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Abstract

This research deals with the various aspects of the modeling of the Photoconductive

Antennas (PCAs). The PCAs are used to radiate the Terahertz (THz) waves. This

research work presents the simulation and the theoretical modeling of the PCAs.

The simulation studies have been performed using Technology Computer Aided

Design (TCAD). For this purpose, Sentaurus from Synopsys has been used. The

simulation based modeling of the current pulse in a PCA has been done taking

into account the underlying semiconductor device physics as well as the carrier

transport dependencies on the different parameters such as the applied electric field,

the defect concentrations, and their energy levels.

An improved equivalent electrical circuit model of the PCA working as the THz

source has been proposed incorporating the basic semiconductor physics. In this

work, a novel approach has been adopted to develop an equation for estimating

the capacitance of the PCA. The presented circuit model is capable in predicting

the effect of the different physical parameters on the performance of the PCA. The

proposed model has been validated by simulation studies and available experimen-

tal results. Furthermore, a novel equivalent electrical circuit model of the PCA

working as the THz receiver is also proposed. To compute the values of the circuit

parameters, the same computation strategies have been adopted as proposed in the

PCA source modeling.

This thesis also examines extensively the effect of the radiated near-zone fields on

the PCA performance, an issue which was not adequately addressed in the earlier

literature. Moreover, this thesis proposes a novel method for improving the radiated
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power from a PCA through the use of an external magnetic field. Furthermore, the

analytical formulation of the radiated fields relating different PCA parameters is

another topic which literature does not address adequately and in this thesis an at-

tempt has been made to bridge this gap with the help of an improved semiconductor

carrier dynamics.
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1. Introduction to the Terahertz Waves

1.1 THz Frequency Spectrum

The THz frequency band is situated between the upper microwave and the lower infrared

frequency bands, ranges from 100 GHz to 10 THz having corresponding wavelengths of 3000-

30 µm as shown in Fig. 1.1 [1, 2]. It is also known as sub-millimeter, far infrared, and near

millimeter waves. Despite being situated between the two developed frequency regions, the

Fig. 1.1: The electromagnetic frequency spectrum

THz frequency band was one of the least tapped and underdeveloped frequency region be-

fore last few decades. The reason behind this could be attributed to the non-availability of the

practical, efficient, and room-temperature operating THz radiation sources. Until recently, the

THz waves were used only in the high-resolution spectroscopy and the remote sensing applica-

tions [3]. From last few decades, the THz frequency band is receiving a lot of attention due to its

unique properties which are suitable for the different applications. Some of the most important

properties and related applications of the THz radiation are given as:

• The wavelengths of the THz radiation are longer than that of visible and infrared radiation.

Thus, these are suited for the imaging and the sensing applications [4]. Moreover, most

of the dielectric materials such as clothes, paper, wood, and plastic are transparent to the

THz radiation [5].

• The low photon energies of the THz frequencies cause THz waves to be of a non-ionizing

nature, e.g., at 1 THz, the radiated signal has a photon energy of 4.14 meV. This property

is beneficial in the imaging of the biological tissues by THz radiation in contrast to the

X-ray radiation [6].

• Many molecules have spectral absorption signatures at the THz frequencies. This prop-

2
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1.2 Challenges in the THz Radiation Sources

erty of the materials is advantageous in the material spectroscopy using the THz radia-

tion [7].

• The THz radiation is strongly absorbed by the water molecules, which is useful in distin-

guishing materials with varying water content [8].

1.2 Challenges in the THz Radiation Sources

Although the THz frequency spectrum offers many benefits, challenges remain in develop-

ing an efficient and compact THz source. The technologies in the microwave and the infrared

frequency bands are well developed and working with high efficiencies, but adopting these tech-

niques for the THz radiation are not feasible without a significant reduction in the power and

the efficiency of the devices. The maximum operating frequency of the solid-state electronics

based microwave frequency sources depends on the transit time effect of the carriers, the chan-

nel length, and the active region size. Scaling these devices for the THz generation will lead to

the breakdown of the devices as the channel length decreases which increase the electric field

beyond the electrical breakdown of the materials. Similarly, the infrared frequency generation

techniques are based on the semiconductor band gap energy. The generation of the THz ra-

diation by down-scaling of these techniques requires a small band gap material which is not

feasible at the room temperature [9, 10].

1.3 THz Sources

In the early stage of the research in the THz area, fabrication of the THz sources had been

considered very difficult [3]. With the development of the nano-engineering technologies, it be-

came possible to fabricate different types of the THz radiation sources. These sources are either

separately based on the microwave and the optical frequency generation techniques or combi-

nation of both of the techniques [11]. Several THz radiation sources are commercially available

and can be divided into the three broad categories: Electronics sources, Optical sources, and

Optoelectronic sources. The electronic sources are purely based on the microwave techniques

while the optical sources are based on the optical technologies. The optoelectronic sources

3
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1. Introduction to the Terahertz Waves

use the principle of both of the techniques; the microwave and the optical techniques. In the

following subsections, these sources have been discussed in brief.

1.3.1 Electronic Sources

The electronic sources for the THz radiation include vacuum electronic and solid state elec-

tronic sources [12]. The working principle of the vacuum electronic sources is based on the

interaction between the electron beam and the electromagnetic fields. These sources include

backward wave-oscillators (BWOs) [13], extended-interaction klystron [14], gyrotron [15], syn-

chrotrons [16], and travelling wave-tubes (TWTs) [17]. These sources radiate high-power THz

waves and the radiated frequency is well below 1 THz [18]. Although these sources can produce

high power at the lower THz frequencies compared to the other THz sources, they are usually

bulky comparatively and require a strong magnetic field with a very high input power.

The solid state electronic sources include diodes and multipliers. The diodes use the neg-

ative differential resistance principle to generate the THz radiation, while the frequency multi-

pliers use a chain of diodes to multiply the frequency to the THz range. The sources include

Gunn diodes [19], high frequency transistor [20],frequency multipliers [21], resonant tunneling

diodes (RTDs) [22], and IMPATT diodes [23]. However, the output power of these sources

decreases at the high frequencies.

1.3.2 Optical Sources

The THz optical sources are divided into the lasers based and the nonlinear crystals based

THz sources. The THz lasers have been built using the semiconductor materials such as Ger-

manium and Silicon. These lasers are based on the population inversion under the conditions of

the optical pumping of the defects. The main advantage of these type of lasers is the tunability

over the wide range of the wavelengths. The THz waves can also be generated by focusing

the femtosecond (fs) laser beam on the gas medium generating gas plasma [24, 25] where the

radiated frequency depends on the spectral line of the gas. Use of the Quantum Cascade Lasers

(QCLs) is another method to generate the THz radiation by using intraband transitions [26].

Moreover, these lasers can be used for the generation of the pulsed as well as the continuous
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wave THz radiation. The operating frequency of these lasers can be adjusted by changing the

design of the quantum well or engineering the bandgap of the materials which facilitates distinct

wavelengths generation from the same materials [27].

The THz generation using nonlinear crystals is one of the general methods in which the

crystals having a large second-order susceptibility are used to down-convert the optical power

of the lasers. The coherent THz waves can also be generated by using the THz parametric pro-

cesses such as the parametric generation and the difference frequency generation (DFG) [28]. A

phase matched THz parametric process can produce widely tunable, coherent and high-power

THz waves. To generate a wideband THz radiation from the nonlinear crystals, the optical rec-

tification is one of the most widely used technique [29]. In the optical rectification method,

all the possible difference frequencies of spectrally broad pulses are produced. It requires an

excitation by the fs laser source, and the output power depends on the optical damage threshold

of the material and the degree of the phase matching.

1.3.3 Optoelectronic Sources

The optoelectronic sources are made by combining the microwave and the optical frequency

generation techniques. These sources are mainly based on the photo-conductivity principle in

the semiconductor materials. An optoelectronic source consist of a voltage biased antenna

structure printed on the photoconductive semiconductor material as shown in Fig. 1.2. The

fs lasers are used as an excitation source for the antenna structure by generating an ultrafast

changing current pulse with the help of the bias voltage. The rapidly changing current pulse

excite the antenna to radiate the THz waves. On the basis of the laser excitation, these sources

can be divided into two categories:

• Continuous wave (CW) THz source (narrowband): Photomixing Antenna (PMA)

• Pulsed THz source (broadband): Photoconductive Antenna (PCA)

The same system can be used for both of the THz sources: PMA and PCA, with the difference

in the number and type of the laser excitation. The PCA system requires a single fs pulsed laser

source to generate the THz radiation, whereas the PMA system requires two CW lasers having

a slight difference in the operating optical frequency (the difference should be in THz frequency

5
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1. Introduction to the Terahertz Waves

Fig. 1.2: Basic schematic diagram of the optoelectronic system as an emitter

range) [2, 12].

The list of some of the THz sources with their output powers and operating frequencies/bandwidth

is presented in Table 1.1.

Table 1.1: List of the THz Sources

THz Source Power Frequency Reference

InP Gunn Diode 45-40 µW 400-425 GHz [30]

InP IMPATT Diode 27 mW 500 GHz [31]

GaAs Planar Schottky Diode 40 µW 1.5 THz [32]

GaAs Diode Mixer - 2.5 THz [33]

Schottky Mixer - 2.5 THz [34]

GaAs Schottky Diode < 10µW 2.7 THz [35]

GaN IMPATT 200 mW 1 THz [36]

Resonant Tunneling Diode <0.5 mW 1.92 THz [37]

Graphene based FET - 648 GHz [38]

InP HEMT - 1 THz [39]

BWO 625 mW 617-990 GHz [40]

Gyrotron 19.2 kW 0.42 THz [41]

Klystron 60 W 342 GHz [42]

TWT 20 W 400 GHz [43]

QCL 100 mW 1-5 THz [44]

DFG 1.66 µW 0.21-3 THz [45]

Optical Rectification 0.37 mW 10 THz [46]

PMA 28-3.5 µW 0.35-1.6 THz [47]

PCA 300 µW 0.1-5 THz [48]

6
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1.4 THz Detectors

The technological development in the area of the THz detection was faster than the sources

of the THz radiation [3]. Several THz detectors are commercially available, which can measure

both the broadband as well as the narrowband signals. The key issue in the detection of the THz

radiation is the photon energies in this band of the frequencies, which varies from 0.41 meV to

41 meV and are comparable to the thermal noise energy of 26 meV at the room temperature.

Therefore, cryogenic cooling and the long signal integration methods have been adopted for the

accurate measurements to overcome the issues due to the background thermal noise.

The THz detectors have been broadly divided into two groups: coherent and incoherent

detection techniques [49].

• Coherent THz Detection: can detect the amplitude as well as the phase.

• Incoherent THz Detection: can only detect the amplitude.

1.4.1 Coherent THz Detection

The coherent detection system uses a heterodyne circuit for the detection of the THz fre-

quencies. The incoming THz signals are down-converted to the Intermediate Frequency (IF)

signals without losing the phase and the amplitude information. A schematic block diagram of

the coherent detection system for detecting the THz signals is shown in Fig. 1.3. The incoming

Fig. 1.3: THz coherent detection system block diagram

THz signal gets mixed with the local signal using a mixer, generating a copy of the combination

of both the signals. The high-frequency signals get filtered out and only IF frequency remains

at the output retaining the phase and the amplitude of the incoming signal [49]. The conversion

of the THz frequency to IF frequency is known as heterodyne conversion and this method of

7
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1. Introduction to the Terahertz Waves

the detection is also known as the coherent heterodyne detection system. For the mixer, sev-

eral nonlinear devices are used such as Schottky diodes [50], Tunnel diodes [51], semiconduc-

tor and super-conducting Hot Electron Bolometers (HEBs) [52], and superconductor-insulator-

superconductor (SIS) tunnel junctions [53]. To increase the sensitivity of the detection systems,

heterodyne systems operate at cryogenic temperatures.

