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摘要 

近二十年來，兆赫波科技與應用的發展非常迅速，但應用於兆赫

波段的可調式元件仍然缺乏。目前大部分的可調式兆赫波元件有著可

調範圍過小及操作溫度過低的缺點。我們實驗室發表過利用液晶製作

用在兆赫波段並可在室溫操作的可調式元件。根據這些經驗，我們製

作出具有光柵結構之可調式液晶元件並探討這些元件於此波段下的

性質與研究。 

本實驗中，我們架設一套鈦藍寶石為增益介質的飛秒脈衝雷射以

用於激發及偵測兆赫波。此飛秒脈衝雷射的特性為擁有 450 mW 的光

強度，90MHz 的重複率，及 64 飛秒的脈衝寬度。利用此雷射我們架

設一套利用光導天線激發與接收的兆赫波時域分析儀，此套儀器可解
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析兆赫波範圍為 0.1-4.0THz。另外，為了探討我們製作元件於兆赫波

束方向轉換器的研究，我們利用光纖將兆赫波時域分析儀改良為可移

動偵測端，此改良後的裝置可以解析兆赫波範圍為 0.1-1.0THz。相較

於使用液態氦冷卻之熱輻射偵測儀測量不同位置之兆赫波訊號，改良

後的兆赫波時域分析儀具有可解析寬頻訊號與價格便宜等優點。 

本實驗用於設計兆赫波元件的材料為石英玻璃、向列型液晶 E7、

MDA-00-3461，利用兆赫波時域分析儀我們發現這些材料在兆赫波段

其吸收小且沒有特殊的共振吸收譜線。且此兩款向列型液晶具有高的

雙折射性，非常適用於兆赫波段製作可調式元件。經過量測，石英玻

璃的折射係數為: n=1.95,  < 0.01。E7 的折射係數為: no = 1.58，ne = 

1.71，o=0.03，e=0.01。以及 MDA-00-3461 的折射係數為: no = 1.54，

ne = 1.72，o=0.03，e=0.01。 

本實驗利用上述之材料製作具有光柵結構之可調式液晶元件，包

含了磁控與電控之液晶相位光柵及兆赫波束方向轉換器。磁控式與電

控式之液晶相位光柵可做為可調式之兆赫波分束器。兆赫波束方向轉

換器是利用相位延遲器陣列分別調整不同位置的兆赫波相位，使兆赫

波具有一梯度的相位差，達到兆赫波轉向的效果。 
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ABSTRACT 

In the past two decades, terahertz photonics and applications have 

progressed remarkably. However, tunable components in terahertz range 

are relatively underdeveloped. The present tunable terahertz devices, 

however, have limited range of tunability and have to be operated at 

cryogenic temperatures far below room temperature. To conquer the 

drawbacks, various tunable terahertz devices operated at room 

temperature based on nematic liquid crystal have been demonstrated in 

our group. In this work, based on the experience of fabricating the 

nematic liquid-crystal-based tunable devices, we demonstrated several 

tunable devices with grating structure to manipulate THz waves. 

We constructed a Kerr-lens mode-locking Ti:sappire laser with 

maximum power 450 mW, 90 MHz repetition rate, and 64 fs in pulse 

width. A conventional photoconductive antenna based THz-TDS was 

constructed that can characterize the broadband terahertz signal in the 
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range, 0.1 - 4.0 THz. To investigate the terahertz beam steering, an 

improved THz-TDS with movable detecting part was constructed with an 

optical fiber. The improved THz-TDS can characterize the terahertz 

signal below 1.0 THz. It can detect the terahertz pulse directly and can be 

more convenient and lower cost than that using the liquid-helium-cooled 

Si bolometer. 

We choose the fused silica and nematic liquid crystal E7 and 

MDA-00-3461 to fabricate our devices. The materials for tunable devices 

design should have the properties of large birefringence and small 

absorption. The complex refractive indices of these materials were 

characterized by the conventional THz-TDS at room temperature 24.5C. 

In the THz range, 0.2-2.0 THz, the complex refractive indices of fused 

silica are n=1.95,  < 0.01. The ordinary and extraordinary indices of E7 

are no = 1.58, ne = 1.71, o=0.03, and e=0.01, and which of 

MDA-00-3461 are no = 1.54, ne = 1.72, o=0.03, and e=0.01, 

respectively. In this frequency range, these materials do not show any 

sharp resonant absorption and clear dispersion. The studies of the optical 

constants of NLC E7 and MDA-00-3461 in terahertz range show the 

attractive potential of the applications due to the comparable large 

birefringence and relative small extinction coefficient. 

In this work, we demonstrated several liquid-crystal-based tunable 

devices with grating structure. These devices including magnetically and 

electrically controlled phase gratings, and the electrically phase shifter 

array. We designed the phase gratings that can be utilized as tunable beam 

splitters, and the phase shift array can be utilized as a beam steerer. 
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Chapter 1 Introduction 

1-1 Terahertz technology and applications 

The terahertz (THz) regime ranges from 0.1 THz to 10 THz, where 1 

THz equals 33 wave numbers, 300m in wavelength, or 4meV in photon 

energy. In the past two decades, THz waves are very difficult to generate 

and detect. For lower frequencies in the spectrum, e.g., microwaves and 

millimeter-waves can be exploited by electronic devices (up to about 

100GHz). For higher frequencies, e.g., near-infrared and visible light are 

investigated by optical devices. THz wave is in the region of the 

electromagnetic spectrum between microwaves and infrared light (Fig. 

1.1 [1]). This regime is deficient in generators and detectors, and forms 

“THz gap” in the electromagnetic spectrum until the mid-80s. 

The dramatically developments in semiconductor physics and 

ultrafast laser system, especially those of femtosecond laser pulses, 

ultrafast photoconductive thin films, and semiconductor quantum 

structures, have fostered THz technology advance in the 1990s. The first 

sub-100fs solid-state laser was developed by Spence et al. in 1991 [2]. In 

1999, mode-locking techniques are effective over such a large bandwidth 

that the resulting pulses can have duration of 6 fs or shorter [3]. With the 

ultrashort pulses incident into suitable semiconductor materials, the 

electron-hole pairs will be generated quickly, results photocurrent pulses, 

this acceleration processes will generate electromagnetic waves, with 

frequency lies in the THz range. In 1980, Auston [4] successfully used the 
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photoconductive dipole antenna to generate and detect coherently THz 

radiation in time domain, and this technology is called THz time-domain 

spectroscopy (THz-TDS). Other THz radiation generation methods, such 

as optical rectification [5,6], surge current in semiconductor surface [7], 

had been investigated. 

THz technology has advanced rapidly in many diverse fields 

including ultrafast dynamics in materials, biomedical imaging, 

environmental surveillance, and communication (Fig 1-2) [1,8-10]. For 

the dynamics in materials investigation, THz spectroscopy provides 

information on the basic structure of molecules due to rotational 

frequencies of light molecules fall in this spectral region. Vibration modes 

of large molecules with many functional groupings, including many 

biologic molecules have broad resonances at THz frequencies.  

For biomedical imaging application and environmental surveillance 

uses,  THz radiation can penetrate a wide range of materials such as 

human tissue, clothing, paper, plastic, and ceramics without ionizing 

(unlike X-rays). It is owing to the low electromagnetic energy that THz 

wave is not expected to damage biological cells. The THz-TDS could 

supply amplitude and phase information that makes 3-D imaging possible. 

These properties open up a variety of future commercial opportunities of 

which security and medical imaging applications offer the greatest 

potential. THz imaging applications are foreseen in drug discovery and 

non-destructive testing of foodstuffs, coatings, and semiconductor chips.  

THz communication can mean communication with a THz carrier 

wave.  According to Federal Communications Commission, the 
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frequencies above 300 GHz are currently unallocated as shown in the U.S. 

Frequency Allocation chart (Fig. 1-3). THz communication is in the very 

early stages of development. The availability of the frequency band and 

the communications bandwidth make communications at THz 

frequencies very attractive. The advantages of using THz technology are 

the larger bandwidth and therefore higher transmission rate as compared 

to microwave communications, without having to switch to a different set 

of hardware such as lasers for optical communications. 

 

1-2 Liquid crystals 

1-2.1 Introduction to liquid crystals 

People are taught that matter only exists in three states as solid, liquid, 

and gas in the fundamental physics. However, certain organic materials 

do not show a single transition from solid to liquid, but exist transition of 

new phases. These phases have the mechanical properties and symmetry 

properties intermediate between those of isotropic liquid phase and 

crystalline solid phase. Therefore, the materials with these properties are 

called liquid crystals (LCs). The first observation and discovery of liquid 

crystal (LC) behavior were made in cholesteryl benzoate by Reinitzer and 

Lehmann in the end of 19
th

 century [11, 12]. LCs arise under certain 

conditions in organic substances having sharply anisotropic molecular 

structure which is elongated (rod-like) or flat (disc-like) structure. In this 

study, the LC molecules are utilized the rod-like structure. 
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There are three basic phases of LCs, known as nematic phase, 

smectic phase, and cholesteric phase as shown in Fig. 1-4 [13, 14]. Figure 

1-4 (a) illustrates the nematic phase. The nematic phase has the following 

features: 

1. The centres of gravity of the molecules have no long-range order. 

The correlations in position between the centres of gravity of 

neighboring molecules are similar to those existing in a conventional 

liquid. 

2. There is some order in the direction of the molecules. They tend 

to be parallel to some common axis, labeled by a unit vector (or 

director) n. This is reflected in all macroscopic tensor properties. 

Optically, a nematic is a uniaxial medium with the optical axis along 

n. In all known cases, there appears to be complete rotational 

symmetry around the axis n. 

3. The direction of n is arbitrary in space, and it is imposed by 

minor forces such as the guiding effect of the walls of the container. 

4. The states of n and –n are indistinguishable. 

5. Nematic phases occur only with materials that do not distinguish 

between right and left, either each constituent molecule must be 

identical to its mirror image (achiral). 

In summary, nematic liquid crystal (NLC) is uniaxial molecule and 

its orientation could be effected by minor force. With these characteristics, 

the NLC is optically and electrically anisotropic.  

Smectics are layered structures with a well-defined interlayer spacing 

as shown in Fig. 1-4 (b) that can be measured by X-ray diffraction. 
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Smectics are thus more ordered than nematics. For a given material, the 

smectic phase usually occurs at temperatures below the nematic phase, 

and possesses the highest degree of order.  

The cholesteric phase is also nematic type of LC except that it is 

composed of chiral molecules. As a result, the structure acquires a 

spontaneous twist about a helical axis normal to the director. The twist 

may be right-handed or left-handed depending on the molecular chirality. 

Figure 1-4 (c) illustrates the cholesteric phase of LC by viewing the 

distribution of molecules at several planes that are perpendicular to the 

helical axis. 

   

1-2.2 Liquid crystal structure 

Typical rod-like LC molecule has the following general molecular 

structure: 

 

where X and Y are terminal groups and A is a linking group between two 

or more ring systems. The contribution of each group is discussed as 

follows. 

Ring Systems. The rings can be either benzene rings (unsaturated) or 

cyclohexanes, or combination of both. The presence of the ring system is 

essential in most LCs that contains at least one ring (either phenyl or 

cyclohexyl). It is important to note that only  electrons exist in 

cyclohexyl rings, whereas  electrons exist in phenyl rings. The presence 

of the rings provides the short range intermolecular forces needed to form 

X YAX YA
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the nematic phase. They also affect the absorption, dielectric anisotropy, 

birefringence, elastic constants and viscosity. 

Terminal Group X (Also called side chain). There are three common 

X-terminal groups: (1) alkyl chain CnH2n+1, (2) alkoxy chain CnH2n+1O, 

and (3) alkenyl chain that contains a double bond. The length of the chain 

can significantly influence the elastic constants of the nematic phase as 

well as the phase transition temperature. For short chains with one or two 

carbon atoms (n=1,2), the molecules are too rigid to exhibit LC phases. 

Terminal groups with medium chain length (e.g. n=3-8) are most suitable 

for nematic phases. Compounds with even longer chain length can exist 

smectic phases. Generally speaking, the melting point decreases with the 

increasing chain length. However, some compounds are irregular and 

unpredictable. The nematic-isotropic transition temperature (known as the 

clearing point) for LC compounds with an even number of carbon atoms. 

