixed in it.

4.0x10°
Sample
3.0x10° =
-
3
< 5
—  2.0x10° -
S
Q0
"_" 1.0x10° -
©
(&) -
=
© 0.0 -
o
L E
-1.0x10° -
5
-2.0x10 T T T T T T T T T T T T

0 10 20 30 40 50 60 70
Time Delay (ps)

Fig. 4.3 The sample signal without any applied voltage.
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Fig 4.4 is the power spectrum of the reference data and the sample
data; we can see the phenomenon in 0.55THz, 0.7THz, 1.0THz, etc. the
moisture absorption occurred. The maximum value of the power

spectrum locates at ~0.3THz.
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T 1E-5 J
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sample

reference

1E-9 ' | ' | ! | | | ' | ' | ' |
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14

Frequency (THz)

Fig. 4.4 The reference and sample spectrum

Refract index is frequency dependent; therefore the refraction
coefficients measured in the visible range are not suitable use in the THz
range. Fortunately, refract index of E7 in THz range was measured. In
THz range, ne~1.75 and ny,~1.6; the birefringence in THz range was also

determined (~0.17). These experimental results are shown in Fig.4.5.
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4.2 Electrically Controlled Phase Shifter

4.2.1 In-Plane Switch Shifter

The temporal waveforms of the THz beam passing through the
500um-thick LC phase shifter at various applied field are illustrated in
Fig. 4.6. The total scanning range for the time delay was more than 70 ps,
and we only show the 10~20 ps for clearly observing the main waveform,
and emphasize it in fig. 4.7, the transmitted THz waves for 0V voltage
applying show obvious time delay to the wave for 125V voltage applying.

The spectral amplitude and phase of the transmitted THz wave were

deduced by fast Fourier transform (FFT) algorithms.
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Fig.4.7 The close-up of the temporal waveforms
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According to eq. 2.47, the phase shift is proportional to the product
of the effective index change An.g and frequency of the electromagnetic
wave. The THz wave is thus expected to experience a larger phase shift at
the higher frequencies in the measured THz range. This is also confirmed

in Fig. 4.8. The data for the 500um-thick cell at 1 THz are also show in

Fig. 4.8. Maximum phase shift of 84.4° have been obtained at 1 THz by

using NLC cells. But 84.4° phase shift is not enough for a quarter wave
plate, additionally, compare the in-plain switch phase shifter to the copper
electrode phase shifter which will be described in section 4.2.2, the
theoretical prediction curve is harder to draw, and the fabricated process
is more complex and expensive, Alternatively, newly developed liquid
crystal material with high' birefringénce’. can be explored for this
application. In the expetiments, this can® be explained simply by
considering the Fresnel eéquations:~Fhe ordinary and extraordinary
refractive indices of E7 are T1T.627"and 1.79, respectively. With the
increasing applied voltage, the effective refractive index of LC will
increase from 1.62 to 1.79 and become closer to the refractive index of
quartz substrate ~1.9. The transmitted field will then increase according

to Fresnel equations.
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4.2.2 Copper Electrode Phase Shifter

The temporal waveforms of the THz wave, which transmitted
through the device at various applied voltages, are shown in Fig. 4.10. In
Fig. 4.11, we show the experimental data from 14 to 16 ps so as to
emphasize the time shifting of the THz waveforms. The transmitted THz
signals exhibit clear large delay and transmittance for the increasing
applied voltages in time domain. The reason is mentioned below. The n,
and n, of E7 are 1.62 and 1.79, respectively, at 0.3 THz. With increasing
applied voltages, the effective index of E7 will rise from 1.62 to 1.79 and
become closer to 1.95 which is the index of quartz substrate. Along the
Fresnel equation, the transmitted THz field increases at the two interfaces

between LC layer and quartz substrate:
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The transmitted THz spectra were deduced from the temporal
profiles of the THz pulse with fast Fourier transform (FFT) algorithms.
Fig. 4.12 is the phase shifts with 0.20 to 1.00 THz by varying the driving

voltages. According to equation (2.34),

5 2mdfan,, (v%

(2.34)
The larger phase shift is expected with increasing frequency.
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Fig. 4.12 The phase shift from 0.20 to 1.00 THz with varying the driving

voltages
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According to equation (2.35), the threshold voltage of the NLC
sample can be derived by mathematical computation software. In this
experiment, we substitute each parameter to obtain the answer by using

the convenient software, “MathCad”.