1.4.2 Incoherent THz Detection

The incoherent THz detection or direct detection is the broadband signal detection scheme.

In this, the incoming signal is focused on the detector by using focusing optics such as lenses

and mirrors. An optical filter is employed frequently to remove the unwanted signals other than

the detected wavelength. The detected signal is then amplified for further processing [49]. A

block diagram of the system is shown in Fig. 1.4. Golay cell, pyroelectric detectors, bolometers

Fig. 1.4: THz direct detection system block diagram

are the example of the direct detectors. These detectors can be used at room temperature with

an extended response time. Different types of cooled semiconductor detectors such as Se, Ge

bolometers, etc., can be employed for the THz detection with a lower response timings.

1.4.3 Optoelectronic THz Detectors

The optoelectronic systems; PMAs and PCAs, can also be used to detect the THz signals.

These detectors come under coherent THz detector category. The basic schematic diagram of

an optoelectronic detector is shown in Fig. 1.5. The main difference between an optoelectronic

system working as a source and as a detector lies in the biasing of the electrodes. In the detection

system, the antenna is not biased whereas a bias voltage is required in the source system. The

8
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Fig. 1.5: Optoelectronic system as a detector

incoming THz signals create an electric field across the gap region of the antenna electrodes

in the optoelectronic detector. The photo-carriers generated through the fs laser get accelerated

and induced a photo-current. The generated current then can be analyzed further by taking

Fourier transform of it [54].

1.4.4 Free Space Electro-Optic Sampling Technique

This technique of the THz wave detection uses the linear electro-optic (EO) effect also

know as the Pockel effect in an EO crystal (nonlinear crystal). The Pockel effect generates

Fig. 1.6: Block diagram of free space EO sampling technique

birefringence in the nonlinear crystals which is directly proportional to the electric field of the

incoming THz signal. The birefringence produces a change in the polarization of the probe

beam and by measuring it the amplitude of the THz signals are determined [2, 55]. The block

diagram of the system is shown in Fig. 1.6. This type of THz detection comes under the

category of the coherent detection.

9
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1.5 Applications of THz Waves

The development of the practical THz sources has attracted interest in the different areas of

the applications due to its unique properties which are useful for these areas. Some of the area

specific applications of the THz waves are as follows:

1.5.1 Bio-medical Applications

The THz waves are non-ionizing in nature due to the low photon energies. This property is

advantageous in analyzing the biological tissues. Also, the THz wave can penetrate up to a few

hundred micrometers inside the biological tissues which can be utilized in the imaging and the

spectroscopy of the tissues [6]. Since most of the low-frequency bio-molecular motions, such as

vibrations and rotations, lies in the THz range of frequencies, therefore various molecules can

be recognized and characterized by using their unique spectral responses at the THz frequencies

[56]. The THz waves exhibit strong absorption in the water molecules, which can be utilized

in the detection of the normal and different types of the cancer cells, as they have the different

percentage of the water content [6]. The THz imaging is also used in the dental [6], the digestive

system [57], recognizing disease or tumor [58], blood cells analysis [59], and bone analysis [60].

1.5.2 Pharmaceutical Applications

The THz imaging and spectroscopy are beneficial for the pharmaceutical industries. The

different medicines/drugs have a unique response or spectral signature at the THz frequencies

which can be used in the detection and the characterization of the drugs [61]. The THz imaging

and spectroscopy are also useful in the measurement of the coating thickness of medicines,

monitoring the coating process [62,63], the measurement of the tablet density and hardness [64],

the dissolution profile [65], and the chemical mapping [66] of the medicines.

1.5.3 Security Applications

The wavelengths of the THz radiation are larger than that of the visible and the infrared

radiation which makes it very useful for the security applications. The THz waves can penetrate

through the materials such as fabrics and plastics, making it useful for the security applications
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such as scanning, surveillance, and security screening for hidden objects. Moreover, It can also

provide the details of the hidden objects such as shape, size, and material used [67].

1.5.4 Polymer Industry Applications

Since the THz radiation can penetrate through the plastic material, it is beneficial for the

measurement and the characterization of the polymers. The THz spectroscopy provides the

information about the compounding process during the manufacturing of the polymers [68].

The THz systems also provide the quality controlling of the polymers [69]. The physical and

the mechanical properties of the polymers strongly depend on the water concentration which is

monitored by using the THz spectroscopy.

1.5.5 Communication Applications

As per the needs of the growing applications, the demands of the increased capacity and

speed is becoming a huge problem day by day in the present communication systems. The

THz communication can provide the solution for these challenges by rendering the massive

bandwidth with the high-speed communication band. The atmospheric attenuation of the THz

waves is very high due to the presence of the water vapors, so a long distance communication

is challenging using the THz waves. Depending on the link characteristics, the THz commu-

nication can be used in the femtocells communication, the wireless local area networks in the

smart offices, the wireless personal area networks in the smart home systems, the near-field

communications such as kiosk downloading, the wireless connections in data centers, and the

device-to-device communications [70, 71].

1.6 Working Principle of the THz PCA as an Emitter

The THz photoconductive antenna, sometimes also referred as Auston switch, came into

existence in the late 1980s when David Auston [72, 73] and Daniel Grischkowsky [74, 75] with

their teams demonstrated the THz waves generated from the co-planar strip lines using the laser

beams. The concept of THz waves generation is illustrated in Fig. 1.7. PCA is a photoconduc-

tivity principle based THz generation and detection device. A PCA consists a printed antenna

11
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1. Introduction to the Terahertz Waves

Fig. 1.7: Illustration of the THz generation from the PCA

structure on the photoconductive semiconductor substrate. The metal electrodes are biased with

a DC voltage and separated with a gap sometimes referred as the active region or photocon-

ductive gap. A pulsed laser beam is illuminated at the electrodes gap which propagates into
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Fig. 1.9: Temporal behavior of the current pulse

and the radiated THz electric field

the semiconductor substrate and generates electron-hole pairs. The generated photo-carriers

get accelerated towards the respective electrodes by the electric field due to the bias voltage.

The transitions in the carrier concentrations and their movement; acceleration and deceleration,

produces a transient current pulse which drives the antenna structure to radiate the THz waves.

The temporal behaviors of the laser pulse, the current pulse, and the radiated THz electric field

are shown in the Figs. 1.8 and 1.9.

The carrier generation rate in the semiconductor material depends on the laser pulse char-
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acteristics such as amplitude, rise time, and decay time. The rise time of the current pulse is

proportional to same of the laser pulse as shown in Fig. 1.8. While the decay time of the current

pulse depends on the different parameters of the semiconductor material, the electric field at the

gap, and the antenna geometry.

1.7 Research Motivation and the Problem Formulation

The PCA sources are very popular because of several advantages over other THz sources.

These can operate at room temperature, are compact, and can be employed both as the source

and the detector. They have several applications in the different areas as mentioned in the

section 1.5. These applications require an efficient PCA source with high radiation power.

Though several experimental, simulation and theoretical studies have been performed over the

PCAs to improve its output characteristics; low efficiency and low output power are the major

hurdles in the development of the efficient systems based on the PCAs. The primary motivation

behind this study on the PCA is to understand the various issues related to its behavior and to

propose an efficient way to enhance its performance.

A proper insight into the effects of the various parameters related to the device plays a

crucial role in attempting to improve its performance. As discussed in the previous section,

very few theoretical studies have been reported in the literature which can accurately predict

the transient behavior of the PCA parameters. Based on the literature, details of which are

presented in Chapter 2, following problems have been identified for the further investigation:

• The performance of the PCA mainly depends on the current pulse generated in it which

in turn depends on several other parameters related to the semiconductor substrate, the

antenna geometry, and the laser source. The reported simulation studies on the PCAs

were mainly based on the FDTD method without including the semiconductor physics

adequately. Similarly, the reported circuit models of the PCAs have not given due con-

sideration to some of the phenomenon associated with its operation. Therefore, the scope

of further investigation and improvement exist in these fronts and the same have been

attempted in this thesis.
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• There are several factors which limit the efficiency and the radiated power from the PCA.

To enhance the efficiency of a PCA, a thorough analysis of these limiting factors is impor-

tant. So, an analysis is carried out to identify the efficiency limiting factors and different

approaches to mitigate their effects is another topic which has been undertaken in this

thesis for further investigation.

• Very few studies have been published dealing with the theoretical analysis of the radi-

ated fields from the PCA. The proposed study neglects the effect of the semiconductor

substrate on the radiation from the PCAs. So, scopes exist in the improvement of the

analytical formulation for the radiated fields from the PCAs with the inclusion of the

semiconductor substrate effect.

As a summary, the following are the objectives of this thesis:

(i) To perform a simulation modeling of the current pulse generated in the PCA.

(ii) To develop an improved equivalent electrical circuit model of the PCA by incorporating

the physical phenomenon involved in its operation.

(iii) To carry out analysis to identify the factors limiting the radiated power and the efficiency

of the PCA.

(iv) To propose a new method for enhancing the efficiency and the radiated power from the

PCA.

(v) To derive an analytical expression for the radiated fields from the PCA incorporating the

semiconductor substrate effect.

1.8 Thesis Contribution

This thesis has endeavored to provide a circuit models for the PCA working as the source

as well as a detector and present the simulation studies considering the different device physics

issues involved in the functioning of the PCA. Also the presented theoretical studies helps in

the enhancement of the radiation performance of the PCAs. Furthermore, the theoretical study

proposed in this thesis helps in calculating the radiated far fields from the PCA. In particular,

the following are the main contributions of the work reported in this thesis. This thesis

1. performs the simulation modeling of the current pulse in the PCA using the semicon-
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ductor simulation software, Sentaurus TCAD. In the simulation study trap based semi-

conductor carrier dynamics has been used to evaluate the effect of the different device

parameters on the current pulse. The presented study analyzes the effect of the laser

power, the laser pulse width, the bias voltage, and the trap density (carrier lifetime) on the

generated current pulse in the PCA. It also analyses the effect of the traps energy levels

on the current pulse.

2. makes an in depth study of some of the existing circuit models of PCA and proposes

an improved equivalent electrical circuit model of it working as the THz source by in-

corporating the underlying semiconductor physics in its operation. The calculations of

the different parameters such as the conductance, the screening voltage, and the polariza-

tion have been presented. Also, a novel approach to estimate the transient capacitance

has been proposed. Furthermore, the same modeling strategies have also been adopted

to propose a novel equivalent electrical circuit model of the PCA working as the THz

detector.

3. examines the effect of the radiated near-zone fields on the performance of the large aper-

ture PCA. The proposed theoretical model utilizes the electromagnetic boundary condi-

tions as well as the semiconductor carrier dynamics to assess the effect of the radiated

near-zone fields.

4. proposes a novel technique to enhance the efficiency and the radiated power from the large

aperture PCA. The proposed method utilizes an external DC magnetic field to improve

the radiation performance of the PCA.

5. derives the formulae for the radiated fields from the PCA. It utilizes the electromagnetic

relations as well as the effect of the semiconductor substrate material on the radiated

fields. Moreover, an improved semiconductor carrier dynamics has been employed to

evaluate the radiated fields from the PCA. The proposed carrier dynamics incorporates the

transient temperature analysis of the substrate, bandgap narrowing effect due to ultrafast

carrier generation, transient carrier lifetimes, transient mobilities, radiated near-zone field

effect, and carrier polarization.
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1.9 Thesis Overview

A structural organization of the thesis is shown in Fig. 1.10. The organization of this thesis

is as follows:

Fig. 1.10: Thesis organization

✍ Chapter 1 gives a general introduction of the THz waves, sources, detectors and their ap-

plications in the different areas. A brief introduction of the working principle of the PCA

as a THz source has been presented here. This chapter describes the problem statement

and the motivation behind the work. Moreover, it also summarizes the thesis contribution

and presents a brief outline of the thesis organization.
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✍ Chapter 2 starts with a brief introduction to the main components of the PCA. This

chapter discusses the studies reported in the area related to the simulation modeling, the

circuit modeling and the performance enhancement studies presented in the literature.