This is known as the “odd-even effect.” 

Linking Group A. The linking group can be a single bond between the 

two rings. The generic name of these LCs is biphenyl. In case of an 

additional ring as the linking group, the generic name of these LCs is 

terphenyl. Some common linking groups are C2H4 (diphenylethane), 

C2H2 (stilbene), CC (tolane), and NN (azobenzene). 

Terminal Group Y. The terminal group Y plays an important role in 

determining the dielectric constants  and its anisotropy . For liquid 

crystal display application (LCD), the operation voltage is commonly a 

multiple of the threshold voltage, which is the minimum voltage required 

to induce a reorientation of the LC molecules. It is known that the 
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threshold voltage is inversely proportional to the square root of the 

dielectric anisotropy. Thus it is desirable to have a large  for low 

voltage operations. The terminal group Y can be either polar or nonpolar. 

Nonpolar terminal group Y such as the alkyl chain CnH2n+1 has very little 

effect on the dielectric anisotropy. On the other hand, a polar terminal 

group can contribute significantly to the dielectric anisotropy. Some 

common polar terminal groups Y include CN, F and Cl. 

 

1-2.3 Liquid crystal applications 

The most well-known LC device is the flat panel display which is 

revolutionary commercial success [15, 16]. Otherwise, the unique 

properties of LCs are also proper to fabricate and design tunable optical 

components, such as tunable lenses, filters, phase gratings and light 

valves [16-18]. Recently, studies of LCs properties were interested in 

millimeter wave and THz range [19-21], and followed various tunable 

devices in millimeter and THz ranges employing NLC, such as phase 

shifters, filters, and switches that are controlled either electrically or 

magnetically were demonstrated [22-27]. 

 

1-3 Motivation 

In the past decades, THz photonics have progressed remarkably. 

However, essential quasi-optic components such as phase shifters, 

modulators, attenuators, polarizers, and beam splitters in the THz range 
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are relatively underdeveloped. For controlling electromagnetic waves, the 

periodic structures such as gratings are the commonly candidates. In the 

THz range, the tunable devices based on optically and electrically 

controlled carrier concentration in quantum-well structures are 

demonstrated [28-30]. These tunable THz devices, however, have limited 

range of tunability and have to be operated at cryogenic temperatures far 

below room temperature. To conquer the drawbacks, various tunable THz 

devices based on NLC, such as phase shifters and filters that are 

controlled either electrically or magnetically at room temperature, have 

been demonstrated in our group [25-27]. 

In this work, based on the experience of fabricating the NLC-based 

tunable devices, we demonstrated several tunable devices with grating 

structure to manipulate THz waves. These devices including magnetically 

and electrically controlled phase gratings, and the electrically phase 

shifter array. We designed the phase gratings that can be utilized as 

tunable beam splitters, and the phase shift array can be utilized as a beam 

steerer. 

  

1-4 Organization of dissertation 

This dissertation is divided into five chapters. In addition the 

introduction in chapter 1, the other chapters are arranged as following. 

In chapter 2, we introduce the main experimental setups including the 

constructions of the Kerr-lens mode-locking Ti:sappire laser and the THz 

time domain spectrometer (THZ-TDS). The properties of the ultrafast 
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laser and THz-TDS are described. The principles of NLC alignment and 

the fabrication processes are also dawn in this chapter.  

In chapter 3, we introduce the properties of materials used in this 

work including fused silica substrate and two types of NLC. The complex 

refractive indices of these materials are characterized by the THz-TDS. 

We will introduce these materials that have the characteristics suitable in 

THz range.  

In chapter 4, we demonstrated several tunable devices with grating 

structure to manipulate THz waves. These devices including magnetically 

and electrically controlled phase gratings and the electrically phase shifter 

array. We designed the phase gratings that can be utilized as tunable beam 

splitters, and the phase shift array can be utilized as a beam steerer.  

Conclusions are finally drawn in chapter 5, along with suggestions 

for future research. 
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Figures 

 

Figure 1-1 Electromagnetic spectrum. THz wave locates between 

microwaves and infrared light. 

 

 

Figure 1-2 Applications of THz technology 
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Figure1-3 Regulated spectrum as designated by the U.S. Federal 

Communications Commission 

 

 

Figure 1-4 Different types of LC: (a) nematic, (b) smetic, and (c) 

cholesteric 
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Chapter 2 Experimental Apparatus and 

Principles 

2-1 Ti:sappire Pulsed Laser 

Ultrashort pulsed laser is a powerful tool for studying in ultrafast 

phenomena. The Ti:sappire pulsed laser was first constructed by Moulton 

in 1982 and it was the best candidate to investigate the ultrafast 

phenomena [1]. The Ti:sappire laser is tunable laser which emit red and 

near-infrared light in the range from 650 to 1100 nm. It has the properties 

of broad gain bandwidth, high saturate power intensity, high quantum 

efficiency, and high damage threshold.  

 

2-1.1 Mode-locking technique 

Mode-locking technique is the fundamental concept for generating 

ultrashort pulse. In general, the output of laser beam is not a single, pure 

frequency or wavelength. The gain medium of laser primarily determines 

the bandwidth of the output beam, and the range of operating frequencies 

is known as the gain bandwidth. Secondly, the resonant cavity of the laser 

also determines the emission frequencies. The discrete frequencies exit in 

the resonant cavity as standing waves are known as the longitudinal 

modes of the cavity. If a laser has a larger gain bandwidth, it would also 

have more emission modes. In a simple laser, the longitude modes do not 
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have a fixed relationship between each other. These modes oscillate 

independently. Therefore, the laser emits random fluctuations in intensity, 

and interference effects between the modes tend to average to a 

near-constant output intensity. The laser operation is known as a 

continuous wave (CW). On the other hand, if the resonant modes have a 

fixed relationship between each other, the modes of the laser will 

periodically all constructively interfere with one another, producing an 

intense pulse of light. Such laser is known as mode-locked or 

phase-locked laser.  

Mode-locking methods are mainly classified as active mode-locking 

and passive mode-locking. Active mode-locking involves using the 

periodic modulation of the resonator losses or of the gain of the 

amplifying medium. The most common active mode-locking method 

places a standing wave acousto-optic (AO) modulator into the laser cavity 

as schematic diagram shown in Fig. 2-1. If the modulation is 

synchronized with the resonator round trips, this can lead to the 

generation of ultrashort pulses, usually with picosecond pulse durations. 

Passive mode-locking method does not require a signal external to 

the laser to generate pulses. With this method, we use the light in the 

cavity to cause a change in some intra-cavity element, which will then 

itself produce a change in the intra-cavity light. The most common type 

of device which will do this is a saturable absorber as schematic diagram 

shown in Fig. 2-2. Passive mode locking allows the generation of 

femtosecond pulses, basically because a saturable absorber, which is 

driven by already short pulses, can modulate the resonator losses much 
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faster than electronic modulators. 

In our experiment, we use the Kerr-lens mode-locking method to 

construct our ultrashort pulse laser. Kerr-lens mode-locking (KLM) is a 

passive mode-locking technique using a nonlinear optical process known 

as the optical Kerr effect [2]. The gain medium is nonlinear, and its 

refractive index is a function of the intensity: n = n0 + n2I. The Gaussian 

wave does not feel a homogeneous refractive index as it passes through 

the medium. If n2, the nonlinear coefficient of the refractive index, is 

positive, the refraction is stronger on the axis of the beam than away from 

it. So the amplifying medium behaves like a converging lens and focuses 

the beam just like a lens (Kerr lens). It is known as the phenomenon of 

self-focusing. However, self-focusing is proportionally more important 

for strong intensities. This means that the strong intensity maxima of the 

laser cavity will be much more strongly focused than the weaker ones, for 

which focusing will be negligible. 

The KLM laser should be designed to favor the pulsed regime over 

the CW one. When an aperture placed at a proper position in the resonant 

cavity, the CW mode, which has larger spot size, will be cut off. On the 

other hand, KLM pulse, which has smaller spot size, will be amplified in 

the cavity. This concept is known as hard aperture effect as schematic 

diagram shown in Fig. 2-3. Furthermore, if the overlap between the 

pumped beam and the pulses in the cavity aligned well, the KLM pulse 

with smaller spot size will have higher gain than that of CW mode with 

larger spot size. With this effect, the laser will have self amplitude 

modulation [3], and this concept is known as soft aperture effect. 
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Therefore, the combination of the self-focusing Kerr effect with an 

intracavity aperture is equivalent to a fast response saturable absorber.  

 

2-1.2 Experimental Ti:sappire Laser Construction and Properties 

The Heisenberg uncertainty principle states that there is a limit to the 

information we can acquire about conjugate variable of a system. 

Therefore, our simultaneous knowledge of both the time, t, and frequency 

, of a system is limited: 

                       ∆t ×  ∆ω ≥  
1

2
 .                   (2-1) 

The construction of the ultrashort duration pulse laser requires a very 

broadband emission gain medium. In the past decades, the most 

spectacular advances in laser physics and in the field of ultrashort light 

pulse generation have been based on the development of titanium-doped 

aluminum oxide ( Ti:Al2O3, Ti:sappire ) as gain medium [4, 5]. Figure 2-4 

shows the normalized absorption and emission spectra of Ti:sappire gain 

medium. 

Our femtosecond laser system is shown as the schematic diagram in 

Fig. 2-5. The pump laser for the Ti:Sapphire laser (Kapteyn-Murnane 

Laboratories L. L. C.) is a 4.5W frequency doubled diode-pumped 

Nd:YVO4 laser (Millennia Vs, Spectra-Physics) with a wavelength λ

=532 nm. The pump beam is focused by the lens (f = 10cm, 532nm 

AR-coated) and the concave lens R1 on the Ti:sappire rod. The excited 

Ti:sappire rod emits fluorescence lights with wavelength about 800nm 

which are collected by the concave lenses R1 and R2 (R=10cm, 532nm 
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AR-coated, 800nm HR-coated). One beam of the fluorescence lights from 

R1 is propagated through a prism pair for dispersion compensation to the 

high reflection mirror R4, and the beam is retraced in the same optical 

path. The other beam from R2 is propagated to the output coupler (OC) R3, 

and is retro-reflected and restrained in the resonant cavity. When the 

Ti:sapphire laser starts lasing, the output beam is CW mode, and the 

maximum power can reach 600~700 mW, and the wavelength can be 

tuned from 770nm to 830nm. Further, adjust the positions of R1, R2, and 

Ti:sappire rod, meanwhile observes the output spectrum. Once, the 

spectrum broadening is recognized, which means the soft-aperture effect 

of KLM constructed successfully. The output power can reach 450~550 

mW, the wavelength is centered at 820nm with about 30nm bandwidth. 

The spectrum of output pulse is shown as Fig. 2-6. Figure 2-7 shows the 

pulse train displayed on an oscilloscope, which reveals the repetition rate 

is about 90MHz. There is another prism pair for dispersion compensation 

outside the cavity. 

 

2-1.3 Interferometric autocorrelator for pulse width 

measurement 

 The pulse duration of the ultrafast laser cannot easily be measured by 

optoelectronic methods, since the response time of photodiodes and 

oscilloscopes are at the best of a few hundreds of femtoseconds. 

Interferometric autocorrelator is commonly utilized to estimate the 
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duration of ultrashort pulses [6]. The n-th order autocorrelation function 

of a given electromagnetic field can be described as, 

               𝐼n 𝜏 =  { 𝐸 𝑡 + 𝐸(𝑡 − 𝜏) 2}n d𝑡
+∞

−∞
.         (2-2) 

In our laboratory, we use a two-photo absorption photodiode (GaP, G1961, 

from Hamamatsu) as the detector to construct a second order 

autocorrelator as shown in Fig. 2-8. The setup is based on a modified 

Michelson interferometer with a 50/50 beam-splitter. One of the mirrors 

moves back on a translation stage, while the other can be moved using a 

translation stage to precisely calibrate the delay . 

The measured autocorrelation result of our Ti:sappire laser is shown 

as Fig. 2-9. To determine the pulse width, the knowledge of pulse shape is 

required. Most commonly, we assume the pulse is Gaussian shape, and 

the autocorrelation width, , is  2  times of the pulse width, t. With 

Fig. 2-9, we can figure out the full width at half maximum (FWHM) of 

autocorrelation is 90 fs. According to the result, the pulse width of our 

Ti:sappire laser is 64 fs. 