17010 2 12103
V : 7‘[. .
13.88.8510 2 52410 ¢

v =26.921

We obtain 26.9 volts for threshold ‘voltage of our sample; the
mention is theoretically we should“apply more than 16.9 volts, the liquid
crystal molecules can be rotated by electrical field.

Then, we can calculate our theoretical v-® curve, form (2.45) and
(2.46), we know the theoretical curve divides into two parts, therefore we
use MathCAD once more, calculate the two parts of curves with each

other.
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(b)FOI‘ V-Vth>>Vth
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We combine the 0<v-vy,<<vy, part of (a) and the v-v4>>vy, part of
(b), a theoretically curve in one frequency can be obtained. If we want to
obtain the theoretical curve in another frequency, so long as change the
frequency value for the new one. Fig 4.13 shows the theoretically curve

in ~0.3, ~0.6, ~0.8 and ~1.0 THz, respectively.
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Fig. 4.13 The theoretical curves in different frequency
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Fig. 4.14 shows the phase shifts as a function of driving voltage for
0.31, 0.60, 0.81 and 1.00 THz. A maximum phase shift of 93.7° was
obtained at 1.00 THz when the LC cell was driven at 125 V (rms). For a
524-um-thick E7 layer, the theoretical phase shift is 91.8° at 1.00 THz
according to equations (2.45) and (2.46). In Fig. 4.14, the theoretically
predicted phase shifts were also drawn as the solid curve in order to be
compared with experimental data. We can observe that the tendency of
the experimental data pretty matches the theoretical curve; the slope of
the data curve is very sharp from 25V t0.35V. fig. 4.15 emphasizes the
applied voltage axis from-25V to 35V, the experimental results have a

good agreement with theoretic values.
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We measured the response time and demonstrate the results in fig.
4.16 and fig. 4.17. By utilizing multi-meter to measure the current of the
receiving antenna, we can obtain the transmitted electrical field of the
NLC sample, therefore, we record the transmittance of the NLC cell with
zero bias or with saturated voltage applying, respectively, and then, Bias
from 0V,,,s was instantaneously increased to saturation voltage (125V ),
1.e. switch ON, the transmitted electrical field can gradually increase to
the saturated state in a few seconds. According to definition, after
normalizing we can obtain the demanded time as the normalized
transmittance achieving 10% and 90%, the value of 90% normalized
transmittance subtracts the value of 10%; we can get the rise time. The
calculating result is shown in fig. 4.16. In the similar way, bias from
125V s was decreased to OV e, 1.€. switch.OFF, the transmitted electrical
field can gradually decrease from saturated state to original state, let the
10% normalized transmittance subtracts the value of 90%, fall time can
be achieved as shown in fig. 4.17. The rise time of the electrically
controlled quarter wave plate is 7.5 seconds, and the fall time is 373.5

seconds.
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Fig. 4.17 The fall time of the NLC cell
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Fig. 4.18 and fig. 4.19 illustrate the results of stabilization in this
experiment, we measured the phase shift angle at 45V (rms) (linear
changed area) and 125V (rms) (saturated area) for several times, and find
the difference of each result. Fig.4.18 shows the original phase shift angle,

by observing fig. 4.19, we could know the inaccuracy is smaller than 2°.
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Fig. 4.18 Stabilization of shift angle at fixed applied voltage
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Fig. 4.19 Stabilization of shift angle at fixed applied voltage

Fig. 4.20 and fig.4.21 "show the stabilization of phase shift angle
with tuning applied voltage from one to another, we tuned the applied
voltage from 85V (rms) to 120V (rms), after period of time (more than
the rise time ) we measured the shift angle; then return to 85V (rms) and
after another period of time (more than the fall time) we measured the
shift angle again, repeated for several times and recorded the result in fig.
4.20, fig.4.21 shows the deviation of shift angle of fig. 4.20, it is smaller

than 4°.
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Fig. 4.21 Stabilization of shift angle after tuning the applied voltage

Fig. 4.22 shows the normalized power (at 1THz) received by the
receiving antenna when we rotated our sample at different angle; we
rotated our sample from 0° to 180° and measured the power every 15°.
By eq. 2.xx we can draw a theoretical curve, compare with the
experimental data, we can discover some deviation, we infer the deviation

was produced by the instability of laser source and the scattering of our

sample.
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4.2.3 Compare with the Former Work

We compare the experimental data with our sample and of the former
sample, and we can discover their respective characteristics and find a

suitable way to use.