Furthermore, It also elaborates the issues related to these studies.

✍ Chapter 3 presents the details of the simulation modeling of the current pulse generated

in the PCA. The effect of the gap dimensions, the laser power, and the bias voltage on

the current pulse have been examined. Furthermore, the effect of the trap density and

their energy levels, variation in the laser spot position and its size on the current pulse

behavior have been presented. Effect of different parameters on the current pulse has

been summarized

✍ Chapter 4 proposes an improved equivalent electrical circuit model of the PCA working

as a source. The calculations of the different parameters of the circuit such as the conduc-

tance, voltages, and currents have been discussed. Additionally, a novel approach for the

calculation of the transient capacitance has been presented. The effect of the parameters

related to substrate material, laser and antenna geometry on the PCA performance have

been analyzed. Furthermore, a novel equivalent electrical circuit of the PCA working

as the detector have been proposed. The computation strategies proposed for the PCA

source have been adopted for the estimation of the different parameters of the receiver

circuit model.

✍ Chapter 5 theoretically, analyzes the effect of the near-zone fields on the output char-

acteristics of the large aperture PCA. The transient behavior of the different parameters

has been calculated by using the semiconductor carrier dynamics as well as the electro-

magnetic boundary conditions. A comparative study of the PCA performance with and

without the effect of the near-zone fields has been presented.

✍ Chapter 6 proposes a novel method to enhance the radiated power from the large aper-

ture PCA. In this chapter, a theoretical study of the magnetic field assisted efficiency

enhancement of the PCA has been proposed. The proposed study uses the electromag-

netic boundary conditions as well as the semiconductor carrier dynamics to analyze the
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effect of the external magnetic field on the radiated fields.

✍ Chapter 7 presents a theoretical study to develop the formulae for the radiated fields from

the PCA with the help of the electromagnetic theory and an improved semiconductor

carrier dynamics. The effect of the various parameters on the temporal behavior of the

radiated fields has been analyzed using the proposed semiconductor carrier dynamics.

The proposed carrier dynamics includes the effect of the transient temperature and its

effect of the semiconductor material parameters, transient mobilities, transient carrier

lifetime, and carrier polarization.

✍ Chapter 8 presents the conclusive remark based on the work presented in the previous

chapters. All the objectives have been reviewed, and the finding/achievements have been

highlighted. Further, the future tracts for extending the research reported in this have been

outlined.
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2. Photoconductive Antenna: A Review of the Related Work

2.1 Introduction

In the last few decades, after the introduction of first PCA, tremendous growth in the THz

generation using the PCA can be witnessed. Different applications in several areas using the

PCA THz source are becoming ubiquitous. The primary requirement of these applications is

an efficient THz source having high output power. Several studies have been reported and

techniques have been utilized to improve the performance of the PCA but the radiation power

and efficiency still remain very small. This leaves scopes for better understating of the physics

involved in the operation of a PCA.

Very few studies have been reported in the literature which deals with the analysis of the

PCA by using the simulation, the circuit, and the theoretical modeling approaches. This chapter

gives a brief review on the main components of the PCA followed by the discussions on the

several studies reported in the literature and their limitations.

2.2 Main Components of a PCA

A PCA has three main components; the photoconductive semiconductor substrate, the an-

tenna and the laser source as shown in Fig. 2.1. The details and essential characteristics of these

components are discussed as follows:

Fig. 2.1: A basic structure of a PCA

2.2.1 Photoconductive Semiconductor Substrate

The photoconductive semiconductor substrate is the central part of a PCA. As there is no

material naturally occur which can fulfill the desired properties, several studies have been made

to fabricate suitable materials for the PCA. The carriers are generated using the laser illumina-

tion on the semiconductor substrate which further produces the current pulse which acts as the

excitation source for the antenna printed on it. To support the THz generation from the PCA,

20

TH-2078_126102030



2.2 Main Components of a PCA

the semiconductor substrate material must satisfy some critical requirements. The desirable

properties which are required for a semiconductor material to be the used as the substrate in the

PCA are as follows:

• Dark Resistance: Semiconductor material should have a high value of the dark resistance

to limit the dark current in the PCA.

• Carrier Lifetime: The carrier lifetime in the semiconductors should be ultra-short (< 1

ps).

• Carrier Mobility: The mobility of the carriers should be as high as possible to provide a

fast-changing transient pulse.

The intrinsic semiconductor material properties are not suitable for the PCAs, so the dif-

ferent fabrication techniques; implantation, irradiation, and low-temperature-growth, are used

to fabricate the photoconductive materials [76–78]. In each of the fabrication methods, the

main goal is to reduce the carrier lifetime. This may be achieved by introducing additional

energy levels in the bandgap through the different types of defect/trap sites. These trap sites

provide an alternate recombination path by trapping the electrons at these intermediate energy

levels. Increasing the trap concentrations reduces the lifetime of the carriers which is an essen-

tial requirement for the photoconductive material [79]. On the other hand, it also decreases the

mobility of the carriers as the scattering of the carriers becomes more frequent due to the reduc-

tion of the mean free path [80]. This consequence of increasing trap density in undesirable, thus

the primary challenge is to fabricate a material which has ultrashort carrier lifetime, large carrier

mobility and very high value of the dark resistance simultaneously. In spite of that, the priority is

given to the smaller carrier lifetime by introducing more defects in the semiconductor materials.

In order to analyze the THz generation process from the PCAs, many photoconductive semi-

conductor materials such as silicon on sapphire [81], low-temperature grown Gallium Arsenide

(LT-GaAs), Semi-Insulated (SI) GaAs, Implanted GaAs [76, 77], InP [82, 83], InGaAs [78],

GaN [84], InGaAsP [85], multi-layered InGaAs-InAlAs [86], and GaAsBi [87] have been used

in the experimental studies reported in the literature.
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2.2.1.1 Low-Temperature Grown-Gallium Arsenide (LT-GaAs)

LT-GaAs has been used as a substrate material for all the studies presented in this thesis.

This section provides brief details about the properties of LT-GaAs relevant to the studies pre-

sented in the subsequent chapters.

(i) Growth of LT-GaAs: Generally the GaAs material by Molecular Beam Epitaxy (MBE)

is grown at a substrate temperature of 600◦C [88], whereas, the LT-GaAs film growth

varies from the conventional standard through its low growth temperature between 160-

300◦C [89]. Studies have shown that LT-GaAs is a very non-stoichiometric material,

despite it, LT-GaAs can be grown as high-quality mono crystal [90, 91]. During the

growth process, excess Arsenic (As) concentration incorporation leads to the formation

of a relatively high density of the point defects with density values ranges from 1017-

1020 cm−3 [90]. These point defects include Arsenic antisites (AsGa), Arsenic interstitial

(AS i), and Gallium vacancy(VGa) [89, 90, 92]. The amount of excess As is controlled by

the substrate temperature during the MBE process and the defect density decreases ex-

ponentially with the growth temperature (Tg) in the range of 250-300◦C. The excess As

concentration can be as high as 2% during the MBE process [89–91]. A high As pressure

during the MBE process results in a high As related defect density. Studies show that As

rich LT-GaAs possesses a relatively low dark resistivity [93]. The need for a high dark

resistivity for the substrate material for the THz sources led to the further treatment of

the material following the growth process. In the study [94], it has been found that if

the LT-GaAs material goes under the post-growth annealing process at high temperatures

(600-800◦C) the crystallinity of the epi-layers improves substantially. Also, annealing at

high temperatures reduces the structural distortions, hence, relaxes the strain in the lattice

induced by the excess As antisites. A material fabrication study presented in [95] found

that the annealing process facilitates the AsGa defects diffusion via site exchange with

VGa. At high annealing temperature, more defects in the sample get thermally activated

and the diffusion of the defects increases. Thus, samples annealed at high temperatures

have comparatively smaller defect densities.
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(ii) Band Structure and Carrier Lifetime of LT-GaAs: The study presented in [96] show

that in the non-annealed samples of LT-GaAs, the AsGa defects act as a double donor. It

can be present in a neutral charge state As0
Ga

and in single positive charge state As+Ga. At

the growth temperature (Tg) of 200◦C, the concentrations of As0
Ga

and As+Ga are approxi-

mately in the range of 1020 cm−3 and 1019 cm−3, respectively. The AsGa create a partially

ionized deep donor level situated at 0.4-0.57 eV below the conduction band edge [97–100]

as shown in Fig. 2.2. It is assumed that As+Ga defects act as traps for the electrons since

Fig. 2.2: Point defect energies distribution as

a function of density of states in non-annealed

LT-GaAs [90]

Fig. 2.3: Point defect energies distribu-

tion as a function of density of states in

annealed LT-GaAs [90]

its properties are similar to the EL2 defects which are well known as electron traps. The

As+Ga are compensated by the acceptors VGa. The VGa are located at the lower half of the

bandgap with a lower concentration compared to As+Ga [101] and create a fully ionized

deep acceptor level placed 0.3-34 eV above the valence band [102].

The annealing process produces a level shift of the deep donors towards the middle of

the band gap (roughly around 0.65-0.75 eV) while reducing their concentrations. Studies

in [103] and [104] reports a strong dependence of the defect concentration on the anneal-

ing temperature. Increasing the annealing temperature from 200-600◦C, decreases As0
Ga

concentration from 3×1019 to 1018cm−3 and As+
Ga

from 3×1018 to 2×1017cm−3 as shown

in Fig. 2.3.

A very small carrier lifetime/relaxation time in the LT-GaAs is a favorable characteristic
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for the THz generation from it. For the first time study reported in [105] investigates

the carrier relaxation time and reported a carrier lifetime of 0.4 ps for a material grown at

200◦C and annealed at 600◦C. In several other studies [79,105–110] for optimized growth

and annealing temperatures, carrier lifetimes between 100-400 fs for the non-annealed

and 300-500 fs for the annealed samples have been reported.

(iii) Electrical Properties of LT-GaAs: One of the properties that make LT-GaAs a very

suitable material for THz sources is its large dark resistivity. LT-GaAs grown at 200◦C,

without annealing, offers a low resistivity ρ ∼ 10 Ωcm [98, 111, 112]. Increasing the

growth temperature from 200 to 400◦C, increases the resistivity from 10 to 105
Ωcm

[93, 111, 113]. The studies revealed two types of conduction mechanism in LT-GaAs, at

temperatures > 300◦C the transport is through nearest-neighbour hopping taking place in

deep donor band. The second conduction is through the holes excited from the valence

band to a nearby neutral donor state.

For LT-GaAs the carrier mobility has been investigated using various methods such as

Hall measurements [112], the time-integrated efficiency of photoconductive switches, and

THz spectroscopy [108, 114, 115]. For a non-annealed sample, the reported carrier mo-

bility was below 1 cm2V−1s−1 [98, 112, 116]. At high annealing temperatures, the carrier

mobility increases and reaches between 200-400 cm2V−1s−1. The carrier mobility in LT-

GaAs strongly depends on the growth temperatures. The carrier mobility increases from

2000 to 4000 cm2V−1s−1 when the growth temperature changes from 225 to 350◦C [117].