 

2-2 Principles of Terahertz Time-domain 

Spectrometer 

The picoseconds pulses of broadband THz radiation can be 

generated by converting the femtosecond pulses in a nonlinear crystal or 

a photoconductive antenna. These are known as the two main mechanisms 

for the generation of THz radiation: optical rectification in a nonlinear 
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medium [7] and photoconductive switching [8]. Following, we introduce 

how to generate and detect the THz wave, and the terahertz time-domain 

spectroscopy (THz-TDS) system. 

 

2-2.1 Generation of terahertz wave by using photoconductive 

antennas 

In 1988, Grischkowsky et al. demonstrated the first coherent 

detection of THz radiation by using the ultrashort pulse and the 

photoconductive antenna [9, 10]. In order to construct the photoconductive 

antenna, the photoconductive substrate must have some excellent 

properties such as short carrier lifetime, high mobility, and high 

breakdown voltage. The characteristics of some commonly used 

photoconductive substrates are shown in Table 2-1 [11].  In our 

THz-TDS system, low-temperature-grown GaAs (LT-GaAs) have been 

employed as the substrate of photoconductive antenna. The thickness of 

the substrate is about 400m. The structure of the antenna is a Hertzian 

dipole antenna with a 5 μm central gap, line width of 10μm, and two 

conductive lines are separated 20μm apart, made of AuGe/Ni/Au metal 

material as shown in Fig. 2-10 [12]. When the femtosecond optical pulse 

with the energy larger than the bandgap of the photoconductive material 

( gE =1.43eV for LT-GaAs at room temperature) is incident to 

photoconductive antenna, the free electrons and holes are excited in the 

conduction and valence band, respectively. The carriers (electron-hole 

pairs) are accelerated by the bias electric field, and then decayed with a 

time constant depended on the carrier lifetime. It results in a pulsed 

photocurrent in the photoconductive antenna. Because the modulated 

current is in sub-picosecond regime, it emits a sub-picosecond 



 

23 
 

electromagnetic wave, as THz pulse.  

By using the classical Drude model [13], the dynamic behaviors of 

the free carriers generated by the ultrashort pulses can be described. 

According to this model, the differential average velocity of the free 

carriers is  

)(
)()(

tE
m

qtv

dt

tdv

c

cc 
 , 

    (2-3) 

where )(tvc  is the average velocity of the carrier,   is the carrier 

collision time, q  is the charge of the carrier (an electron or a hole), cm  is 

the effective mass of the carrier, and )(tE  is the biasing electric field [14]. 

The photocurrent density in the emitter corresponds to the convolution of 

the temporal shapes of the exciting ultrashort pulses and the impulse 

current response of the photoconductive antenna. It can be presented as 

)]()([)()( tqvtntPtj ccoptc 
,    (2-4) 

where )(tjc  is the photocurrent density, )(tPopt  is the optical power 

of the ultrashort pulses,   denotes the convolution product, and )(tnc  is 

the density of the photocarriers. The current density )]()([ tqvtn cc  

represents the impulse response of the photoconductive antenna, i.e., its 

response to a delta Dirac optical excitation. For a Hertizian dipole, 

assuming the THz detector is in the far-field range and neglecting the 

dispersion of the quasi-optical system that focuses the THz beam, the THz 

field at a distance r  ( r ) and time t  can be presented as  

dt

tdj

dt

tdj

rc

l
tE cce

THz

)(
sin
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4
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2

0

 
 . 

   (2-5) 

where el  is the effective length of the dipole antenna, and   is the 



 

24 
 

angle from the direction of the dipole antenna; 0  and c  are the dielectric 

constant and the velocity of light in vacuum, respectively. Obviously, the 

THz field is directly proportional to the temporal derivative of the 

photocurrent density. Figure 2-12 shows the calculated photocurrent in the 

emitting photoconductive antenna and the amplitude of the THz field 

versus time. The temporal pulse shape of the ultrashort pulse is shown as a 

dotted line [14]. The THz waves generated by this method have average 

power levels on the order of nanowatt. The bandwidth of the generated 

THz wave is primarily limited by how quickly the carriers can accelerate in 

LT-GaAs substrate, rather than the pulse duration of the ultrashort laser 

pulse. 

 

2-2.2 Detection of terahertz wave by using photoconductive 

antennas 

For the detecting antenna, the physical process is similar to the 

emitting one. On the contrary, the photogenerated free carriers are 

accelerated by the electric field of the THz pulse in the detecting 

photoconductive antenna. The average velocity of the accelerated carriers 

obeys to the differential equation 

)(
);();(

ttE
m

qttv

dt

ttdv
THz

dd

dd 





 , 
   (2-6) 

where t  is the time delay between the optical pulse and the THz 

wave onto the detector, );( ttvd   is the average velocity of the accelerated 

carriers. d  and dm  are the carriers collision time and the effective 

mass of the accelerated carriers in the detecting antenna, respectively. 

)( ttETHz   is the electric field of the THz pulse. 
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The actual photocurrent density in the detecting antenna is given by 

the convolution product of the temporal shapes of the ultrashort pulse that 

triggers the detector and of the impulse response of the photoswitch to a 

Dirac-like optical excitation. Consequently, the instantaneous 

photocurrent density in the detector is presented as 

)];()([)();( ttqvtntPttj dddd  .    (2-7) 

Furthermore, the measured THz signal corresponds to the average 

current flowing through the gap of the detecting antenna. Therefore, the 

measured photocurrent is given by 

''''' )];()([)(

);()(

dtttttqvttntPdt

dtttjtJ

ddd

dd

 


















. 

   (2-8) 

Briefly, the measured photocurrent density )( tJd   is relative to the 

THz electric field )( ttETHz   and the response function of the detector. 

The carrier life time, the transmission characteristics of LT-GaAs, the 

resonance characteristics of antenna, the pulse shape, the power of the 

probe beam, and the diffractive effect of the THz beam determine the 

transient response of the THz signal. The electric field of THz generates 

the current across the gap of photoconductive antenna amplified using a 

low-bandwidth amplifier, such as Lock-in amplifier. This amplified 

current corresponds to the THz field. Because the carriers in the LT-GaAs 

substrate have an extremely short lifetime, the THz electric field is only 

sampled by using an extremely narrow slice, such as the femtosecond 

pulse.  
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2-2.3 Terahertz time-domain spectroscopy (THz-TDS) 

Terahertz time-domain spectroscopy (THz-TDS) is a spectroscopic 

technique based on generating and detecting electromagnetic transients to 

probe material properties with the THz radiation. This method is sensitive 

to the sample material’s effect on both the amplitude and the phase of the 

THz radiation. 

Figure 2-12 shows a schematic of the experimental setup of the 

THz-TDS system. Briefly, the femtosecond pulse comes from the 

Ti:sapphire laser is split into pump beam and probe beam that illuminate 

the emitting and detecting antennas. Both of the emitter and the detector is 

attached on the hyper-hemispherical silicon lens to collimate the THz 

radiation. The emitting photoconductive dipole antenna is biased with a 

1kHz-modulation square wave, and the bias voltage is 5V. The generated 

THz radiation is collimated and collected by a pair of off-axis parabolic 

gold mirrors. The transient current was induced in the gap of the detecting 

antenna with the focused THz electric field, which accelerated the 

photocurrents excited by the probing ultrashort pulse. A digital lock-in 

amplifier with a current-voltage preamplifier module (Model SR830, 

Stanford Research System) is connected to the electrodes of the detecting 

antenna, to synchronously detect the photoconductive current. Because the 

detecting electronics are much slower than the THz signals, it is difficult to 

measure the whole THz transients directly. By scanning the pulse delay of 

the emitting beam with respect to the detecting beam, the THz signal can 

be acquired sequentially. The data acquisition and the control of the 

stepping stage for the delay are conducted with a LabVIEW program using 

the GPIB interface. The time dependent electric transient through the gap 

of the antenna depends on both the magnitude and the direction of THz 

wave. 
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The experimental data of THz signal in time domain through air is 

shown as Fig. 2-13. The red and black line is the signal in air with and 

without N2 purged, respectively. After the main signal (~25 ps), the signal 

fluctuation is shown in the signal without N2 purged (black line). This 

fluctuation came from the water vapor absorption from the moist 

atmosphere of which the relative humidity (R.H.) is about 50%. On the 

other hand, the signal in the atmosphere with N2 purged (red line) is much 

smoother because of the dry air condition (R.H. ~ 3 %). By applying Fast 

Fourier Transform (FFT) to both of the THz time domain signal, the 

power spectrum in frequency domain is obtained as shown in Figure 2-14. 

It shows several water vapor absorption peaks below 1.5 THz [15]. The 

reliable THz signal is from 0.2 to 3.5 THz. The signal and noise ratio is 

around 10
7
:1. 

 

2-3 Principles of NLC alignment and deformation 

 For NLC applications, uniformly align the NLC molecules is the 

most fundamental and essential subject. There are many surface 

treatments for NLC alignment, such as rubbing alignment method, 

photoalignment method, ion beam bombardment method, and chemical 

treatment method [16-19]. In our work, we use the most commonly 

surface alignment methods: rubbing alignment method, and chemical 

treatment method, for homogeneous and homeotropic alignment, 

respectively. 
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2-3.1 Rubbing alignment method and chemical alignment 

method 

As mentioned in Chapter 1, the orientation of NLC molecules can be 

easily aligned by the surface. For surface alignment treatment, the 

substrate is coated with an alignment layer. The major mechanisms of 

surface alignment are the micro-morphology of the alignment surface and 

the interaction force between the LC molecules and the alignment 

molecules. With this concept, we can align the NLC molecules before 

applying field. 

Homogeneous alignment mentions that all NLC molecules in the cell 

are parallel aligned to both substrates and the directors have the same 

orientation as shown in Fig. 2-15(a). The rubbing alignment method is the 

most commonly method to obtain the achievement. In our experiment, 

basically, we utilize the fused silica as substrates for sample fabrication. 

The substrates are cleaned with synthetic detergent, acetone, methanol, 

and DI water. For rubbing alignment, the substrates are coated with 

polyimide (PI), Nissan SE-130B. The PI is soft baked at 80C for 5 min, 

and hard baked at 180C for 60 min, respectively. The rubbing machine 

includes a cotton velvet covered roller, and a movable substrate holding 

stage. The rotation speed of the roller is 900 rpm and the roller contacts 

the substrate to apply pressure on it. The holding stage moves forward 

with a constant speed. We can repeat this process to enhance the rubbing 

alignment strength [20]. 

Homeotropic alignment mentions that all NLC molecules in the cell 
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are perpendicular aligned to both substrates and the directors have the 

same orientation as shown in Fig. 2-15(b). To obtain the homeotropic 

alignment in our work, we use the surfactant, N, 

N-dimehtyl-N-octadecyl-3-amino-propyl-trimeth oxysilyl chloride 

(DMOAP), which is coated on cleaned substrate. The molecular 

interaction force will lead the injected NLC molecules to align 

perpendicular to the substrate surface. 

 

2-3.2 Deformation and operation principle of NLC molecules 

There are three basic types of elastic energy, splay, twist, and bend, to 

describe the deformations of NLC under external stress [21, 22] as shown 

in Fig. 2-16. The elastic energy density of a deformed NLC can be written 

as, 

            f
d

=
1

2
k1(n)

2
+

1

2
k2(nn)

2
+

1

2
k3(nn)

2
,         (2-9) 

where k1, k2, and k3 are the splay, twist, and bend elastic constants, 

respectively. 

When we apply an external electric or magnetic field, the total free 

energy F can be written as, 

                      𝐹 =  (f
d

+ f
E/M

)d𝜌,              (2-10) 

where the fE/M is the induced energy density of the external field, and  is 

the unit volume. The elastic constants of NLC determine the restoring 

torques that arise when the system is perturbed from its equilibrium 

configuration. These restoring torques are usually very weak. Therefore, 
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an external electric or magnetic is often applied to cause a reorientation of 

the molecules. According to Eq. 2-10, there will be a phase transition, at a 

certain critical value of the external field (Ec, Hc), between the 

unperturbed conformation and the distorted conformation. The critical 

value of the electric field or magnetic field can be written as, 

                        Ec=
π

d
 

k

∆εε0
, and              (2-11. a) 

                        Hc=
π

d
 

k

∆χ
,                  (2-11. b) 

where k is the elastic constant, d is the distance of the boundaries, 0 is 

the dielectric constant in the vacuum, and  and  are dielectric 

constant anisotropy and magnetic susceptibility anisotropy, respectively.  