4.2.3.1 Compare with the Electrically Controlled Sample with Gold Strip
Line

Now we compare our copper electrode sample with the gold strip
one. The electrical fields applied to the liquid crystal of the gold strip
sample are 0V/cm, 235.7V/cm, 353.7V/cm, and 589.3V/cm, respectively.
We know that with the electric field increasing, the delay in time domain
moved in order backward. We can observe the space between the leftmost
curve (initial voltage) and.the rightmest curve (saturated voltage) is
clearly distinguished. Therefore, we can predict the phase shift angle. By
comparing with temporal waveforms-of the gold strip sample, we can
qualitatively know the phase shift angle of cooper electrode is bigger.

The transmitted THz wave spectra of the gold strip sample were
obtained from the time-domain THz waveform by fast Fourier transform
(FFT) algorithm. The threshold voltage required to rotate the LC occurs
at 35.4 V (rms), it is slightly higher than the copper electrode sample’s.
The influence affected by bias voltage is similar to the effect in the
cooper electrode sample. When the driving field is smaller than the
threshold value, the nematic LC director will maintain their original
uniform alignment. and no phase shift was observed. When the bias field
is larger than the threshold value, the effective refractive index of the LC

will be changed. The phase shift rises above threshold and slowly
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approaches a steady state value. According to eq. 2.33, the phase shift is
proportional to the product of the effective index Anes change and
frequency of the electromagnetic wave. With the same driving voltage
applying, the terahertz wave experiences a larger phase shift at the higher
frequencies. The phase shift will reach a saturated value when the liquid
crystal is completely aligned by the applied electric field. A maximum
phase shift of 4.07° was obtained at 1.07 THz when the LC cell was
driven at 589.3 V/cm. Compare with the cooper electrode cell, we can
find that because of the arrangement of the gold strips, even the gold strip

cell fully aligned the liquid crystal molecules, the rotated angle of LC

molecules does still not achieve 90°, therefore, higher applied voltage and

amendment the structure are bothrimportant for achieving higher shift

angle.

4.2.3.2 Compare with the Magnetically Controlled Sample

For magnetically controlled sample, THz passing through the LC
phase shifter at various magnetic inclination angles (6 = 0°, 30° and 50°).
The transmitted THz waves show obviously longer time delay for larger
angle, 0. It is because the magnitude of magnetic field is strong enough to
almost fully align the LC molecules. The THz field amplitudes increase
with 0 for 6 < 43°. This can be explained by the increasing transmittance
at the quartz-LC interface according to the Fresno equations. With
increasing 0, the effective refractive index of LC will rise and become
closer to the refractive index of quartz substrate, which is 1.95. The
transmitted field amplitudes will then increase according to Fresno

equations. The THz field amplitudes decrease for 6 > 43° due to partial
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blocking of the THz wave by the magnet. The threshold field required to
reorient LC molecules in the LC cell when the magnetic field is
perpendicular to the alignment direction is less then 0.01 T, which is
much lower than the magnetic field employed in this work (~ 0.43 T).
Compare with the cooper electrode cell, magnetic aligned cell does not
have threshold voltage because the magnetic field 1s always the same and
strong enough to align whole the LC molecules in the cell. The spectral
amplitude and phase of the transmitted THz wave are also deduced from
the temporal waveforms by fast Fourier transform (FFT) algorithms. The
same as the situation in electrically controlled cell, the THz waves
experience larger phase shift at higher frequencies as expected from eq.
2.31. The maximum phase shift achieved was 368° at 1.025 THz and 6 =
54°. Compare with the electrically controlled cell again, the characteristic
of magnetically controlled cell s aligning LC molecules by rotating the
magnet to control the magnetic field; we ‘only need to prepare a magnet
and rotating it, and then we can exactly know the direction of the LC
molecules and continuously control the phase shift angle.

By observing Fig. 4.23 and Fig. 4.24, we can clearly compare the
magnetically controlled phase shift and electrically controlled phase shift.
The magnetically controlled sample can tune the phase shift angle by
rotating the magnet; the magnet can be precisely rotated by the rotating
plate, and the magnetic field is high enough, so the shift angle can be
continuously and accurately tuned.