2.2.2 Antenna Geometry

The antenna geometry printed on the semiconductor substrate provides the interface to con-

vert the electrical energy to the electromagnetic radiation energy. The gap size and the elec-

trodes geometry facilitate the collection of the photo-carriers. Several antenna structures with

the different gap geometries have been used in the literature to the study the dependence of the

PCA behavior on it. Some of the antenna geometries used in the studies are Co-planar strip-

line [76], Hertzian Dipole [76, 118], Bow-tie Antenna [76, 119], Plasmonic photoconductive

grating [120], Comb structure Hertzian dipole [121], and Interdigitated electrode PCA [122] as
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Fig. 2.4: Different PCA Structures 1. Co-planar strip-line 2. Hertzian Dipole 3. Bow-tie Antenna 4.

Plasmonic photoconductive grating 5. Comb structure hertzian dipole 6. Interdigitated PCA

shown in Fig. 2.4. In the literature, the PCAs have been divided into three categories based on

the gap dimensions: small aperture PCAs (5∼ 50 µm), semi-large aperture PCAs (50∼ 100 µm)

and large aperture PCAs (0.1∼ 5 mm) [123].

2.2.3 Laser Source

The THz waves generated from PCAs strongly depend on the laser source. In a PCA, a

pulse laser source is used to generate a large bandwidth radiation. The laser power, the wave-

length, the pulse width and the pulse repetition frequency define the characteristics of the laser

source. The energy of the photon coming from the laser source should be greater than that of

the band gap energy of the substrate material to ensure the generation of electron-hole pairs in

the material. This implies that the wavelength of the laser source should be carefully decided

considering the bandgap of semiconductor material used in the PCA. The pulse width of the

source should be as small as possible, preferably less than 100 fs, to support the generation

of the ultrafast changing current pulse and to achieve high bandwith radiation. The repetition

frequency of the laser source decides the amount of delivered energy into the semiconductor

substrate. A high repetition frequency ensures high pulse energy supply to the semiconductor

substrate. Several fs laser sources have been used in the literature to study the performance of

a PCA, some of them are; femtosecond dye oscillator-amplifier [82], mode-locked Ti:sapphire
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laser [76], mode-locked laser based on Er-doped fiber oscillator [124], erbium fiber (Er:fiber)

laser [78], fiber ring laser [86].

2.3 Literature Survey

The literature survey presented here is carried out for PCA and divided according to studies

reported on the simulation modeling, the circuit modeling, the radiated near-zone field effect,

the performance enhancement, and the radiated field formulation. The studies reported in the

literature considering categories as mentioned above are as follows:

2.3.1 Literature Review of the Simulation Studies

In order to analyze the carrier dynamics in the photoconductive material of PCA, few sim-

ulations studies have been reported in the literature. These studies provide a comprehensive

knowledge about the transient behavior of the radiation from the PCA and are as follows:

• Hughes et al. [125] have applied a three-dimensional FDTD numerical method to analyze

the radiation pattern of an H-shaped Hertzian dipole PCA at different radiation frequen-

cies and also computed the transient behavior of the radiated near and far-zone electric

fields. The proposed analysis uses the continuity equation to estimate the carrier gener-

ation rate which is further used to compute the drift current in the PCA. Although this

study reports the behavior of the radiation pattern at different frequencies, non-inclusion

of the underlying semiconductor carrier dynamics in the calculation reduces its accuracy.

• Castro et al. [126] have presented a semi-classical Monte Carlo simulation study and

predicted the effect of the bias voltage and the laser pulse width on the performance

of a PCA. The different scattering mechanisms of the carriers in Γ and L valleys, and

phonon scattering have been included in the presented semiconductor carrier dynamics.

It also calculates the screening effect on the net electric field at the gap due to the carriers

accumulation near the electrodes. This study includes transient velocities of the carriers,

however, the dependence on the carrier lifetime, the carrier recombination mechanism,

the trap density, and their energy levels have not been incorporated in the study.

• Kirawanich et al. [127] have presented an FDTD based simulation of PCA having H-
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shaped and interdigitated electrode antenna geometries. Simulation includes the drift-

diffusion model of carrier dynamics with the field dependent mobilities of the carriers and

Shockley Read Hall (SRH) recombination model to account for the carrier recombination.

However, the effect of the different scattering mechanism, dependence on the trap density,

trap energy levels, the effect of the voltage screening and the carrier polarization have not

been included in the presented carrier dynamics.

• Moreno et al. [128] have reported a numerical simulation study of the PCA using three-

dimensional FDTD including the Drift-Diffusion solver for the semiconductor physics.

The authors have included the field dependent mobility of the carriers with the spatial

distribution of the doping and the photo-generated carriers in the simulation study. How-

ever, no information has been provided about the effect of the voltage screening, carrier

polarization, traps densities and their energy levels.

• Emadi et al. [129] have presented a hybrid simulation technique by using the semicon-

ductor simulation software Silvaco TCAD along with the electromagnetic simulation soft-

ware CST Microwave Studio. In this work, the authors have compared the performance

of the co-planar stripline, the interdigitated and the comb-shaped PCAs. This study re-

ports the effect of the carrier lifetime, the carrier mobility, and the antenna length on the

anode current and radiation bandwidth. However, the presented simulation studies do not

include the effect of the trap density and their energy levels on the carrier mobility, the

carrier lifetime, and the carrier recombination mechanism.

Although above-reported studies are able to predict the behavior of the different parameters

of the PCAs; the accuracy remains a matter of concern. Therefore, a study including the physics,

not covered already, is required to analyze the behavior of the PCA and its dependency on the

different parameters of the PCA. A summary of the simulation studies discussed in this section

is given in Table 2.1.
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Table 2.1: Summary of the simulation studies

Reference Addressed Issues Unaddressed Issues

Hughes et

al. [125]

• Photo-carrier densities .

• Drift current.

• Single carrier based calculations.

• Radiated fields calculation.

• Semiconductor carrier transport.

• Recombination mechanism.

• Voltage screening effect.

• Effect of the trap properties.

Castro et

al. [126]

• Far field approximation.

• Drift current.

• Effect of carrier scattering.

• Voltage screening effect.

• Recombination mechanism.

• Transient movement of the carriers.

• Carrier lifetime effect.

• Effect of the trap properties.

Kirawanich

et

al. [127]

• Photo-generated current density.

• Field dependent mobility.

• SRH recombination model.

• Radiated fields calculation.

• Carrier’s scattering effect.

• Voltage screening effect.

• Effect of the trap properties.

Moreno

et

al. [128]

• Photo-generated current density.

• Field dependent mobility.

• Recombination mechanism.

• Radiated fields calculation.

• Carrier’s scattering effect.

• Voltage screening effect.

• Effect of the trap properties.

Emadi et

al. [129]

• Laser-semiconductor interaction.

• Semiconductor carrier dynamics.

• Radiated fields calculation.

• Effect of the trap properties.

• Recombination mechanism.

2.3.2 Literature Review of the Circuit Modeling Studies

Analysis of PCA performance by developing its equivalent circuit has been reported in

several studies. The details about some of these studies are presented below:

✪ Loata et al. [130] have presented a basic equivalent electrical circuit of the PCA as shown

in Fig. 2.5. The gap region between the electrodes is modeled as the series combination of

the time-varying resistance (Zp(t) = G−1(t)) and screening voltage (Vsc). Vsc is calculated

from the screening field (Esc) of the carrier polarization (P(t)) arising from the separation
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of the carriers by the net electric field at the gap. In order to reduce the complexity in the

Fig. 2.5: First proposed Electrical Equivalent

circuit of the PCA [130]

Fig. 2.6: Second proposed Electrical

Equivalent circuit of the PCA [131]

calculations, a fixed value of the carrier mobility has been assumed. Although this model

can predict the transient behavior of the net electric field, different circuital voltages, and

the radiated THz electric field, the accuracy of these results is debatable as this model

does not include the effect of the charge accumulation in the gap, effect of the electric

field on the carrier mobility, and different other semiconductor physics.

✪ Suen et al. [131] have presented a new electrical equivalent circuit model for the PCA by

modeling the gap as a parallel combination of the time-varying conductance (G(t)) and

a static capacitance (C) as shown in Fig. 2.6. However, authors have not provided the

details about how the equivalent circuit component values are calculated. Moreover, the

presented circuit model does not include the screening effect of the carriers.

Fig. 2.7: Third proposed Electrical Equivalent circuit of the PCA [132]

✪ Khiabani et al. [132] have presented an equivalent circuit model of PCA by modeling

the gap as a series combination of the dependent voltage source (β(t)Vc(t)) arising due

to space charge screening with the parallel combination of the time-varying resistance
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Fig. 2.8: Fourth proposed Electrical Equivalent circuit of the PCA [133]

(Rs(t)) and the time-varying capacitance (C(t)) as shown in Fig. 2.7. The calculation

strategies used in this study appear to have several conceptual and numerical issues which

are given below:

1. The total circuit current (I) given in (2.1) in [132] as:

I(t) = Vc(t)Gs(t) + C(t)
dVc(t)

dt
+

dC(t)

dt
Vc(t) (2.1)

should be equal to the current passing through the radiation resistance (Irad) calculated

from (2.2) of [132] as:

Irad =
Vrad

Za

=
eµen(t)Vc(t)S

L
(2.2)

However, computing it numerically, it has been found that the amplitude of these
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Fig. 2.9: Comparison of the total circuit

current at Pin=10 mW
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Fig. 2.10: Comparison of the screening

voltage at Pin=10 mW

currents are not equal as shown in Fig. 2.9.

2. Vsc can be calculated from β(t)Vc(t) or from the equation given as:

Vsc(t) = Vbias − Vc(t) − Vrad(t) (2.3)
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Comparing these two values of Vsc, a mismatch between them can be observed as

shown in Fig. 2.10.
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Fig. 2.11: Comparison of the conductance values

3. The value of C(t) and β(t) are obtained by equating (7) and (8) [132] term by term,

which also gives the value of the conductance. Comparing the conductance value

obtained from comparison mentioned above and from (4) [132], a mismatch can be

found between the values as shown in Fig. 2.11.

4. Moreover, to calculate the value of the different circuit components, the equation of

the circuit presented in Fig. 2.7 is compared with the same of the circuit shown in Fig.

2.5. However, it can be seen from the figures that a direct comparison between these

two circuital equations is not valid.

✪ Malhotra et al. [133] have proposed an extended circuit model of the PCA by including

the bias pads equivalent electrical circuit combining with the circuit model presented

in [132]. This study presents the effect of the gap length over the different properties

of the PCA. It also presents the simulation study of the antenna radiation pattern using

electromagnetic solver HFSS. However, the presented analysis uses the same calculation

strategies as presented in [132] and have the same conceptual and numerical issues.

The PCA can also be used as the THz receiver. To analyze its performance as a receiver,

the circuit modeling study can be used. However, to the best of the knowledge of the author, no

equivalent electrical circuit model has been proposed in the literature for the PCA working as a
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THz receiver.

The summary of the circuit modeling studies discussed in this section is given in Table 2.2.

Table 2.2: Summary of the circuit models of the PCA source

Reference Physics Incorporated Unaddressed Issues Remarks

Loata et

al. [130]

• Carrier generation.

• Voltage screening.

• Constant mobility.

• Charge accumulation.

• Fields and doping de-

pendent mobilities.

• Semiconductor

carrier dynamics

has not been in-

cluded adequately.

Suen et

al. [131]

• Carrier generation.

• Constant capacitance.

• Voltage screening. • No calculation

strategy to evaluate

the value of the cir-

cuit components.

Khiabani

et

al. [132]

• Carrier generation.

• Charge accumulation.

• Voltage screening.

• Fields and doping de-

pendent mobilities.

• Several conceptual

and numerical in-

consistencies.