 In this work, we use two types of NLC, E7 and MDA-00-3461, 

which are positive dielectric constant anisotropy and magnetic 

susceptibility anisotropy. The NLC molecules are tend to align parallel to 

the external electric or magnetic field. 
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Tables 

 

Table 2-1 Characteristics of photoconductive substrates 
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Figures 

 

Figure 2-1 Active mode-locking method with AO modulator 

 

 

 

 

 

 

Figure 2-2 Passive mode-locking method with saturable absorber 
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Figure 2-3 Kerr-lens mode-locking method with hard aperture 

 

 

 

 

Figure 2-4 Absorption and emission spectra of Ti:sappire 
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Figure 2-5 Construction of Ti:sappire pulsed femtosecond laser. R: 

reflective mirror, OC: output coupler. 

 

 

760 780 800 820 840 860 880
0

500

1000

1500

2000

2500

3000

 

 

In
te

n
s

it
y

 (
a

.u
.)

Wavelength (nm)
 

Figure 2-6 Spectrum of mode-locked pulse 
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Figure 2-7 Pulse train of Ti:sappire pulsed femtosecond laser. Repetition 

rate is about 90 MHZ 

 

 

 

 

Figure 2-8 Photograph and schematic diagram of interferometric 

autocorrelator 
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Figure 2-9 Autocorrelation signal of Ti:sappire pulsed femtoscond laser. 

Autocorrelation signal has 90 fs in FWHM, which corresponds to 64 fs 

pulse width 

 

 

 

 

 

Figure 2-10 Photoconductive antenna (Hertzian dipole antenna). 

Dimensions of pattern are shown. 
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Figure 2-11 Calculated photocurrent in emitting photoconductive antenna 

and amplitude of THz field versus time. Temporal pulse shape of 

ultrashort pulse is shown as a dotted line. 

 

 

 

 

Figure 2-12 Schematic diagram of THz-TDS 
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Figure 2-13 Time domain THz signal measured by THz-TDS. 

Non-purged (R.H. 50%) and N2 purged (R.H. 3%) are shown as black and 

red lines, respectively. 
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Figure 2-14 Power spectra of THz signal in frequency domain. 

Non-purged (R.H. 50%) and N2 purged (R.H. 3%) are shown as black and 

red lines, respectively. 
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(a)                    (b) 

Figure 2-15 Surface alignment treatments: (a) rubbing method for 

homogeneous alignment, and (b) chemical treatment method for 

homeotropic alignment 

 

 

 

 

Figure 2-16 Three different types of deformation occurring in NLC cell 
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Chapter 3 Optical Constants of Nematic Liquid 

Crystal in Terahertz Range 

 The tunable devices based on NLC have been widely utilized in the 

visible region. It is the NLC has the characteristics of large birefringence 

and low absorption in the visible [1, 2] that NLC is the suitable material 

for the tunable device. For tunable devices design in the THz range, we 

should have the knowledge of optical constants of NLC and the fused 

silica substrate. In this chapter, we will introduce how we use the 

THz-TDS to characterize the optical constants and the analysis theory. In 

this thesis, we use NLC E7, MDA-00-3461 (from Merck) for devices 

design. Table 3-1 is the data sheet from Merck Company to show the 

properties of NLC E7 and MDA-00-3461 basically in visible. We will 

show the optical constants of NLC E7, MDA-00-3461, and the fused 

silica substrates in the THz range. 

 

3-1 Experimental procedure 

 The fundamental concept of complex refractive index measurement 

with THz-TDS is shown schematically in Fig 3-1 [4]. As mentioned in 

chapter 2, we can obtain the amplitude and the phase information of THz 

signal with THz-TDS. Therefore, comparing the phase delay and 

amplitude attenuation of the signal through material and with that through 

air, we can obtain the complex refractive index. In fact, the condition is 
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more complicate to evaluate the complex refractive index, and we will 

discuss in detail later. 

Two types of cells, a reference cell and a homogeneously aligned 

liquid crystal cell were prepared. The reference cell was constructed by 

two fused silica windows coated with PI and with nominal thickness of 

3.0 mm each and in contact to each other. For the liquid crystal cell, NLC 

E7 layer was sandwiched between two fused silica windows as substrates 

(the thickness of fused silica is 3.17 mm). Thickness of the liquid crystal 

layer was controlled with Teflon spacers and measured by subtracting the 

substrates thicknesses from the total cell thickness. The LC layer 

thickness in this work is 688  3 m. For MDA-00-3461 cell, the 

dimension of which was 660  3 m in thickness.  

The test cell was placed in the THz-TDS and the THz beam was 

collimated at the sample position [3]. The THz fields of e-wave and 

o-wave are parallel and perpendicular to the aligned direction of LC cell, 

respectively. We usually confine spot size of THz beam as 0.8 cm by 

using an aperture to make sure all THz signal pass through LCs layer only. 

The THz-TDS was purged with nitrogen and maintained at a relative 

humidity of 3.5  0.5% for optical constants measurement. 

 

3-2 Optical constants determination 

We assume that the THz signal is a plane wave passing through the 

cell at normal incidence. Figure 3-2 (a) is shown the schematic of the 

pathway of THz wave through the liquid crystal cell with two substrates. 
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The electric field of the THz wave can be presented as 
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where )(0 fE  is the electric field of the incident THz wave. 1Wd  and 

2Wd  are the thickness of the first and second sample substrate, 

respectively, and Sd  is the thickness of the liquid crystal layer. 

WWW inn ~  and SSS inn ~ , are the complex refractive index of 

window and thin film, respectively. AWt
~ , W St
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~ and W At

~ are the Fresnel 

transmission coefficient at the air-window, window-liquid crystal, liquid 
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where SWr~  is the Fresnel reflection coefficient of the liquid 

crystal-window interface. This complex reflective coefficient is presented 

as 
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The Fabry-Perot coefficient in the liquid crystal layer with a 

thickness of Sd  is ),( SLC dfFP , presented as 
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According to Figure 3-2 (b), the electric field of the THz wave 

transmitted through only substrates at a frequency f can be obtained as 
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where 3Wd  and 4Wd  are the thickness of the two reference substrate, 

and WWW inn ~  is the complex refractive index of air. The complex 

transmission coefficients AWt
~  and W At

~ , which indicate the complex 

amplitude transmittance at the air-window and window-air interfaces, 

respectively, are presented as 
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Here, d  is the total differential thickness between sample substrate 

and reference substrate. 

The complex transmittance of the sample is presented using Equation 

(3-1) and (3-5) as, 

    

  

 dndndndn
c

f
i

SLCSWWS

ddndndndn
c

f
i

SLCSWWS

ddnddndnddn
c

f
i

SLCSWWS

ref

i

ASASSW

SAWWSSWW

SAWWWSSWWW

edfFPtt

edfFPtt

edfFPtt

tE

tE
eT















~~~~2

~~~~2

~)(~~~2

LC)(

LC

),(
~~

),(
~~

),(
~~

)(

)(

'

4321

LC









  

    

    dnndnn
c

f
i

dd
c

f

SLCSWWS

AWSAS

AWSAS

e

edfFPtt























2

2

),(
~~

 (3-8) 



 

47 
 

where LCT  and LC  indicate the power transmittance and the phase 

shift, respectively. According to complex number calculation, we can 

convert the right part of Equation (3-8) into a point in the complex plane. 

The radius and angle of this point are presented as the power 

transmittance and phase shift, respectively. 

    

    dd
c

fN

m

m
c

dn
fi

m

SWSWWS

dnndnn
c

f
i

ertti

i

AWSAS
SS

AWSAS

N

m

m
c

SdSn
fi

m
SWSWWS

eerttT

eee

































































2

0

)2
~

(2
2

LC

2
~~~

arg

)(

~~~

0

)2
~

(2
2

LC

 (3-9) 

From Equation (3-9) the complex refractive index SSS inn ~  is 

derived as follows, 
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Most of the THz-TDS system is operated in the atmosphere at room 

temperature. The complex refractive index of air 1~ An  is assumed. 

Because of the N2 purged, the absorption coefficient 0~ A  is also 

assumed. 
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3-3 Results and discussions 

3-3.1 Optical constants of fused silica substrates 

In this work, two dimensions of thickness, nominal 1.0mm and 

3.0mm, of fused silica were utilized to design devices or to fabricate the 

NLC cells for optical constants measurement. In order to understand the 

properties of fused silica, the optical constants of the fused silica are 

characterized by THz-TDS system. Figure 3-3 shows the optical 

constants of nominal 1.0mm fused silica substrate (measured value, d = 

1.034 mm) in THz region. There is small ripple observed in the data. It is 

the Fabry-Perot effect that causes the fluctuation. For the thin fused silica, 

the reflection signal is close to the main signal. Therefore, it is difficult to 

cut off the reflection signal that the reflection signal affected the 

measured results. The refractive index and extinction coefficient of the 

1.0mm-thick fused silica in the range from 0.2 to 2.0 THz are, n = 1.950 

and  < 0.01, respectively.  

In order to cancel the Fabry-Perot effect, the optical constants are 

measured by using the thicker substrate. Figure 3-4 shows the optical 

constants of nominal 3.0mm fused silica substrate (measured value, d = 

3.175 mm). The refractive index and the extinction coefficient of the 

3.0mm-thick fused silica between 0.2 THz and 2.0 THz are, n = 1.955 

and  < 0.01. According to the spectrum of fused silica substrate, there is 

no any obvious absorption peak and the refractive index is constant 

between 0.2 THz and 2.0 THz. It shows fused silica is a good candidate 

for substrate in the THz experiment. 
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3-3.2 Optical constants of NLC E7 

 The NLC E7 is a mixture and has a large temperature range in 

nematic phase, from -10C to 61C. This characteristic makes NLC E7 a 

good material for practical applications [5-7]. We prepared a test cell 

which was well aligned with rubbing treatment. Figure 3-6 shows the 

photos of the test cell between a pair of crossed polarizers. The notation R 

represents the easy direction of the NLC E7, and it can be observed the 

brightness of the sample is uniform and the contrast is good. 

 The experimental method is mentioned as chapter 3-1, and we did the 

measurements at room temperature 24.5C. Figure 3-7 shows the 

complex refractive index of NLC E7 for o-wave and e-wave as red lines 

and black lines, respectively. The refractive indices of NLC E7 in the 

THz range from 0.2 THz to 2.5 THz for o-wave and e-wave are no=1.58 

and ne=1.71, respectively. As expected, the strong polarizability of the 

NLC in direction of the long molecular axis leads to a positive anisotropy 

(i.e. ne>no). The birefringence of NLC E7 is 0.13 in the THz range. The 

extinction coefficients of NLC E7 in this range for o-wave and e-wave 

are o=0.03 and e=0.01, respectively. The ordinary absorption is higher 

than the extraordinary absorption as THz waves oriented along the 

ordinary direction excite a broad torsional vibration mode located around 

5 THz [8]. There is no sharp resonance in 0.2 – 2.5 THz. Thus NLC E7 

exhibits large birefringence, small losses and broad temperature range, 

which are suitable for applications in THz range. 
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3-3.3 Optical constants of NLC MDA-00-3461 

 NLC MDA-00-3461 is a new material for Merck Company to replace 

the commercially used NLC E7. It has large temperature range (up to 

90C) in nematic phase. We prepared a test cell the same process with 

NLC E7 cell. Figure 3-8 shows the photos of the test cell between a pair 

of crossed polarizers. The notation R represents the easy direction of the 

NLC MDA-00-3461, and it can be observed the brightness of the sample 

is uniform and the contrast is good. 