For electrically controlled sample, it is more compact and practical,
but restricted by accuracy of the voltage source, the applied voltage is not

completely precise, unable to void some distortion, we still have
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difficulty to obtain the accurate tuning from 26.9 to 35 V. It is hard to
control the electric field as so stable, especially under the sharp slope of
the 0-V relation. That is why we need magnetic controlled one in the

previous work.
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Fig. 4.23 The phase shift of the magnetically controlled sample

87



100

—u— 15y )
1—e— 30v *****
80 4—a—35v e
- A >*
J _‘_ 4OV ******
—<—45v A
R <*

60 1—x— 125v "
M e

Phase Shift (Degree)

0.2 0.4 0.6 0.8 1.0
Frequency (THz)

Fig. 4.24 The phase shift of the.electrically controlled sample

88



5. Conclusions and Future Works

In chapter 5, we make a conclusion to our experiment and show the
future work for further research and more applications.

In summary, we demonstrate the tunable room temperature n/2 NLC
THz phase shifters. The phase shift with electrical controlling the
effective refractive index of LC E7 layer is achieved. In addition, our
measured results in this experiment are in good agreements with
theoretical predictions. With the 524pm NLC cell, a maximum phase
shift of 92.2° was observed at 1.00 THz when the applied voltage was
driven at 125 V (rms). This device is also regarded as the tunable quarter
wave plate in the THz region.

In principle, the phase shift canibeincreased by employing a LC cell
with larger optical thickness and/or larger refract index. To achieve a 2w
phase shift at 1 THz, we cah increase-the cell thickness to 2 mm with the
same experimental setup used in this*work. Alternatively, this can be
realized with a Imm-thick LC cell with An ~0.4.

In the future, thicker cell or larger refractive index will be adopted,
to avoid the aligned problem, LC layer can not be thicker than the align
limitation; therefore, double layer sample (sandwich structure) will be

applied.
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Fig. 5.1 Schematic representation of the deformation 0 in the HAN cell

For tunable component, wider tunable range is necessary, it is
discovered that hybrid alignéd nematic (HAN) cell can decrease the slope
of v-® curve. HAN cell has independently perpendicular and parallel
boundary conditions at the substrates. Whether the used LC has positive
or negative dielectric anisotropy, exhibits no threshold in the
field-induced birefringence change, the slow variation of birefringence
with voltage, and the spatially unidirectional director rotation with
voltage. If we reform our cooper electrode NCL cell for hybrid aligned,
continuously tunable phase shifter is expected, and lower applied voltage
makes our sample better in power dissipation, but may deprive some shift
angle, so we can choose the suitable aligned model depend on our
situation. Then the well-tunable, wide-ranged, practical electrical

controlled phase shifter in THz is anticipated.
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Appendices

Appendix 1

Composition and Property of Cooper Used In this Experiment

(1) (2855 {73 (Chemical Composition)
F1:5 ApoE [“SY [ (wt.%)
Material Designation Cu P
C1100(ETP) 99.9(min) -
JIS |C1200(DLP) 99.9(min) 0.004~0.012
C1220(DHP) 99.9(min) 0.015~0.040
(2) Physical Properties
EVEEL T
crp | BRI
T T 5 -
ol g | oo | wpe
Fi) R (Coefficient of
(Modulus of .
Bt | Elasticity) Thermal (Thermal | (Electrical
(Densit _ Conductivi .
y) , Expansion at 20 oC ty Conductivity
(Alloy If/l\?;:l% :) t0 300 0C) at 20 oC)
No.) |g/cm3 at 20 oC)
GPa m/m - K ZNACE
Wim - K
C1100 | 8.94 117 16.9 391.1 101
C1200| 8.94 117 16.9 386.0 98
C1220 | 8.94 117 17.1 339.2 85
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(3)ES# [+ T (Mechanical Properties)

- -
FAI 2 ?F} Tensile test Hardness test
w iR cne T v
Alloy TemperThiCkneSS Tensile (50mm) :(;]Ilc:r::s
No. (mm) strength Elongation(in |
(kgf/mmz2) 2
(%)
O >0.2 <27 > 30 <65
H/4 >0.2 24~30 > 13 60~80
C1100 |H/2 >0.2 26~33 > 10 70~90
C1200 \3/4H |>0.2 29~35 >5 80~100
C1220 |H >0.2 30~37 >4 90~110
EH >0.2 33~40 >3 95~110
SH >0.2 35~41 > 2 100~125
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