Malhotra

et

al. [133]

• Uses same calculations

strategies as in [132]

• Antenna losses.

• Radiation pattern study.

• Fields and doping de-

pendent mobilities.

• Several conceptual

and numerical in-

consistencies as in

[132].

2.3.3 Literature Review of the Near Fields Effect on the Performance of the PCA

The radiation efficiency and the radiated power from the PCA depend on several factors

such as the voltage screening, the mobility reduction due to carrier scattering, and the radiated

near-zone fields; which limit its performance. Darrow et al. [134] have reported the saturation

properties of a large aperture PCA due to the effect of the radiated near-zone fields. Moreover,

the proposed study also reported an approximate relation between the near and far-zone electric

32

TH-2078_126102030



2.3 Literature Survey

fields, radiated from the large aperture PCA. However, the reported study does not include the

effect of the radiated near-zone fields on the performance of the large aperture PCA. Also, the

presented study concentrates mainly on the electromagnetic principles while neglects the effect

of the semiconductor material and its parameters in the analysis.

2.3.4 Literature Review of Performance Enhancement Studies

The low output power from the PCA is an issue of concern in the development of the

systems based on it. The output power from it depends on the several parameters related

to the semiconductor material, the antenna geometry, and the laser source. Various studies

have been reported in the literature dealing with the performance analysis and enhancement

of the PCA. The radiated power from it can be enhanced by increasing the bias voltage, and

the laser power as reported in several studies [135]. In order to improve the radiation charac-

teristics of the PCAs, several other methods have also been employed such as using the dif-

ferent photoconductive semiconductor materials [76, 77, 82, 124], the various antenna geome-

tries [76, 121, 122, 136–138], and by shaping the laser pulse [139, 140] etc. Although studies

mentioned above improve the radiated power from the PCA, the improvement achieved still

remains quite small.

2.3.5 Literature Review of the Theoretical Analysis of the Radiated Fields

The intensity of the radiated THz electric field can be measured experimentally, or deter-

mined through the simulation studies, or calculated analytically. Although the literature is con-

siderably rich in experimental and simulation studies for the radiated fields from the PCA, very

limited works are reported on theoretical analysis of radiated fields. To the best of the author’s

knowledge, only Benicewicz et al. [82] have presented an analytical study to derive the formulae

for the radiated fields from a PCA. However, the approach presented in [82] uses electromag-

netic relations only, while the effect of the semiconductor material, polarization of the carriers,

and voltage screening on the radiated fields has not been given due consideration.
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2.4 Summary

This chapter summarizes the works reported in the literature associated with the simulation

studies, the circuit modeling, the performance enhancement studies, and derivation of the for-

mulae for the radiated fields from the PCAs. Furthermore, the issues related to these studies

are emphasized and discussed as well as the requirement of the new research in the respective

areas are identified. Moreover, the discussions provided in this chapter also set the primary

motivation for the analysis that are carried out in the subsequent chapters.
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3.1 Introduction

Technology Computer Aided Design (TCAD) software provides workbench to investigate

the advance device performance. Several commercial software such as Silvaco TCAD, Sen-

taturus TCAD, Visual TCAD etc., are available for the design and development of the semi-

conductor devices. The study presented in this chapter uses Sentaurus TCAD to analyze the

current pulse generation process in a PCA. The Sentaurus device simulator is a widely used

multi-dimensional numerical device simulator designed for the simulation of the electrical, the

optical and the thermal characteristics of the Silicon-based devices. However, it is also capable

of analyzing the some of the compound semiconductor materials such as GaAs. In the device

simulations using Sentaurus TCAD, one can selectively include the numerical model functions.

Prior to this study, all the simulation studies, as reported in section 2.3.1, were mainly based

on the basic semiconductor physics where the effects of some of the issues such as the carrier

dynamics dependence on the carrier-to-carrier collision, temperature, traps energy level, traps

density, as well as the different recombination mechanism are not addressed adequately. Also,

these studies have not included the transient changes in the behaviour of the carriers. Based on

these drawbacks, the study presented in this chapter tries to incorporate most of the underlying

semiconductor physics in the operation of a PCA which were not included in the previously

presented studies. This study includes different semiconductor physics such as carrier-to-carrier

scattering, transient mobilities, transient velocities, transient carrier lifetime, the effect of the

trap density, traps energy level, recombination effect etc.

The total efficiency of a PCA depends on the optical-to-electrical and the electrical-to-THz

conversion efficiencies. The primary focus of the presented study in this chapter is to analyze

and optimize the optical-to-electrical conversion efficiency. This efficiency mainly depends on

the interaction of the laser beam with the photoconductive substrate which results in the forma-

tion of a current pulse. This chapter analyses the current pulse generation investigates the effect

of various parameters on it using simulation studies in the Sentaurus TCAD. Before discussing

the simulation study on the PCA, basic semiconductor carrier dynamics, different physical mod-
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els, generation-recombination models, and the contact details are outlined in section 3.2.

3.2 Semiconductor Physics

In order to reduce the carrier lifetime in the semiconductor substrate, the trap densities

are introduced by the different fabrication techniques. So, to solve the behavior of the PCA,

the carrier dynamics must include the effect of the trap densities present in the semiconductor

material. In order to analyze the device behavior, the simulation study uses set of equations

which are presented in following subsections:

3.2.1 Electrostatic Potential

The solution of the Poisson’s equation gives the potential distribution over the solution do-

main. It is given as [141]:

∇ · ε∇φ = −q(p − n + ND − NA) − ρtrap (3.1)

where φ is the electrostatic potential, ε is the electrical permittivity of the semiconductor mate-

rial, q is the elementary electronic charge, n and p are the electrons and the holes densities, ND

and NA are the densities of the ionized donors and the ionized acceptors, and ρtrap is the charge

density contributed by the traps.

3.2.2 Continuity Equation

The time-dependent carrier densities in the substrate material are evaluated by using the

continuity equation. The change in the total carriers concentration must be equal to the changes

due to the drift, the diffusion, the recombination and the generation processes and is given

as [141, 142]:

∂n

∂t
=

1

q
∇ · ~Jn − Rn +Gn (3.2)

∂p

∂t
= −1

q
∇ · ~Jp − Rp +Gp (3.3)

where ~Jn and ~Jp are the current densities due to the electrons and the holes, respectively, Rn and

Rp are the net recombination rates of the electrons and the holes, respectively, Gn and Gp are
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the generation rates of the electrons and the holes, respectively.

The current densities include the drift and the diffusion currents and must satisfy the follow-

ing equations [141, 142]:

~Jn = qµnn~E + qDn∇n (3.4)

~Jp = qµp p~E − qDp∇p (3.5)

where µn and µp are the mobilities of the electrons and the holes, respectively, E is the electric

field, Dn and Dp are the diffusion coefficients for the electrons and the holes, respectively.

The total current density is given as:

~J = ~Jn +
~Jp (3.6)

3.2.3 Recombination Process

The carriers recombination process is an important process in the analysis of the PCA. Sev-

eral models have been proposed in the literature to model the recombination processes. In the

PCA analysis, the Shockley Read Hall (SRH) and the three carriers based Auger recombination

models are used to analyze the trap-assisted recombination processes.

3.2.3.1 SRH Recombination Model

The SRH recombination process is shown in Fig. 3.1 and has following sub-processes [143]:

Fig. 3.1: Illustration of SRH recombination process
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• Electron Capture: An electron from the conduction band is captured by the empty trap

at the trap energy level as shown process 1.

• Hole Capture: The trapped electron from the trap energy level moves to the valence band

and recombines with the holes as shown process 2.

• Electron Emission: The trapped electron from the trap energy level moves to the con-

duction band after gaining energy as shown process 3.

• Hole Emission: An electron from the valence band moves to the trap energy level leaving

the hole in the valence band as shown process 4.

The net recombination rate in the SRH recombination process is given as [141, 143]:

RS RH
=

np − n2
i,e f f

τp(n + n1) + τn(p + p1)
(3.7)

with,

n1 = ni,e f f exp

(

Etrap

kBT

)

; p1 = ni,e f f exp

(

−
Etrap

kBT

)

; Etrap = Et − E f i (3.8)

where ni,e f f is the intrinsic carrier density, Et is the trap energy level, E f i is the intrinsic Fermi

level, kB is Boltzmann constant, T is the temperature, τn and τp are the lifetimes of the electrons

and the holes expressed as [141, 144]:

τn =
1

Ntσnvth,n

; τp =
1

Ntσpvth,p

(3.9)

where Nt is the trap density, σn and σp are the capture cross-sections for the electrons and

the holes, respectively, vth,n and vth,p are the thermal velocities of the electrons and the holes,

respectively given as; vth,n,p =

√

3kBT

m∗n,p
, and m∗n,p are the effective mass of the electrons and the

holes, respectively.

3.2.3.2 Auger Recombination Model

The band to band Auger recombination rate is given as [141]:

RA
=

(

Cnn + Cp p
) (

np − n2
i,e f f

)

(3.10)
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where Cn and Cp are the capture rates, given as:

Cn(T ) =













An + Bn

(

T

T0

)

+ Cn

(

T

T0

)2










[

1 + Hn exp

(

− n

N0,n

)]

(3.11)

Cp(T ) =













Ap + Bp

(

T

T0

)

+ Cp

(

T

T0

)2










[

1 + Hp exp

(

− p

N0,p

)]

(3.12)

where T0 = 300K and the values of different constants used for LT-GaAs is given in Table 3.1.

Table 3.1: Coefficients values for the Auger recombination model

Parameter Name A(cm6s−1) B(cm6s−1) C(cm6 s−1) H N0cm−3

Electrons 1 × 10−30 0 0 0 1 × 1013

Holes 1 × 10−30 0 0 0 1 × 1013

3.2.4 Optical Generation

The steady state generation rate of the carriers is given by:

Gl(x, y, z, t) = G0 × e[−α(z−z0)] × e




















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−
(x − x0)2
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−
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σ2
y














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
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
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
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√
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
















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











(3.13)

with

G0 =
αP0

h f
; α =

4πk

λ
(3.14)

where P0 is the peak optical power, h is Plank’s constant, f is the laser frequency, σx and σy are

the spot size standard deviations, σt is the time standard deviation, λ is the laser wavelength,

and k is the extinction coefficient.

3.2.5 Metal-Semiconductor Interface

The ohmic contacts are used at the metal-semiconductor interface. The Dirichlet boundary

conditions are applied at the ohmic contacts and given as [141]:

φ = φbias +
kT

q
asinh

(

ND − NA

2ni,e f f

)

(3.15)

n0 =

√

(

ND − NA

2

)2

+ n2
i,e f f
+

(

ND − NA

2

)2

(3.16)
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p0 =

√

(

ND − NA

2

)2

+ n2
i,e f f
−

(

ND − NA

2

)2

(3.17)

where φbias is the applied voltage, n0 and p0 are the electrons and the holes equilibrium concen-

trations.

3.2.6 Mobility Models

The mobility models are originated from the moment relaxation time of the carriers in the

lattice. Therefore, the mobilities of the carriers depend on various scattering mechanisms such

as the lattice scattering, the carrier-to-carrier scattering, and the defect scattering. It also de-

pends on the energy of the carriers, the impurities concentrations, and the lattice defects [145].

In the analysis of the PCA, the doping and the field dependent mobility models have been uti-

lized to study the characteristics of the generated current pulse.

3.2.6.1 Arora Mobility Model

The doping dependency of the carrier mobility is modeled by using the Arora mobility

model, which is given as [141, 146]:

µdop = µmin +
µd

1 +

(

NA + ND

N0

)A∗
(3.18)

µmin = Amin

(

T

300

)αm

; µd = Ad

(

T

300

)αd

(3.19)

N0 = AN

(

T

300

)αN

; A∗ = Aa

(

T

300

)αa

(3.20)

The values of the different parameters of LT-GaAs material used in the simulation study is

provided in Table 3.2.