 Figure 3-7 shows the complex refractive index of NLC 

MDA-00-3461 for o-wave and e-wave as red lines and black lines, 

respectively. The refractive indices of NLC MDA-00-3461 in the THz 

range from 0.2 THz to 2.0 THz for o-wave and e-wave are no=1.54 and 

ne=1.72, respectively, in the room temperature 24.5C. NLC 

MDA-00-3461 also has a positive anisotropy. The birefringence of NLC 

MDA-00-3461 is 0.18 in the THz range, which is larger than that of NLC 

E7. The extinction coefficients of NLC MDA-00-3461 in this range for 

o-wave and e-wave are smaller than 0.03, and o>e. The reason is the 

same with that of NLC E7. There is no sharp resonance in 0.2 – 2.0 THz. 

Thus NLC MDA-00-3461 also exhibits the characteristics of large 

birefringence, small absorptions and broad temperature range in THz 

range. 
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3-4 Summary 

In this chapter, we demonstrate the optical constants of the materials 

in THz range including the calculation principles and the experimental 

results. In this thesis, we utilize the fused silica substrate and NLC, E7 

and MDA-00-3461, for devices design. The knowledge of optical 

constants of these materials is important for devices design. The 

experimental results show the fused silica substrate has a small absorption 

in the investigating THz range. Moreover, the NLCs we use in this work 

have the characteristics of large birefringence and small absorption in this 

range. Thus, these materials are all suitable for THz science and 

applications. 
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Tables 

 

Table 3-1 NLC Data sheet from Merck Corp. 

Properties E7 MDA-00-3461 

Melting point  -10℃ -- 

Clearing point  61℃ 92℃ 

Optical anisotropy 

(20℃, 589nm) 

∆n 0.2246 0.2578 

ne 1.7462 1.7718 

no 1.5216 1.5140 

Dielectric anisotropy 

(20℃, 1 kHz) 

 

∆ε 13.8 11.2 

ε
∥

 19.0 15.6 

ε
⊥

 5.2 4.4 

Elastic constants 

(20℃) 

K
1
 11.10 pN 12.6 pN 

K
3
 17.10 pN 15.4 pN 

K
3
/K

1
 1.54 pN 1.22 pN 
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Figures 

 

 

Figure 3-1 Fundamental concept of complex refractive index 

measurement 
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Figure 3-2 THz beam path of (a) LC test cell, and (b) reference cell 
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Figure 3-3 Complex refractive indices of 1.0mm-thick fused silica 
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Figure 3-4 Complex refractive indices of 3.0mm-thick fused silica 
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Figure 3-5 Photographs of NLC E7 cell under crossed-polarizers with 

darkness-state and brightness-state 
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Figure 3-6 Complex refractive indices of NLC E7. Ordinary and 

extraordinary indices are shown as black and red lines, respectively. 
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Figure 3-7 Photographs of NLC MDA-00-3461 cell under 

crossed-polarizers with darkness-state and brightness-state 
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Figure 3-8 Complex refractive indices of NLC MDA-00-3461. Ordinary 

and extraordinary indices are shown as black and red lines, respectively. 
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Chapter 4 Manipulating Terahertz Wave  

by Nematic-Liquid-Crystal Based Grating 

Structure Devices 

Quasi-optical components for sub-millimeter or THz waves are in 

high demand due to the recent rapid progress in THz science and 

technology [1, 2]. Periodic structures such as gratings are commonly used 

to control electromagnetic waves. The use of gratings as couplers and 

filters was also investigated in THz range [3, 4]. On the other hand, 

gratings with liquid-crystal-enabled functionalities have been extensively 

studied as spectrometers, filters, beam splitters, and holographic optical 

elements for visible and microwave wavelengths [5-8]. Moreover, various 

tunable THz devices based on NLC, such as phase shifters and filters that 

are controlled either electrically or magnetically, have been demonstrated 

in our group [9-11]. 

In this chapter, we will demonstrate the NLC based periodic structure 

devices for manipulating the THz waves. These devices are ether 

electrically or magnetically controlled as beam splitter, phase shifter, or 

beam steerer. Performances of these devices are in good agreements with 

theoretical predictions. 
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4-1 Magnetically controlled phase grating 

This work presents for the first time a tunable NLC phase grating in 

the THz frequency range. The diffraction effect of the grating is 

magnetically switchable by changing the effective refractive index of the 

NLC. 

 

4-1.1 Diffraction theory 

A generic binary phase grating is sketched in Fig. 4-1. It contains 

alternate sections of two materials with different refractive indices. The 

electric fields of electromagnetic waves that pass through materials 1, 2 

and the total field E detected at an angle of θ from the incident beam can 

be written as, 
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where E0 is the amplitude of the incident electric field,  is the diffraction 

angle, k is the wave number of the electromagnetic wave in free space, h 

is the width of each material, d is the thickness of the grating, and n1+i1 

and n2+i2 are complex refractive indices of materials 1 and 2, 

respectively.  

For an ideal phase grating, the diffraction efficiency of the m-th order 

diffracted wave, defined as the intensity ratio of the diffracted beam to 

that of the incident beam, is given by, 
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where  is the y-dependent phase shift of the grating for one grating 

period of  [12]. Following Ref. 6, we can write 
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where  is the relative phase difference between two adjacent domains 

in the phase grating. For   = (2n+1) (n = integer), the diffraction 

efficiencies of the odd orders (m = 1, 3, 5,…) are maximal. Equation 

(4-3) reveals that the diffraction efficiency of the 3
rd

 order 3 = 4.5% is 

nine times smaller than that of the 1
st
 order 1= 40.5%. Therefore, we 

will only consider the 0
th

 and 1
st
 orders of the diffracted beam in this 

work. Equations (4-2) and (4-3) were used as a guide for designing 

parameters of the grating. Because only a finite number of grooves are 

fabricated instead of the infinite number of elements assumed in Eqs. (4-2) 

and (4-3), experimentally observed efficiencies are expected to be 

smaller. 

 

4-1.2 Experimental method and setups 

A. Sample preparation 

Figure 4-2 illustrates schematically our experimental setup and 

structure of the LC phase grating, which was designed such that the 1
st
 

order diffraction efficiency would be highest around 0.3 – 0.5 THz. 
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Parallel grooves having a period of 2.0 mm, a width of 1.0 mm, and a 

groove-depth of 2.5 mm were fabricated on a 10.0 mm thick fused silica 

substrate, for which the refractive index is 1.95 in the THz frequency 

region (0.2 – 0.8 THz). The grooves were filled with the NLC E7, and 

sealed with a sheet of Teflon. 

The dimensions of the grating were designed to have the maximum 

range of adjustment for the beam splitting ratio at 0.3 THz. Since E7 is a 

birefringent material with positive magnetic susceptibility anisotropy, the 

molecules tend to be aligned parallel to the direction of the applied 

magnetic field. The applied magnetic field in this work was ~ 1800 G, 

much higher than the threshold field for reorienting the LC, Hc ~ 100 G. 

We can thus assume that the average direction of LC molecules are 

reoriented parallel to the magnetic field direction. The incident THz beam 

was polarized along the y-direction in our setup. The refractive index of 

E7 could thus be switched from the value for the o-wave (THz field 

polarized perpendicular to H, no=1.58) to that for the e-wave (THz field 

polarized parallel to H, ne=1.71) by changing direction of the magnetic 

field from the z-direction to the y-direction. The corresponding imaginary 

indices are o (0.03) to e (0.01). A block of fused silica identical in 

dimension to that of the grating with a Teflon sheet was prepared as the 

reference.  The data presented below, were obtained at room temperature 

230.5C. 

 

B. Experimental setups 

Two THz investigating setups were used to characterize the 
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diffraction effect of the device. THz-TDS was utilized to measure the 

frequency dependant 0
th

 order diffraction spectra of the device. A pair of 

parallel wire-grid polarizers (Specac, No. GS57204) was placed before 

and after the device under test.  

In the second set of experiments, the broadband THz signal was 

filtered by a metallic hole array (MHA) to yield a narrow-band THz (0.3 

THz) beam [13]. The diffraction pattern of this beam by the grating with 

various NLC orientations is detected and mapped by a 

liquid-helium-cooled Si bolometer, which is 20 cm away from the device 

and located on a rotation arm that can be swung with respect to the fixed 

grating. The bolometer has an aperture about 2.5 cm in diameter. 

 

4-1.3 Results and discussions 

A. THz-TDS measurement results 

In Fig. 4-4, we present waveforms of the 0
th

 order diffracted THz 

pulses transmitted through the phase grating for both extraordinary and 

ordinary waves and that of the reference (black, red, and blue curves). An 

oscillating component can be seen arriving 1.9 ps and 3.1 ps before the 

main pulse for extraordinary and ordinary waves, respectively. This is 

attributed to the propagation time difference between the waves through 

fused silica and LC. The calculated times, nd/c,  where n is the 

difference of the refractive indices between fused silica and LC, d is the 

groove depth, and c is the speed of light in vacuum, are 2.0 ps and 3.1 ps, 

respectively. They are very close to the experimentally observed time 
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difference.  

Applying fast Fourier transform algorithms to time domain 

waveforms and normalizing the diffracted signals for e-ray and o-ray with 

respect to that of the reference, we are able to determine the 

corresponding diffraction efficiencies,, in the frequency domain (see Fig. 

4-5). The solid and dashed lines are theoretical curves calculated using Eq. 

(1) for the ordinary and extraordinary waves, respectively. The 

experimental data were in good agreement with the predictions by 

classical diffraction theory, i.e., Eq. (1). Figure 4 clearly demonstrated 

that the diffraction efficiency was highest at the frequency of 0.3 THz, 

according to our design. For ordinary wave at 0.3 THz, the phase 

difference  between fused silica and E7 was close to 2. Therefore, the 

transmission of the grating was higher and the diffraction efficiency was 

0.37. The THz wave was mainly concentrated in the 0
th

 order. In contrast, 

the phase difference  is close to  for extraordinary waves. The 

diffraction efficiency was 0.10 for the 0
th
 order, because the THz wave 

was mostly diffracted into the 1
st
 order. A straightforward analysis of the 

spectral phase was also performed. It does not shed further light on 

operation of the device. 

 

B. Diffraction profile measurement results 

A liquid-helium-cooled Si bolometer was employed to trace the 

angular distribution of the diffracted THz beam by the LC phase grating. 

In these experiments, the broadband THz pulse was filtered by the MHA 

(a 0.5 mm-thick aluminum plate perforated with circular holes arrayed in 
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a triangular lattice of lattice constant s = 0.99 mm and the diameter of 

each hole, l = 0.56 mm) as a filter to yield a quasi-monochromatic wave 

centered at 0.3 THz with a line width of 0.03 THz [13].  

Figure 4-6 illustrated the diffracted intensity profiles of the 0.3 

THz-beam polarized in the y-direction. The measured diffraction 

efficiencies for 0
th

 and 1
st
 orders were 0.43 and 0.08 for o-ray, 0.13 and 

0.23 for e-ray, respectively. These were also in good agreement with the 

theoretical estimate, taking into account of the finite dimension of the 

grating and acceptance angle of the bolometer. The acceptance angle of 

3 associated with the detection area of the bolometer was considered 

and the result predicted by Eq. (4-1) adjusted accordingly.  

A diffraction maximum was detected at  = 30, which corresponded 

to the 1
st
 order diffracted beam that was predicted by the grating equation. 

As mentioned in the preceding paragraph, when the phase difference  

was close to 2, most of the THz signal propagated in the direction of the 

0
th

 order diffraction if the refraction index of E7 was no. Experimentally, 

we found the diffraction efficiencies were 0.43 and 0.08 for the 0
th

 and 1
st
 

orders diffracted beams, respectively. When the phase difference  was 

close to , the refractive index of E7 was ne and the THz wave mostly 

propagated as 1
st
 order diffracted beam. The diffraction efficiencies were 

0.13 and 0.23 for the 0
th

 and 1
st
 orders diffracted beams, respectively. The 

grating thus served as a variable beam splitter. Rotating the magnetic field 

direction enabled the beam splitting ratio between the 0
th

 and 1
st
 orders 

diffracted beams to be tuned from 4:1 to 1:2. 

If the THz beam was linearly polarized in any other direction, the 
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phase grating also showed the potential for operating as a switchable 

polarizing beam splitter. Figure 4-7 shows the experimental results 

measured using the same setup as described above as well as the 

theoretical curves. The polarization of the incident 0.3 THz-beam was set 

by rotating the wire-grid polarizer before the grating to an angle of 45 

with respect to the y-direction while the magnetic field remained in the 

y-direction. The transmitted y-polarized THz beam propagated mostly as 

the 1
st
 order diffracted beam, while the z-polarized THz wave mostly 

propagated as the 0
th

 order diffracted beam. When the applied magnetic 

field was switched to that along the z-direction, the diffraction patterns of 

the above two polarized THz waves were interchanged. 

 

4-1.4 Summary 

In summary, a magnetically controlled tunable LC phase grating for 

manipulating the THz wave at room temperature was demonstrated. The 

waveform of the broadband THz wave was modified in the time-domain 

and the spectral transmittance could be varied in the frequency-domain. 

The splitting ratio of the diffracted THz-beam (0.3 THz) polarized in a 

direction perpendicular to that of the grooves of the grating could be 

tuned from 4:1 to 1:2. Additionally, when the THz wave was polarized in 

any other direction, this device had the potential to operate as a polarizing 

beam splitter. 
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4-2 Electrically controlled phase grating 

In this work, we proposed and demonstrated an electrically controlled 

phase grating using NLC for THz waves. Performance of the device is in 

good agreement with theoretical predictions. For practical application, the 

insertion loss of the device should be as low as possible. We also 

discussed how to lower the insertion loss of the devices in detail. 

 

4-2.1 Experimental method and setups 

 Figure 4-8 is the schematic structure of the electrically controlled 

THz phase grating. The incident THz wave is polarized in the y-direction. 

Orientations of the LC molecules for two possible configurations are also 

shown. The device is designed such that the zeroth-order diffraction 

efficiency would be highest in the band around 0.3 – 0.5 THz, which is 

the most distinguishable region for photoconductive antenna made of 

LT-GaAs.  

Parallel grooves having a period of 2.0 mm, a width of 1.0 mm, and a 

groove-depth of 2.5 mm are fabricated by stacking Indium Tin Oxide 

(ITO) coated fused silica substrates, for which the refractive index is 1.95 

in the sub-THz frequency region (0.2 – 0.8 THz). The surfaces of the 

fused silica substrates are coated with polyimide (PI, SE-130B by Nissan), 

and then rubbed for homogenous alignment. The grooves are filled with 

the NLC E7 and sealed with a sheet of fused silica coated with DMOAP. 

At room temperature, E7 is a birefringent material with positive dielectric 
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anisotropy. Its molecules tend to be aligned parallel to the direction of the 

applied electric field when the applied voltage is larger than the threshold 

voltage. The effective refractive index of E7, neff, can be tuned from the 

value for the ordinary refractive index (no =1.58) to that for the 

extraordinary refractive index (ne =1.71) by varying the applied voltage. 

To simplify handmade sample constitution, previously, we use larger 

substrates to fabricate the device. A stack of ITO-coated fused silica 

plates identical in dimension to that of the grating was prepared as the 

reference. Later, for analyzing the insertion loss, another phase grating 

was fabricated with smaller fused silica substrates. 

We utilized apparatuses the same with that in the experiment of 

magnetically controlled phase grating to characterize the properties of the 

electrically controlled phase grating. 

 

4-2.2 Insertion loss analysis 

To estimate the insertion loss of the THz grating, we regarded this 

device as stacked parallel-plate waveguides. Considering the ITO 

conductive film is not a perfect conductor and the way we excited the 

waveguide, we can assume TM mode propagation. The cutoff frequency 

of parallel-plate can be written as
nl

c
fc

2
 , where c is the velocity of light, l 

is the distance between two conductive layers, and n is the refractive 

index of the dielectric material within the waveguide. The respective 

attenuation constants c and d corresponding to conductor loss and 

dielectric loss can be given by [14, 15] 
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where f is the frequency,  is the permittivity of the dielectric material, c 

is the conductivity of the electrode, tan is the loss tangent, and r is the 

relative permittivity of the dielectric material. For practical use, the 

insertion loss should be as low as possible. Two different base dimensions 

of the sample (h1=17.5 mm and h2=7.5 mm) are prepared to analyze the 

loss caused by the base. 

4-2.3 Results and discussions 

A. THz-TDS measurement results 

The zeroth-order diffracted THz pulses transmitted through the phase 

grating for both ordinary and extraordinary waves, (black and red curves), 

are shown in Fig. 4-9 (a). For comparison, we also plotted the incident 

and the transmitted THz waveforms through the reference (the blue and 

cyan curves). The signals that passed through the reference and the device 

are 3 times magnified in Fig. 4-9 (a).  

Figure 4-9(a) clearly shows oscillating components arriving 3.0 ps and 

1.9 ps before the main pulse for ordinary and extraordinary waves, 

respectively. These are attributed to the propagation time difference 

between the waves through fused silica and NLC. The calculated times, 

nd/c, where n is the difference of the refractive indices between fused 

silica and NLC, d is groove depth and c is the speed of light in vacuum, 

are 3.1 ps and 2.0 ps, respectively. These are very close to the 
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experimental observed time difference. The spectral characteristics for all 

cases discussed in Fig. 4-9 (a) are illustrated in Fig. 4-9 (b). 

The diffraction efficiencies, , in the frequency domain can be 

determined by normalizing the diffracted signals in the frequency domain 

with respect to that of the reference. A finite-difference time-domain 

(FDTD) algorithm (RSoft Design Group, Inc.) is employed to simulate 

the diffraction of THz waves transmitted through the device as shown in 

figure 4-10 (a). In the FDTD simulation, the size of the grid is 10m  

10m while the time step is 1.6710
-14

 s. Figure 4-10 (b) shows the 

experimentally determined diffraction efficiencies as a function of 

frequency with the device operating at 0, 15, 20, and 90 V. The FDTD 

simulation and experimental results are in general agreement. There are, 

however, some discrepancies in efficiencies and peak positions. This is 

acceptable, as the thickness of the fused silica plates in the grating 

assembly varies by 0.1 mm. Further FDTD simulations show such 

variations could change efficiencies by 0.1 and the peak positions by 0.02 

THz. 

The experimental diffraction efficiency is highest near 0.3 THz, in 

agreement with the designed frequency. For ordinary wave at 0.3 THz, 

the phase difference between fused silica and E7 is close to 2. Therefore, 

the transmission of the grating is higher. The THz wave is mainly 

concentrated in the zeroth-order. In contrast, the phase difference is close 

to  for extraordinary waves. The diffraction efficiency is smaller for the 

zeroth-order, because the THz wave is mostly diffracted into the first 

order.  
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There is a little shift between experimental results and simulations. 

We suppose this disagreement attributes to the misassembling of 

handmade devices. The phase grating is designed to have alternate 2.5mm 

thick fused silica and LC layers. We estimate that there is about 0.1mm 

misassembling of the grating because the prepared substrates are 

non-uniform and have about 0.1mm deviation. It can shift the efficiency 

about 0.1 and the maximum position can also be shifted about 0.02 THz. 

Figure 4-11 (a) and (b) show diffraction efficiency curves for the 2.4, 2.5, 

and 2.6mm thick grating calculated by FDTD soft for o-wave and e-wave, 

respectively. Randomly arrangement within 0.1mm deviation for 

simulating sample misassembling is also shown in figures. The shifts of 

the curves are clear. Therefore, we suppose the experimental results are 

reliable. 

The periodic arranged ITO film can be considered as a wire-grid 

polarizer. Only the THz wave polarized perpendicular to the grooves can 

pass through the electrically-tuned phase grating. The extinction ratio is 

100:1 at 0.3 THz. 

 

B. Diffraction profile measurement 

Figure 4-12 illustrates the intensity profiles of the diffracted 

0.3-THz-beam polarized in the y-direction. A diffraction maximum is 

detected at  = 30, which corresponds to the first order diffracted beam 

that is predicted by the grating equation. The measured diffraction 

efficiencies for zeroth- and
 
first-orders are also in good agreement with 

the theoretical values predicted by Eq. (4-1), taking into account the finite 
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dimension of the grating and acceptance angle of the bolometer (3). 

When the E7 molecules are aligned such that the refractive index is 

no, the phase difference is close to 2. Most of the THz signal propagates 

in the direction of the zeroth-order diffraction. Experimentally, we find 

the diffraction efficiencies are 0.62 and 0.06 for the zeroth- and 

first-orders, respectively. On the other hand, when the E7 molecules are 

aligned such that the refractive index is ne, the phase difference is close to 

. The THz wave propagates mostly as the first-order diffracted beam. 

The diffraction efficiencies are 0.18 and 0.25 for the zeroth- and 

first-orders, respectively. The grating would then function as a variable 

beam splitter. Varying the applied voltage, the beam splitting ratio of the 

zeroth- to the first-orders can be tuned from 10:1 to 1:1. 

 

C. Insertion loss analysis 

Figure 4-13 shows the diffraction efficiency of the device obtained 

by normalizing the diffracted signals for o-ray and e-ray with respect to 

that of air. The experimentally measured diffraction efficiency for o-ray 

at 0.3 THz is about 0.07. The diffraction efficiency for o-wave at 0.3 THz 

predicted by classic diffraction theory or evaluated by FDTD simulation 

are about 0.45. The loss of the device is thus -8.0 dB for o-wave at 0.3 

THz. Similarly, the diffraction efficiency for e-wave at 0.5 THz is about 

0.046, as opposed to theoretical prediction is about 0.45. The loss value 

of the grating for e-wave at 0.5 THz is therefore -10 dB. Another shorter 

grating device in the base (h=7.5mm) is prepared to compare the effect of 

insertion loss. The diffraction efficiency of the shorter device obtained by 
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normalizing the diffracted signals for o-wave and e-wave with respect to 

that of air are shown in fig. 4-13 (b). The diffraction efficiency of the 

shorter device is obviously higher than the larger one. The experimentally 

measured diffraction efficiency for o-wave at 0.3 THz is about 0.11, and 

the loss is -6.1 dB. The diffraction efficiency for e-wave at 0.5 THz is 

about 0.083, and the loss value is -7.4 dB. 

The resistivity of ITO is 1.5  10
-6

 m, thus  = 6.7  10
5
 S/m [16]. 

The parameters of fused silica and LC with different diffractive index at 

the frequency of 0.2-0.8 THz are shown in Table 4-1. Following eq. (4-4), 

the estimated loss value can be obtained. For larger grating device 

(h=17.5mm), the total loss for o-wave at 0.3 THz and for e-wave at 0.5 

THz are estimated -9.0 dB and -13 dB, respectively. Similarly, for shorter 

grating device (h=7.5mm), the total loss for o-wave at 0.3 THz and for 

e-wave at 0.5 THz are estimated -5.5 dB and -6.9 dB, respectively. Table 

4-2 shows the estimated and measured results in details. The discrepancy 

could be due to finite collection efficiency of the detection system and 

misassembling of the sample structure. As the experimental results, by 

decreasing the thickness of fused silica plates in the base of the device, 

the insertion loss can be reduced to lower. 

 

D. Response of device 

For NLC devices utilizing, the response time of the device may be 

concerned. The turn-on and turn-off times are measured by monitoring 

the pulse signal (electric field) variation in time domain with THz-TDS. 

The signal profiles in time domain are shown in Fig. 4-14 which also 
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demonstrates the monitoring position of THz-TDS for the response time 

measurement. Figure 4-15 (a) and (b) show the normalized power as 

functions of time for driving voltage at voltage-on and voltage-off states, 

respectively. We defined that rising time is the duration of driving voltage 

turned on to the power reduced to 37% of the maximum. Falling time is 

the duration of driving voltage turned off to the power increased to 63% 

of the maximum. The rising and falling times of the grating are about 23 

and 290 seconds, respectively. The phase grating does not have fast 

response because of the thick LC layer. As a result, the present device is 

not suitable for applications that require fast modulation. Instead, the 

device is excellent for instrumentation or apparatus that require, e.g., a 

fixed beam splitting ratio with occasional fine tuning. 

 

4-2.4 Summery 

In this work, we successfully demonstrated the electrically controlled 

liquid-crystal-based phase grating for manipulating the terahertz waves. 