Table 3.2: Coefficients values of the Arora mobility model for LT-GaAs

Parameter

Name

Amin

(cm2V−1s−1)
αm

Ad

(cm2V−1s−1)
αd

AN

(cm−3)
αN Aa αa

Electrons 200 -0.7457 8300 -2.687 1014 3.535 0.6273 -0.1441

Holes 40 -1.124 360 -2.366 1015 3.69 0.8057 0
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3.2.6.2 Caughey-Thomas Mobility Model

The field dependency of the carrier mobility is modeled by the Caughey-Thomas model and

is given as [141, 145]:

µelec,n = µlow,n













1 +

(

µlow,nE

vsat,n

)2










−1/2

(3.21)

µelec,p = µlow,p













1 +

(

µlow,pE

vsat,p

)2










−1/2

(3.22)

where µlow,n and µlow,p are the low field mobilities of the electrons and the holes, respectively,

vsat,n and vsat,p are the saturation velocities of the electrons and the holes, respectively, and E is

the applied electric field.

3.3 Simulation Steps in Sentaurus TCAD

The simulation study in the Sentaurus TCAD involves several steps and modules. A brief

introduction of these modules are as follows:

• Step 1 (Sentaurus Device Editor): The Sentaurus Device Editor (SDE) is used to cre-

ate the PCA geometry. The geometries can be created in 1-D, 2-D, and 3-D by using a

user-defined script or by using the graphical user interface (GUI). The region-wise mate-

rial definitions, the doping profiles, the electrical contacts, and the meshing criterion are

defined in it.

• Step 2 (Sentaurus Mesh): The Sentaurus Mesh (SNMESH) uses the file generated from

the SDE and generate the TDR grid and data files for device simulation. The output files

contain the material identifiers and doping information at each node of the mesh.

• Step 3 (Sdevice): The Sdevice module solves the device using numerical methods and

models as defined in the user-defined script. The user-defined script contains the different

device physics, models, parameter files, and parameters descriptions to be calculated.

3.4 LT-GaAs Material Characteristics

LT-GaAs is the most widely used material for the THz generation from the PCA. A high-

quality GaAs is grown by the Molecular Beam Epitaxy (MBE) at different low growth tempera-
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tures (200−300◦C) and annealed at high temperatures (400−600◦C). However, after annealing

at higher temperatures, GaAs becomes highly resistive. Because of low growth temperature,

LT-GaAs is highly non-stoichiometric and the excess concentration of Arsenic (As) creates a

high concentration of As related deep level defects. The arsenic concentration depends on the

growth temperature and As pressure during the material deposition. The excess As generates

several point defects in GaAs such as arsenic antisites (AsGa), arsenic interstitials (Asi), Gallium

vacancy point defects (VGa), etc. Depending on the growth temperature, the defects densities

varies from 1017 − 1020 cm−3. The concentration of the ionized donor As+ are responsible for

the fast trapping of the electrons. Increasing the defect densities in GaAs decreases the lifetime

of the carriers as well as their mobilities. A high-temperature post-growth annealing increases

the mobilities of the carriers by decreasing the defect concentrations. Due to the high defect

concentration, the carrier lifetime comes down to few ps. For example, at growth temperature

200◦C and annealing at 600◦C, the carrier mobility and carrier lifetime in LT-GaAs is measured

to be 120 − 150cm2V−1s−1 and 0.4 ps, respectively [90, 105, 106, 108, 109].

3.5 Simulation Setup in the Sentaurus TCAD

A 3-D simulation of the PCA is performed in the Sentaurus TCAD. As the current genera-

tion mainly depends on the carrier dynamics in the gap region between the electrodes, only the

gap region has been considered in the simulation studies. A typical structure of the PCA geom-

etry used in the simulations is shown in Fig. 3.2. The length and the width of the gap region are

Fig. 3.2: Simulation geometry of PCA

shown by L and W, respectively. The resistance connected to one of the electrodes represents
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3. Modeling of the Current Pulse Generation in the Photoconductive Antenna

the radiation resistance of the antenna structure which accounts for the power loss due to the

radiation from the PCA. A voltage bias is applied to the same electrode while the other elec-

trode is connected to the ground. LT-GaAs for the semiconductor substrate and Copper for the

electrodes are used in the simulation studies. The LT-GaAs material is not available in the Sen-

taurus TCAD material library, so the GaAs material properties have been modified according

to the information available in the literature of the LT-GaAs. For example, to achieve the short

carrier lifetime, GaAs is uniformly doped with the different doping concentrations such as As+,

VGa, and Asi. The trap-assisted recombination mechanism of the carriers plays a major role in

Fig. 3.3: Simulation flow for the PCA in Sentaurus TCAD

reducing the carrier lifetime. In the simulation study, a carrier lifetime (τc) of ≈ 1 ps and ≈ 9

ps have been obtained for the As+ doping concentrations of 5 × 1019 cm−3 and 1 × 1019 cm−3,

respectively, while keeping the doping densities of VGa, and Asi in the range of 1018 cm−3. The

traps are placed near to the mid-energy level of GaAs material. The generation of the carriers

by the laser illumination is solved using the ray tracing optical solver. The simulation flow of

the PCA in the Sentaurus TCAD is shown in Fig. 3.3. Several geometries such as conventional

dipole, interdigitated, and comb structured electrodes with the different antenna gap lengths and

widths have been analyzed to understand the effect of the various parameters on the generated

current pulse. In the simulation studies, the gap geometries L = 10 µm, W = 10 µm with the

laser spot radius of 5 µm and L = 5 µm, W = 5 µm with the laser radius of 3 µm have been used

to obtain the current pulse behavior.
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Fig. 3.4: Parameters affecting the behavior of the current pulse generated in the PCA

3.6 Results and Discussions

In the simulation study of the PCA the effect of several parameters, as shown in Fig. 3.4, on

the generated current pulse, have been analyzed and discussed in the following subsections:

3.6.1 Effect of the Bias Voltage

The applied bias voltage at the electrodes set up an electric field across the gap region which

facilitates the movement of the carriers towards the respective electrodes (the electrons towards

the anode and the holes towards the cathode). The carrier velocities strongly depend on the

electric field and are related as:

vn,p = µn,pEnet (3.23)

where Enet is the net electric field at the point of calculation in the simulation domain.

The net electric field at the gap varies with the bias voltage. Increasing the bias voltage

increases the net electric field, which results in a high amplitude current pulse due to the large

number of the carriers collection at the electrodes. The same behavior can be observed in Fig.

3.5.

3.6.2 Effect of the Laser Power

The role of the laser source is to generate the electron-hole pairs in the semiconductor sub-

strate material which will further form a current pulse with the help of bias voltage. The photo-
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Fig. 3.5: Effect of the bias voltage on the current
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Fig. 3.6: Effect of the laser power on the current

pulse

generated carrier density depends on the laser beam power (P). Increasing the laser power

increases the the photo-carriers in the gap region as well as the collected carriers at the elec-

trodes resulting in a high amplitude current pulse generation. The same behavior can be seen in

Fig. 3.6.

3.6.3 Effect of the Laser Pulse Width

The peak power of a laser beam and the laser pulse width (τl) are inversely proportional. The

photo-generated carriers decrease with an increase in the laser pulse width due to reduced laser

peak power. As the densities of the photo-generated carriers at the gap decline, the amplitude

of the current pulse also falls off as shown in Fig. 3.7.

3.6.4 Effect of the Laser Spot Radius

The change in the laser spot radius (rl), while keeping the laser power constant, changes

the amplitude of the generated current pulse. The generation of the photo-carriers is centered

in and around the laser spot position. If the distance between the generation point and the

nearby electrode is considerable large and the transit time of the carriers to reach the electrode

is greater than its lifetime, less number of the carriers get collected at the electrode due to the

recombination of the carriers with the traps/defects before reaching the electrode. The similar

behavior of the laser spot radius effect on the current pulse is shown in Fig. 3.8, while keeping

the laser focused at the center of the gap region.
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3.6.5 Effect of the Laser Spot Position

The laser beam spot position is also an important parameter in deciding the behavior of the
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Fig. 3.9: Effect of the laser spot position on the current pulse

current pulse. A stiff focusing of the laser beam near the anode facilitates a high amplitude

current pulse as a large number of the carriers get collected at the electrode in a very small

duration. While moving the laser spot away from the anode decreases the amplitude of the

current pulse because of the fewer carriers collection at the electrode. The same dependency of

the current pulse amplitude on the laser spot position is shown in Fig. 3.9.
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3.6.6 Effect of the Antenna Geometry

The carrier velocities depend on the electric field distribution at the gap region. The am-

plitude of the electric field depends on the bias voltage applied to the electrodes. while the

Fig. 3.10: Voltage distribution profile in the comb

structured PCA

Fig. 3.11: Voltage distribution profile in the inter-

digitated structured PCA

distribution profile of the voltage depends on the electrodes structure in the gap region. Chang-

ing the electrodes geometry changes the voltage distribution in the gap as shown in Figs. 3.10,

3.11 and 3.12.

Fig. 3.12: Voltage distribution profile in the Hertzian dipole PCA

The change in the voltage distribution profile at the gap alter the carrier’s movement which

in turn affect the current pulse characteristics. To show the effect of the antenna geometry on the

current pulse, the hertzian dipole, the comb, and the interdigitated electrode structured PCAs

as shown in Fig. 3.13 and 3.14, respectively, are used in the simulation study. The simulation

studies are performed for the different values of g for both geometries; comb and interdigitated

structured PCAs, where g is the shortest distance between the anode and the cathode. The
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Fig. 3.13: Comb structured PCA gap Fig. 3.14: Interdigitated structured PCA gap

effect of g on the current pulse is shown in Fig. 3.15 and 3.16. Increasing the value of g

decreases the net electric field at the gap which affects the carrier velocities and results in a low

amplitude current pulse. The reduction in the amplitude of the current pulse for g = 1µm in

the interdigitated electrodes may be attributed to the dominating voltage screening effect due

to the charge accumulation near the electrodes. However, for the large values of g, the voltage
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Fig. 3.15: Peak amplitude of the current pulse in

the comb structured PCA
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Fig. 3.16: Peak amplitude of the current pulse in

the interdigitated structured PCA

screening does not affect much and the large gap between electrodes decreases the net electric

field which results in a small current amplitude.

3.6.7 Effect of the Carrier Lifetime

The carrier lifetime mainly depends on the concentration of the traps (defects), carrier’s

capture cross-section at the given energy level in the semiconductor material and are related
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as given in (3.9). Increasing the concentration of the traps decreases the carrier lifetime. A
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Fig. 3.17: Effect of the carrier lifetime on the cur-

rent pulse
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Fig. 3.18: Effect of the temperature on the current

pulse

large carrier lifetime provides extended time to the carriers to be remain in the gap region or

get collected by the electrodes before recombining with the trap sites. Whereas, in case of short

carrier lifetime, the probability of the recombination with the trap sites is very high and a large

number of the carriers recombine before getting collected at the electrodes. So, increasing the

carrier lifetime increases the number of carriers collected by the electrodes and results in a large

amplitude current pulse, however, it also increases the width of the current pulse. The same

behavior of the carrier lifetime effect on the current pulse can be seen in Fig. 3.17.

3.6.8 Effect of the Substrate Temperature

The different parameters such as the carrier mobility, the carrier lifetime, and the carrier

recombination rates in the semiconductor substrate are temperature (T ) dependent. The change

in the substrate temperature changes the value of these parameters, thereby, modifying the cur-

rent pulse characteristics. There can be several reasons behind the substrate temperature change

such as the laser power dissipation, the power loss due to substrate resistance, and the carrier-

to-carrier collisions. The effect of the substrate temperature on the current pulse is shown in the

Fig. 3.18.
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3.6.9 Effect of the Energy Level of the Traps

The energy level of the traps can be controlled by different ways such as by varying the

annealing temperature, controlling pressure coefficient, etc. [147–149]. To analyze the effect of
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Fig. 3.19: Effect of the traps energy levels on the current pulse

the energy level on the current pulse, traps have been placed at the different energy levels and

the current pulse behavior is analyzed. The peak value of the current pulse at different energy

level is plotted in Fig. 3.19.

3.7 Summary

Table 3.3: Summary of the simulation studies

Parameter Value
Current pulse

amplitude
Remark

Bias voltage ↑ ↑ Limited by substrate electrical breakdown

Laser power ↑ ↑ Limited by substrate thermal breakdown

Laser pulse width ↑ ↓ -

Laser spot radius ↑ ↑ Laser spot is centered at the meddle of the gap

Laser spot position ↑ ↓ Moving the spot from anode to cathode

Antenna geometry - ↑ Compared the plane, the comb and the inter-

digited structured electrodes PCA

Carrier lifetime ↑ ↑ At the same time pulse width also increases

Substrate tempera-

ture

↑ ↓

Traps energy level ↑ ↑ Moving towards the conduction band

In this chapter, a simulation study of current pulse generated in a PCA has been presented
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using the semiconductor simulator Sentaurus TCAD. The effect of the bias voltage, the laser

power and its pulse width, the laser spot radius and its position, the antenna geometry, the carrier

lifetime, the substrate temperature and the traps energy level on the generated current pulse has

been analyzed. The results show that the amplitude of the current pulse can be enhanced by

varying the properties of above-said parameters. A summary of the results is provided in Table

3.3.
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4. An Equivalent Electrical Circuit Model of the Photoconductive Antenna

4.1 Introduction

The efficiency of the PCA as a source of THz radiation, affects the performance of the THz

system based on it. Therefore, a detailed investigation of the PCA’s perfromance is crucial. As

discussed earlier in section 2.3.2, very few equivalent electrical circuit models of the PCAs are

proposed in the literature [130–133]. However, due to certain limitations as discussed in section

2.3.2, these circuit models do not reflect the PCA behavior very accurately. Scopes still exist

in developing circuit model of PCA which takes into account comprehensively the different

phenomena involved in PCA operation.

In this chapter, an improved equivalent electrical circuit of the PCA working as a THz source

is developed with the aim to overcome some of the limitations of the previously proposed circuit

models. The circuit model proposed in this chapter is based on lumped element approach and

includes the physical phenomenon involved in the device operation to make it comprehensive.

Furthermore, using the developed circuit model, the effect of the different physical parame-

ters on the characteristics of the PCA and transient behavior of various circuit components

are analyzed. To validate the results computed using proposed circuit model, several results

are compared with the simulation results presented in Chapter 3 and the experimental results

reported in the literature.

In addition, this chapter also proposes a novel electrical equivalent circuit of the PCA work-

ing as a THz detector. The circuit model presented for the PCA detector uses the same method-

ologies, as proposed for the PCA source, to compute the value of the circuit parameters. Based

on the developed circuit model, a comparative study of the PCA detector in noisy and noise free

medium is carried out and the results are presented.

4.2 Generation of the THz Radiation from the PCA

A brief description of the THz wave generation from the PCA is discussed in section 1.6.

Here, a more in-depth discussion of the working principle of the PCA is given to understand

the various physics undergoing in it. The primary purpose of this is to relate the different

components of the circuit with the physical phenomenon occurring in the PCA operation.
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4.3 Proposed Equivalent Electrical Circuit Model of the PCA Working as the THz Source

In a PCA, a laser beam illuminates the gap area or active region and generate photo-carriers.

The electron-hole pair generation in the semiconductor material depends on the energy of the

photon of the laser beam. If the energy of the incident photon is greater than the bandgap

energy of the semiconductor substrate, it generates an electron-hole pair, or else the energy gets

dissipated without the carrier generation. The applied bias voltage (Vbias) to the electrodes setup

an electric field (Ebias) in the active region which accelerates the photo-carriers towards the

respective electrodes, thereby producing a photo-current pulse through the antenna structure.

It is imperative to note that, only a fraction of the generated carriers contribute towards the

current pulse generation; remaining of them stay in the active region separated by the electric

field. The separation of the carriers generates a polarization (Ps) effect which produces a reverse

electric field and reduces the strength of the net electric field in the active region. The voltage

associated with the polarization electric field is known as screening voltage (Vs). In PCA, the

laser illumination period and the carrier lifetime are very short which facilitate the generation

of an ultrafast changing current pulse and the THz radiation from the PCA.

The generation of photo-carriers in the semiconductor material increases the conductivity of

in the gap. The conductance (Gp) at the gap increases with the material conductivity. The carrier

polarization intensity depend on the amplitude of the net electric field in the active region. The

reverse voltage (Vs) due to the polarization effect can be modeled as a voltage-dependent source

which depends on the net voltage/electric field across the gap. Also, the accumulation of the

charges generates a capacitance (Cp) in the gap region. The power loss due to the radiation from

the PCA can be modeled as a loss across a radiation resistance (Za) of the antenna. Adding all

the effects stated above, the PCA can be modeled as a combination of Gp, Cp, Vs and Za.

4.3 Proposed Equivalent Electrical Circuit Model of the PCA Working as

the THz Source

In general, the electrodes gap dimensions are small compared to the radiated wavelength

from the PCA. Therefore, it is possible to apply a lumped element approach in developing an

equivalent circuit model of the PCA.
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Under the dark condition, a PCA can be represented as a parallel combination of the sub-

strate resistance (Rs) and the gap capacitance (Cs) across the antenna electrodes, as shown in

Fig. 4.1. The resistance accounts for the flow of dark current through the substrate in the

absence of the laser illumination. The semiconductor substrate resistance is of the order of

MΩ [80, 150] which makes the dark current very small. Furthermore, the capacitance accounts

for the voltage drop across the gap.

Fig. 4.1: An equivalent circuit of the PCA in dark

condition

Fig. 4.2: An equivalent circuit of the parallel plate

plasma

The laser illumination at the gap generates a high density of electron-hole pairs in and

around the active volume in the semiconductor substrate, which can be modeled as the plasma

medium. A typical equivalent electrical circuit of the plasma medium in a parallel plate circuit

under an AC bias is shown in Fig. 4.2 [151]. Rsh and Csh are related to the sheath created near

to the electrode plates. Rp, Lp, and Cp are related to the plasma medium, where Lp is the kinetic

inductance resulting from the electrons moment of inertia due to the AC voltage supply.

In case of a PCA, the circuit given in Fig. 4.2 is reduced to the parallel combination of Rp

and Cp only. The sheath formation is neglected due to a minimal contact area with the plasma

in the active region of the PCA. Also, since a DC voltage supply is used, Lp can be dropped

Fig. 4.3: An equivalent circuit of the PCA in tran-

sient illumination state

Fig. 4.4: Proposed equivalent electrical circuit of a

PCA working as a THz source

out from the proposed model. The plasma generated at the active region is represented by
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the parallel combination of Gp(t) and Cp(t) as shown in Fig 4.3, where Gp is the conductance

corresponding to Rp. The radiation resistance (Za) accounts for the loss of the power due to the

radiation from the antenna. The time-dependent screening voltage (Vs(t)) is placed in the series

with the parallel combination, as shown in Fig. 4.3.

Fig. 4.4 shows the proposed equivalent electrical circuit of a PCA, which is the combina-

tion of circuits under the dark and the illuminated conditions. The description of the different

currents and voltages in the proposed circuit are as follows:

• I(t) = Time dependent total circuit current.

• Id = Current in the absence of the laser illumination.

• IA(t) = Time dependent total current through the gap.

• IG(t) = Time dependent current through the conductance.

• Ic(t) = Time dependent capacitive current through the capacitance.

• Vc(t) = Time dependent voltage across the capacitance.

• Vs(t) = Time dependent screening voltage.

• Vr(t) = Time dependent radiation voltage.

4.3.1 Calculations of the Circuit Parameters

In order to calculate the values of different parameters and their dependency on the other

circuital parameters, some assumptions are considered in the modeling study and are as follows:

• The laser beam uniformly illuminates the gap region.

• A uniform electric field exists at the gap.

• The diffusion current through the dark capacitance (Cs) is very small and is neglected.

• The electrodes are very long compared to the gap dimension, and the performance of the

antenna depends on the gap size only.

• The antenna losses are neglected and the radiation efficiency of the antenna is considered

to be equal to 1.

The Fig. 4.5 shows the flow of analytical calculation of circuital parameters and their inter-

dependencies.
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Fig. 4.5: Flow chart of the analytical calculations

4.3.1.1 Carrier Density

The time dependent carrier density (n(t)) in the active volume can be calculated by using

the continuity equation given as [141, 142]:

dn(t)

dt
= −n(t)

τc

+ g(t) (4.1)

where τc is the carrier lifetime and g(t) is the time dependent generation rate of the carriers.

The carrier generation rate is calculated by considering a pulsed Gaussian laser beam with

the power distribution given as [152]:

Pl(t, r) = P0 × e
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(4.2)

where P0 is the laser peak power, ω0 is the laser beam waist radius at z = 0 (at the air-

semiconductor interface), and τl is the laser pulse width.

The power contained within the radius r is given as:

P(t, r) = P0 ×
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(4.3)
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The time dependent photo-generation rate (g(t)) using a Gaussian profile laser beam in the

PCA is given as:

g(t) =
2P(t, r)

πω2
0
hνopt

(4.4)

where h is Planck’s constant, and νopt is the laser frequency.

The total number of the carriers in the active volume using (4.1) can be evaluated as:
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where α is the power absorption coefficient, and d is the laser skin depth in the semiconductor

substrate material.

The average time dependent carrier density, nav(t), in the active volume can be written as:

nav(t) =
(1 − R)τlP0√
2πhνoptω
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(4.6)

where the active volume is L in length, W in width and d in depth.

4.3.1.2 Gap Conductance

The time-dependent gap conductance (Gp(t)) controls the behavior of the drift current in the

active volume. The incremental gap conductance (dGp(t)) for a small thickness dz in the active

volume can be calculated as:

dGp(t) =

[

ρ(t)L

Wdz

]−1

(4.7)

where ρ(t) is the time-dependent resistivity, and L is the length of the active region.

The total gap conductance in the active volume can be written as:

Gp(t) =
qµeWnav(t)d

L
(4.8)

where q is an electron charge, µe is the average mobility of the carriers, and W is the width of

the active region.

The average mobility (µe) of the carriers is calculated by using Caughey-Thomas, and Arora
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mobility models as explained in section 3.2.6 and given as:

1

µe

=
1

µelec

+
1

µdop

(4.9)

where µelec is the electric field dependent mobility of the carriers obtained from the Caughey-

Thomas mobility model and µdop is the doping dependent mobility of the carriers obtained from

the Arora mobility model.