This device can be utilized as a tunable terahertz beam splitter and its 

beam splitting ratio of the zeroth- to the first-order diffractions can be 

tuned from 10:1 to 1:1. The finite-differential time-domain simulation 

was used to investigate the diffraction effect of the phase grating. The 

experimental and simulation results were in general agreement. The 

signal losses of this device were also discussed and the insertion loss can 

be reduced by decreasing the thickness of fused silica plates in the base of 

the device. The phase grating does not have fast response because of the 

thick LC layer. As a result, the present device is not suitable for 
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applications that require fast modulation. Instead, the device is excellent 

for instrumentation or apparatus that require, e.g., a fixed beam splitting 

ratio with occasional fine tuning. 

 

4-3 Electrically controlled beam steerer 

 Recently, the development of a reconfigurable antenna, which can 

electrically steer radiation beams or vary beam shapes, are interesting due 

to the emergence of many applications, such as adaptive wireless and 

satellite communication networks and automobile radar systems [17, 18]. 

The concept of beam steering using the LC to construct the phase array in 

millimeter wave range has been reported [14]. In this work, we utilize the 

NLC MDA-00-3461 (Merck) to construct an electrically tunable phase 

shifter array device to modulate the phase of THz beam. By applying 

different voltages on each part of the phase array, we can yield a gradient 

phase shift. Therefore, the incident THz wave can be steered towards a 

selected direction. 

 

4-3.1 Experimental principles 

We designed the THz beam steerer as an electrically tunable phase 

shifter array. Figure 4-16 shows the structure of the phase shifter array, 

which is constructed by alternately stacking a number of NLC layers and 

electrodes. Voltage sources are connected to the electrodes to apply 

control voltages to each NLC layer. The effective refractive index, neff(V), 

of NLC of each layer can be electrically tuned by applying voltage. The 
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polarization of the THz wave was along z-direction and the wave was 

normally incident to the device. The way we designed how the device 

worked was that when no voltage was applied, the NLC molecules are 

aligned along the y-direction, the effective refractive index equals to 

ordinary component no. While sufficient control voltage is applied, the 

NLC molecules orientate toward to the direction parallel to the 

polarization of THz wave (z-direction), or the effective refractive index 

equals to extraordinary component ne. The traversing time, which the 

THz wave takes to pass through the NLC layers, can be changed by 

applying voltages. The corresponding phase shift (V) in the applying 

voltage V is given by 

                  ∆ϕ V = kd(no - neff(V)),               (4-5) 

where k is the wave number in free space and d is the propagation length 

of the NLC layer. When a certain phase gradient was created across the 

aperture of the device by adjusting the phase shift in each NLC layer, the 

wavefront of the transmitted wave was inclined against the aperture. 

According to the limited voltage source channels, we divided two NLC 

layers as a block. The steering angle  can be determined by the aperture 

size A and the optical length delay d between the top NLC block and the 

bottom NLC block. The optical length delay d was according to the 

phase shift between the top and bottom NLC blocks max. Therefore, the 

relationship between steering angle , optical length delay d, and the 

phase shift max, was shown in Fig. 4-16 (a), and can be written as, 

                                      Δd = 
Δϕmax

2π
, and tanθ = 

Δd

A
.                     (4-6) 

where  is the corresponding wavelength of THz wave. 
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Accordingly, the THz wave can be steered by the control voltage. 

The phase shift i in the certain ith NLC block, in our case can be 

written as, 

                    Δ𝜙𝑖 =  i-1 k(2h)tan𝜃,            (4-7) 

where 2h was the thickness of the ith NLC block, and  was the steering 

angle against the normal of the aperture. We can see the construction of 

the device in Fig. 4-16 (b), in which each NLC block includes two NLC 

layers and two electrodes. 

 

4-3.2 Experimental method and setups 

A. Sample preparation 

We used the 550-m-thick Teflon sheet as the spacer and the 

100-m-thick copper foil as the electrode. The copper foil was coated 

with PI Nissan SE-130B on both sides and rubbed for homogeneous 

alignment along y-direction before applying the voltage. The 18 NLC 

layers and 19 electrodes were stacked up alternately. The total thickness 

of the device was 12.1mm, which corresponded to the size of the aperture, 

A, along z-direction. The size of the aperture along x-direction was 

designed to be 20.0mm, and the propagation length, d, of the THz wave 

was designed to be 10.0mm. Control voltage sources connected to the 

electrodes provided 1kHz-sinusoidal waves to the NLC layers.  

According to the data sheet as shown in Tab. 3.1, the threshold 

voltage Vc can be estimated by Vc= (k/0)
1/2 

=1.20 Vrms. The complex 

refractive indices of NLC MDA-00-3461 for ordinary and extraordinary 

in THz range are no=1.54, ne=1.72, o=0.03, and e=0.01, respectively. At 
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a frequency of 0.3 THz, the estimated maximum phase shift applied to a 

propagation wave passing through NLC layer would be 11.31 rad, which 

is calculated by Eq. 4-5 and the refractive indices of NLC MDA-00-3461. 

The maximum steering angle was estimated to be approximately 9 from 

Eq. (4-7) taking the maximum phase shift and aperture size into account. 

 

B. Experiment setups 

The constructed THz beam steerer was characterized by THz-TDS 

for phase shift measurement. For THz beam steering, we improved the 

THz-TDS for movable detecting part to measure the steered THz signal. 

We used a 1m-long single mode fiber (F-SF-C-1FC, from Newport Corp.) 

to guide the femtosecond laser directly to the detecting antenna, and the 

optical length was fixed when the detecting part was moved. The 

schematic diagram of the setup is shown in Fig. 4-17. The detecting part 

was 20 cm away from the sample and located on a rotation arm that can 

be swung with respect to the fixed sample. The laser pulse would be 

broader due to the dispersion in the fiber, and the detected THz pulse 

became broader in time domain as shown in Fig 4-18. In the frequency 

domain, the THz bandwidth became narrower and the detected signal was 

mainly below 1THz as shown in Fig.4-19. It has been reported that the 

frequencies below 0.5THz are almost independent of the optical pulse 

widths, THz frequency spectra above 0.5THz change markedly with the 

excited pulse width which is irradiated to the detector [19]. The improved 

THz-TDS can detect the steered THz pulse and the cost can be lower than 

that of using liquid-helium-cooled Si bolometer. 
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4-3.3 Results and discussions 

A. Sample test 

Before injecting NLC in the sample, the structure of the device was 

similar with wire-grid polarizer, and we measured its transmitted signal 

with THz-TDS. We defined the S-state and P-state as the polarization of 

THz wave was perpendicular or parallel to the electrodes, respectively. 

As prediction, the grating structure worked as a wire-grid polarizer and 

the most signal can pass through the device in S-state, but not in P-state. 

The construction of the experiment and the transmitted spectra are shown 

in Fig. 4-20. Figure 4-21 shows the extinction ratio as the function of 

frequency. 

 

B. Phase shift 

The phase shift against the control voltage was measured under 

conditions where control voltages were applied equally to all NLC layers. 

Figure 4-22 shows the THz pulses in time domain. It is obviously that the 

pulses delay increase as applying voltages increased, as the NLC 

molecules re-orientate gradually from ordinary to extraordinary refractive 

index. Applying FFT analysis, the phase shift as a function of frequency 

is shown in Fig. 4-23. The phase shift increased with increasing applying 

voltages. Figure 4-24 plots the phase shift at 0.3 THz as a function of the 

control voltage. Above the threshold voltage, as the prediction, 1.20 Vrms, 

the phase shift increases as the applying voltage increases. The maximum 

phase shift reached approximately 11.24 rad. This value is in close 

agreement with the calculated value. 
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C. Beam steering 

We measured the beam steering characteristics with the improved 

THz-TDS. Although the applying voltage should be adjusted layer-by 

layer for beam steering, only 9 control voltages was applied to each NLC 

block consisting 2 NLC layers. As phase shift i in each NLC block 

needed for beam steering is given by Eq. (4-6), the control voltage 

corresponding to phase shift can be determined from the experimental 

results in Fig. 4.23, and are shown in Table 4-3. 

The experimental results including the radiation pattern at =0 are 

shown in Fig 4-25 in the time domain. Figure 4-25 (a) shows the THz 

signal before transmitted to the device, and (b) and (c) show the THz 

signal transmitted the device with ordinary and extraordinary refractive 

indices at =0, respectively. The main beam was steered in the direction 

of = 8.5 as the control voltages were varied to yield the phase gradient 

as shown in (d). The signal vanishes as we removed the device as shown 

in (e). Applying FFT analysis, the corresponding THz spectra in 

frequency domain are shown in Fig 4-26. According to the results, the 

device can steer the broadband THz signal mainly under 0.5THz.  

 

4-3.4 Summary 

 We demonstrated a grating structure phase shifter array that can be 

the THz shifter and THz beam steerer. An improved THz-TDS was 

constructed for characterizing the properties of the device. The improved 

THz-TDS has movable detecting part, which can detect the THz signal at 

various positions. It can detect the THz pulse directly and can be more 
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convenient and lower cost than that using the liquid-helium-cooled Si 

bolometer.  

For phase shift, applying the controlled voltages equally on the NLC 

layers of the device to vary the refractive index of NLC can shift the 

phase of THz signal. For beam steering, the broadband THz signal below 

0.5 THz can be steered to the direction that has 8.5 with respect to the 

incident beam as the control voltages were varied to yield the phase 

gradient. The experimental results are in good agreement with theoretical 

predictions. 
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Tables 

Table 4-1. Parameters of the fused silica and NLC E7 

Material Fused silica E7 (no) E7 (ne) 

r 3.80 2.50 2.92 

i 0.008 0.095 0.041 

tan 0.0021 0.038 0.014 

 

 

Table 4-2. Insertion loss of phase grating 

Phase grating h=17.5mm h=7.5mm 

Driving voltage 0V (no) 

At 0.3THz 

90V (ne) 

At 0.5THz 

0V (no) 

At 0.3THz 

90V (ne) 

At 0.5THz 

(Estimated) 

Conductor loss 

Dielectric loss 

Total 

 

4.7 dB 

4.3 dB 

9.0 dB 

 

7.8 dB 

4.9 dB 

13 dB 

 

2.3 dB 

3.2 dB 

5.5 dB 

 

3.8 dB 

3.1 dB 

6.9 dB 

Measured value 8.0 dB 10 dB 6.1 dB 7.4 dB 

 

 

Table 4-3 Control voltage and corresponding phase shift at 0.3 THz 

  

Applied Voltage (Vrms) 

Phase shift (rad)  

at 0.3 THZ 

V1 0 0 

V2 1.32  1.41  

V3 1.44  2.81  

V4 1.57  4.22  

V5 1.77  5.62  

V6 2.18  7.03  

V7 2.96  8.43  

V8 2.88  9.84  

V9 28.80  11.24  



 

83 
 

Reference 

[1] P. Goldsmith,"Quasi-optical techniques,” Proc. IEEE, 80, 1729, 1992. 

[2] M. Tonouchi, “Cutting-edge terahertz technology,” Nature Photonics, 

1, 97, 2007.  

[3] F. Garet, J. –L. Coutaz, M. Narzarov, E. Bonnet, O. Parriaux, and G. 

Racine, “THz time-domain spectroscopy study of grating couplers and 

segmented grating filters,” Digest of Joint Int. Conf. on Infrared and 

Millimeter Waves and Terahertz Electron., 181, 2004. 

[4] R. Kersting, G. Strasser and K. Unterrainer, “Terahertz phase 

modulator,” Electron. Lett., 36, 1156, 2000. 

[5] J. Chen, P. J. Bos, H. Vithana, and D. L. Johnson, “An 

electro-optically controlled liquid crystal diffraction grating,” Appl. Phys. 

Lett., 67, 2588, 1995. 

[6] Jae-Hong Park, Chang-Jae Yu, Jinyool Kim, Sung-Yeop Chung, and 

Sin-Doo Lee, “Concept of a liquid-crystal polarization beamsplitter based 

on binary phase gratings,” Appl. Phys. Lett., 83, 1918, 2003. 

[7] Fuzi Yang, and J. R. Sambles, “Microwave liquid-crystal variable 

phase grating,” Appl. Phys. Lett., 85, 2041, 2004. 

[8] F. Vita, A. Marino, V. Tkachenko, G. Abbate, D. E. Lucchetta, and F. 

Simoni, “Visible and near-infrared characterization and modeling of 

nanosized holographic-polymer-dispersed liquid crystal gratings,” Phys. 

Rev. E, 72, art.  011702, 2005. 

[9] Hsin-Ying. Wu, Cho-Fan Hsieh, Tsung-Ta. Tang, Ru-Pin Pan, and 

Ci-Ling. Pan, “Electrically Tunable Room-Temperature 2 Liquid Crystal 



 

84 
 

Terahertz Phase Shifter,” IEEE Photon. Technol. Lett., 18, 1488, 2006. 

[10] Chao-Yuan Chen, Cho-Fan Hsieh, Yea-Feng Lin, Ci-Ling Pan, and 

Ru-Pin Pan, “Liquid-crystal-based terahertz tunable Lyot filter,” Appl. 

Phys. Lett., 88, art. 101107, 2006. 

[11] Chao-Yuan Chen, Cho-Fan Hsieh, Yea-Feng Lin, Ru-Pin Pan, and 

Ci-Ling Pan, “Magnetically tunable room-temperature 2 liquid crystal 

terahertz phase shifter,” Opt. Exp., 12, 2625, 2004. 

[12] Joseph W. Goodman, “Introduction to Fourier Optics,” 2nd ed., 

McGraw-Hill, 1996. 

[13] Ci-Ling Pan, Cho-Fan Hsieh, Ru-Pin Pan, Masaki Tanaka, Fumiaki 

Miyamaru, Masahiko Tani, and Masanori Hangyo, “Control of enhanced 

THz transmission through metallic hole arrays using nematic liquid 

crystal,” Opt. Exp., 13, 3921, 2005. 

[14] H. Kamoda, T. Kuki, H. Fujikake, and T. Nomoto, “ Millimeter-wave 

beam former using liquid crystal,” Proc. 34
th

 European Microwave Conf., 

Amsterdam, Netherlands, 1141, 2004. 

[15] David K. Cheng, “Field and Wave Electromagnetics,” 1
st 

ed., 

Addison-Wesley, 1983. 

[16] Adrian Dobroiu, Masatsugu Yamashita, Yuichi N. Ohshima, 

Yasuyuki Morita, Chiko Otani, and Kodo Kawase, “Terahertz imaging 

system based on a backward-wave oscillator,” Appl. Opt., 43, 5637, 2004. 

[17] H. Tsuji and M. Mizuno, “Applications of adaptive array antenna in 

mobile communications,” IEJCE Trans. Fundamentals (Japanese Edition), 

J82-A, 779, 1999. 

[18] S. Tokoro, K. Kuroda, A. Kawakube, K. Fujita, and H. Fujinami, 



 

85 
 

“Electronically scanned millimeter-wave radar for pre-crash safety and 

adaptive cruise control system,” Proc. 4
th

 Intelligent Vehicles Symp., 304, 

2003. 

[19] R. Inoue, T. Ohno, and M. Tonouchi, “Development of 

Fiber-Coupled Compact Terahertz Time-Domain Spectroscopy Imaging 

Head,” Jpn. J. Appl. Phys., 45, 7928, 2006. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

86 
 

Figures 

 
Figure 4-1 Schematic of a generic binary phase grating 

 

 

 

 

 
Figure 4-2 (a) Experimental setup; H: magnetic field, MHA: metallic hole 

array used as narrow band filter. (b) Structure of the LC phase grating; 

dimensions are shown. Another substrate (not shown) is on the top. 
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Figure 4-3 Construction of setup for grating diffraction profile 

measurement 

 

 

Figure 4-4 Temporal profiles of the 0th order diffracted THz pulses 

through the phase grating and that of a reference sample. The inset 

presented the magnified view for extraordinary and ordinary waves. 
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Figure 4-5 Diffraction efficiencies of the 0th order as a function of 

frequency. The solid and dashed lines are theoretical curves for ordinary 

and extraordinary waves. The open and the closed circles represented 

experimental result 

 

 

 



 

89 
 

0 10 20 30 40 50
0.0

0.1

0.2

0.3

0.4

0.5

 1
st

 

 

 (deg.)

 n
e

 n
o

 n
e
 (Theoretical)

 n
o
 (Theoretical)

0
th

 

Figure 4-6 Diffraction efficiencies as a function of diffraction angle () 

for the 0.3 THz-beam. The grating operated as a variable beam splitter for 

the 0
th

  and 1
st
 orders diffracted beams. 
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Figure 4-7 Polarization beam splitting using the LC phase grating. (a) 

Magnetic field was in the y-direction. (b) Magnetic field was in the 

z-direction.  
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Figure 4-8 Schematic structure of the electrically controlled THz NLC 

phase grating. The dimensions of the structure are shown. P: polarization, 

ITO: Indium Tin Oxide, PI: polyimide, Vth: threshold voltage. Two 

different base dimensions of the sample, h1=17.5mm and h2=7.5mm, are 

prepared to analyze the loss caused by the base. 
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Figure 4-9 Time-domain (a) and spectral-domain (b) characteristics of the 

device. Explanations of the various curves are given in the text.  
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Figure 4-10 (a) FDTD simulation and (b) Experimental results of the 

frequency dependence of the 0
th

 diffraction efficiencies of the phase 

grating operated at four applied voltages 
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Figure 4-11 FDTD simulation - diffraction efficiency as a function of 

frequency for different thickness (a) o-wave (b) e-wave.  
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Figure 4-12 Diffraction efficiency as a function of diffraction angle for 

the 0.3-THz-beam 
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Figure 4-13 Dffraction efficiency of the devices (a) h=17.5mm (b) 

h=7.5mm  
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Figure 4-14 Signal profiles in time domain. The turn-on and turn-off 

times are measured by monitoring the pulse signal (electric field) 

variation in time domain with THz-TDS. The monitoring position of 

THz-TDS for response time measurement is shown. 
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Figure 4-15 Response time of phase grating (a) turn-on (b) turn-off 
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Figure 4-16 Schematic structure of the electrically controlled THz phase 

shifter array. (a) Construction of beam steering experiment and the 

relationship between steering angle , optical delay length d, and 

aperture A. (b) Structure of device with applying voltage arrangement. 

Dimensions of the structure are shown. 
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Figure 4-17 Improved THz-TDS. Probe beam is guided with a 1m-long 

optical fiber directly to the antenna. The detecting part is movable. 
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Figure 4-18 Comparison of THz signals in time domain between probe 

beam in free space (black line) and fiber-guided (red line). 
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Figure 4-19 Comparison of THz spectra in frequency domain between 

probe beam in free space (black line) and fiber-guided (red line). 
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Figure 4-20 Transmitted properties of grating structure measured by 

THz-TDS. S-state or P-state is represented the polarization of THz wave 

(P) perpendicular or parallel to the electrodes, respectively. 

 

 

Figure 4-21 Transmittances of P-state and S-state measured by THz-TDS 
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Figure 4-22 THz signal delay in time domain. Delay time increases as 

applying voltage increases. 
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Figure 4-23 Spectra of phase shift of THz signal. Phase increases as 

applying voltage increases. 
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Figure 4-24 Phase shift at 0.3 THz as a function of the control voltage. 
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Figure 4-25 THz signals before steered at =0: (a) without sample; with 

sample (b) at no-state, (c) at ne-state; steered signals at =8.5: (d) 

sample applied voltage to yield gradient phase, (e) without sample. 
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Figure 4-26 Spectra of THz signals before steered at =0: (a) without 

sample; with sample (b) at no-state, (c) at ne-state; steered signals at 

=8.5: (d) sample applied voltage to yield gradient phase, (e) without 

sample. 
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Chapter 5 Conclusions and Future Work 

Conclusions 

We constructed a Kerr-lens-mode locking Ti:sappire laser with 450 

mW maximum power, 90 MHz repetition rate, and 64 fs in pulse width. A 

conventional photoconductive antenna based THz-TDS was constructed 

that can characterize the broadband THz signal in the range, 0.1 - 4.0 THz. 

To investigate the THz beam steering, an improved THz-TDS with 

movable detecting part was constructed with an optical fiber. The 

improved THz-TDS can characterize the THz signal below 1.0 THz. It 

can detect the THz pulse directly and can be more convenient and lower 

cost than that using the liquid-helium-cooled Si bolometer. 

Optical constants in the THz region are important to design the 

tunable THz devices. The materials for tunable devices design should 

have the properties of large birefringence and small absorption. We 

choose the fused silica and NLC E7 and MDA-00-3461 to fabricate our 

devices. The complex refractive indices of these materials were 

characterized by the conventional THz-TDS at room temperature 24.5C. 

In the THz range, 0.2-2.0 THz, the complex refractive indices of fused 

silica are n=1.95,  < 0.01. The ordinary and extraordinary indices of 

NLC E7 are no = 1.58, ne = 1.71, o=0.03, and e=0.01, and which of 

NLC MDA-00-3461 are no = 1.54, ne = 1.72, o=0.03, and e=0.01, 

respectively. In this frequency range, these materials do not show any 

sharp resonant absorption and clear dispersion. The studies of the optical 
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constants of NLC E7 and MDA-00-3461 in THz range show the 

attractive potential of the applications due to the comparable large 

birefringence and relative small extinction coefficient. 

A magnetically controlled tunable LC phase grating for manipulating 

the THz wave at room temperature was demonstrated. The waveform of 

the broadband THz wave was modified in the time-domain and the 

spectral transmittance could be varied in the frequency-domain. The 

splitting ratio of the diffracted THz-beam (0.3 THz) polarized in a 

direction perpendicular to that of the grooves of the grating could be 

tuned from 4:1 to 1:2. Additionally, when the THz wave was polarized in 

any other direction, this device had the potential to operate as a polarizing 

beam splitter. The experimental results were in good agreement with 

theoretical calculations. 

We have also demonstrated the electrically controlled 

liquid-crystal-based phase grating for manipulating the THz waves. This 

device can be utilized as a tunable terahertz beam splitter and its beam 

splitting ratio of the zeroth- to the first-order diffractions can be tuned 

from 10:1 to 1:1. The finite-differential time-domain simulation was used 

to investigate the diffraction effect of the phase grating. The experimental 

and simulation results were in general agreement. The signal losses of 

this device were also discussed and the insertion loss can be reduced by 

decreasing the thickness of fused silica plates in the base of the device. 

The phase grating does not have fast response because of the thick LC 

layer. As a result, the present device is not suitable for applications that 

require fast modulation. Instead, the device is excellent for 
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instrumentation or apparatus that require, e.g., a fixed beam splitting ratio 

with occasional fine tuning. 

We demonstrated a grating structure phase shifter array that can be 

the THz shifter and THz beam steerer. For phase shift, applying the 

controlled voltages equally on the NLC layers of the device to vary the 

refractive index of NLC can shift the phase of THz signal. For beam 

steering, the broadband THz signal below 0.5 THz can be steered to the 

direction that has 8.5 with respect to the incident beam as the control 

voltages were varied to yield the phase gradient. The experimental results 

are in good agreement with theoretical predictions. 

 

Future work 

 The devices we demonstrated have the relative thick NLC layers due 

to the larger wavelength in THz range. Therefore, the response times of 

the devices are relative slow, especially the turn-off time that can reach 

about several hundred seconds. The duel-frequency NLC is a solution to 

faster the relaxation time. The duel-frequency NLC has certain critical 

frequency that can switch the NLC either positive or negative dielectric 

anisotropy. Thus, we can apply the voltage both on o-state and e-state that 

can faster the response times. The other type LC, like blue phase, has fast 

response time is also the solution. 

 The insertion losses of the electrically controlled devices with grating 

structure can be estimate as stacked parallel-plate waveguides. The 

insertion losses are also large due to the relative thick NLC in 
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propagation length for THz wave. For practical applications, we can 

reduce the base of the device in propagation or find more suitable 

materials to reduce the conductor loss and dielectric loss. 

 For beam steering, we used the fiber-guided THz-TDS to 

characterize the steered THz wave. The system can only resolve the THz 

signal below 1THz because the laser pulse was broadened by dispersion. 

The laser pulse can be compressed with pre-compensating the positive 

group-velocity dispersion. Thus, the broader THz signal can be 

characterized. 
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