4.3.1.3 Capacitive Current

The current through the capacitor is a diffusion current resulting due to the low carrier

concentration region near the electrodes. The capacitor current can be evaluated by calculating

Fig. 4.6: 3D representation of the volume corresponding to the distance covered by the carriers in ∆t

time step

the total number of carriers collected at the electrode within a very small time step ∆t. The

volume corresponding to the distance covered by the photo-carriers within ∆t is approximated

to be one-fourth of the cylindrical volume within the active region as shown in Fig. 4.6. So, the

time-dependent capacitance current can be evaluated as:

Ic(t) =
πqµ2

e∆tWnav(t)V
2
c (t)

4L2
(4.10)

4.3.1.4 Active Region Capacitance

The variation in the photo-carriers density in the quasi-neutral region with applied voltage

yields a capacitance which is called diffusion capacitance. Using the small-signal analysis, this

capacitance can be given as:

Cp(t) =
dQ(t)

dVc(t)
(4.11)

where Q(t) is the change in the charge density in the active volume in ∆t time.
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The Q(t) and Cp(t) can be written as:

Q(t) = Ic(t)∆t (4.12)

Cp(t) =
πqµ2

e∆t2Wnav(t)Vc(t)

2L2
(4.13)

4.3.1.5 Screening Voltage

The carriers present in the active volume develope the screening voltage which opposes the

effect of the bias voltage. The main reason behind the generation of the screening voltage is

the polarization of the carriers due to the applied electric field. The time-dependent polarization

(Ps(t)) can be written as [153]:

dPs(t)

dt
= −Ps(t)

τr

+ J(t) (4.14)

where τr is carrier recombination time, and J(t) is current density.

The solution of the above equation can be written as:

Ps(t) = q e
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The voltage associated with Ps is (Vs(t)) and can be written as:

Vs(t) =
qµe

Kε
e
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where K is the screening factor, and ε is the semiconductor material permittivity.

4.3.1.6 Total Circuit Current

Applying Kirchhoff’s circuit law to the equivalent electrical circuit presented in Fig. 4.4,

the total circuit current (I(t)) can be expressed as:

I(t) = IA(t) + Id = Gp(t)Vc(t) + Ic(t) +
Vbias

Rs

(4.17)

The dark state resistance (RS ) of the material is very high (of the order of MΩ). So, the con-

tribution of the dark current

(

Vbias

Rs

)

in the total circuit current is very small and is neglected in

further calculations.
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4.3.1.7 Voltage Across the Gap Capacitance

Applying Kirchhoff’s voltage law, on the electrical circuit in Fig. 4.4, the voltage across the

capacitor can be determined as:

Vc(t) = Vbias − Vr(t) − Vs(t) (4.18)

where the time dependent radiation voltage (Vr(t)) can be given as:

Vr(t) = Gp(t)Vc(t)Za + Ic(t)Za (4.19)

From (4.16)), (4.18) and (4.19):

Vc(t) = Vbias −Gp(t)Vc(t)Za − Ic(t)Za −
qµe

Kε
e
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In order to solve the above equation, differentiating it with respect to time;

dVc(t)

dt
= −Za

[

Gp(t)
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dt
+ Vc(t)

dGp(t)

dt
+
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(4.21)

Substituting the value of integral from (4.20);

dVc(t)

dt
=

1

1 + {Gp(t) + 2Cnav(t)Vc(t)}Za

[

Vbias

τr

− Vc(t)

(

1 +Gp(t)Za

τr

+
qµe

Kǫ
nav(t)

+BZa

dnav(t)

dt

)

−CZaV2
c (t)

(

dnav(t)

dt
+

nav(t)

τr

)]

(4.22)

where B =
eµeWd

L
and C =

πeµ2
eW∆t

4L2

The value of the different parameters can be evaluated by solving (4.3.1.7). The Finite Dif-

ference Method (FDM) is used to solve the above differential equation. The basic information

about FDM is provided in Appendix A.1.

4.3.1.8 Effect of the Temperature

The laser beam transfers the energy to the substrate material in the form of heat and ion-

ization energy. Heating of the substrate material increases the overall temperature of the PCA.
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The increase in the temperature of the substrate material changes the values of the different

parameters associated with it, which affects the PCA’s performance.

The temperature dependence of the permittivity of the GaAs material is given as [154]:

εr(T ) = εa(1 + λT ) (4.23)

The temperature dependencey of the optical absorption coefficient of the GaAs is given

as [155]:

α(T ) = αge
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EG(T ) = EG(0) − S vkθv

(

T 2

θ2v + θvT

)

(4.25)

E0(T ) = S 0kθE

(

1 + X

2
+

1

e(θE/T ) − 1

)

(4.26)

The value of the different coefficient related to above equations are given in Table 4.1.

Table 4.1: Details of the parameters for the temperature analysis

Parameter Value

εa [154] 12.166

λ [154] 2.01 × 10−4/◦K
αg [155] 7835 cm−1

EG(0) [155] 1.51914 eV

S v [155] 6.30

k [155] 8.617342 × 10−5eV/◦K
θv [155] 199.4◦K
S 0 [155] 0.129

θE [155] 270◦K
X [155] 1.2

The temperature dependent power reflection coefficient (R) can be expressed as:

R(T ) =

∣

∣
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1 −
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1 +
√
εr(T )

∣

∣

∣

∣

∣

∣

2

(4.27)

4.3.2 Results and Discussions

In order to investigate the behavior of the PCA using the proposed circuit model, values of

the different parameters used in the calculations are given in Table 4.2 [76, 132].
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Table 4.2: Parameters Details (at 300◦K) for the circuit modeling

Parameter Value

Optical absorption coefficient (α) 6000 cm−1

Laser frequency (νopt) 375 THz

Laser repetition frequency ( frep) 80 MHz

Laser pulse duration (τl) 100 fs

Carrier lifetime (τc) 1 ps

Carrier recombination time (τr) 100 ps

Screening factor (K) 900

Antenna gap length (L) 10 µm

Antenna gap width (W) 10 µm

Laser skin depth (d) 1 µm

Antenna resistance (Za) 65Ω

Relative Permittivity (εr) 12.9

Dark Resistance (Rs) 6.2 MΩ

Several applications of the PCA demand high radiated power and radiation efficiency. In

the PCA, three different efficiencies exist, the optical-to-electrical conversion efficiency (ηe),

the matching efficiency (ηm), and the electrical-to-THz conversion efficiency (ηr). ηe is the

ratio of the electrical power generated in the PCA to the optical input power. Similarly, ηm is

the ratio of the electrical power delivered to the antenna and the maximum available electrical

power which can be delivered to the antenna under the impedance matched condition. Also, ηr

is the ratio of the radiated power to the electrical power coupled to the antenna. In the present

study, according to the assumption, ηr is 1. The total efficiency ηt of the PCA is the product of

the three efficiencies mentioned above and can be written as:

ηt = ηe × ηm × ηr (4.28)

ηt =
PT Hz(peak)

P0

(4.29)

where P0 is the peak optical input power and PT Hz is the radiated power. Fig. 4.7 shows the

effect of the laser power on ηe, ηm, and ηt. From (4.28), it is evident that the overall efficiency

can be increased by improving ηe. Moreover, increasing the amplitude of the current pulse by

using different methods such as increasing power coupling efficiency, modifying the antenna

geometry to collect more carriers, and enhancing the carrier mobility, can provide a better ηe.
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Fig. 4.7: Comparison of the optical-to-electrical (ηe), the matching (ηm), and the total (ηt) efficiency

4.3.2.1 Effect of the Laser Power and the Bias Voltage

A high laser input power generates high carrier density in the active volume resulting in an

increased total current. Similarly, a large bias voltage facilitates fast acceleration, consequently,

a large number of the carriers get collected at the electrodes and effectively generates a high

amplitude current pulse. Fig. 4.8 & 4.9 show the effect of the laser input power and the bias

voltage on the behavior of the current pulse in the PCA.
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The current pulse behavior obtained from the circuit analysis is compared with the simula-

tion results presented in the chapter 3. It may be observed that both of the results are in close

agreement except for the falling edge of the current pulse, particularly for the high amplitude

current pulse (resulting from high laser power with high bias voltage). The difference between

the results may be attributed to some of the effects such as the band-to-band transition of the car-
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riers, complex refractive index, and the different scattering mechanism, which are not included

in the analytical calculations.

The radiated power from the PCA, PT Hz is calculated as:

PT Hz(t) =
V2

r (t)

Za

= I2(t)Za (4.30)

Since PT Hz and ηt are proportional to I(t), they have the same dependency on the P and Vbias

as shown in Figs. 4.10 & 4.11. However, PT Hz and ηt are observed to be strongly dependent
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on the changes in the optical input power as compared to changes in the bias voltage. The

maximum limit of the bias voltage and the optical input power which can be applied to the PCA

are restricted by the electrical and the thermal breakdown limits of the substrate material. From

Figs. 4.10 & 4.11, it can be observed that PT Hz and ηt start saturating after certain optical power,

which can be attributed to the saturation of the current amplitude at those values of the optical

power at a fixed bias voltage.

To validate the presented analysis, the results of PT Hz and ηt obtained from the proposed cir-

cuit model are compared with the experimental results from Tani et al. [76] and the simulation

results from the chapter 3. It is apparent from Figs.4.10 & 4.11 that results are in close agree-

ment with the experimental and the simulation results. Moreover, the results are compared with

the proposed circuit model of the PCA by Khiabani et al. [132] and found that the proposed

circuit model in this chapter is more accurate.
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4.3.2.2 Effect of the Temperature

The semiconductor material parameters are temperature dependent and a change in the sub-

strate temperature (T ) modifies the values of the parameters which affect the PCA’s perfor-

mance. There can be several reasons behind the change in the substrate temperature such as

the laser power dissipation, the carrier-to-carrier collisions, and the power loss due to the sub-

strate resistance. The increase in the temperature reduces the coupling efficiency and the carrier

mobility, therefore, minimizing the carrier density in the active volume. A small value of the

carrier density produces a low amplitude of the current pulse as shown in Fig. 4.12 consequently

reducing PT Hz and ηt of the PCA as shown in Figs. 4.13 & 4.14.
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4.3.2.3 Effect of the Gap Length and the Carrier Lifetime

The net electric field as well as the current pulse amplitude strongly depend on the gap

length (L). Increasing L decreases the net electric field which results in reduction of carrier

velocity. As a consequence, the current pulse amplitude decreases as the carriers take longer

time to reach the electrodes due to reduced velocity. The same behavior can be verified from

Fig. 4.15. The behavior of PT Hz and ηt also follow the same trend as the current pulse amplitude

as shown in Figs. 4.16 & 4.17.
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The carrier lifetime (τc) defines how much time a carrier remains in the gap without recom-

bining with the trap centers. Hence, a large value of τc increases the probability of the carriers

to get collected at the electrodes. The value of τc mainly depends on the concentration of the
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traps in the semiconductor material which is determined by the fabrication procedures and con-

ditions [109]. Large values of τc effectively increases the amplitude and the pulse width of the

current pulse as the carrier remain in the gap for a longer time and get collected at the electrodes

as shown in Fig. 4.15. The amplitude of PT Hz and ηt also increase with τc as shown in Figs.

4.18 & 4.19. The pulse width of the current pulse determines the maximum radiated frequency

from the antenna and has an inverse relationship. In other words, the PCA with τc and L such

that it generates high amplitude current pulse with a low pulse width is more suitable to radiate

high THz frequencies.

4.3.2.4 Effect of the Antenna Impedance

The antenna impedance (Za) accounts for the power loss due to the radiation from the PCA.

A large value of the antenna impedance facilitates high power loss across the antenna in the
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form of the radiation. From Fig. 4.20, it is evident that increasing Za, one can increase PT Hz.

However, at high optical input powers, the radiated power gets saturated due to the saturation

of the current pulse. It is observed that the saturation of the radiated power is slower for the

smaller values of Za. Moreover, for the large values of Za, the peak efficiency occurs at lower

optical input powers as shown in Fig. 4.21. However, the peak efficiency of the PCA for the

different values of Za changes only marginally.

4.3.2.5 Effect of the Absorption and the Reflection Coefficients

The PCA efficiency can be increased by increasing the overall optical power coupled to the

semiconductor substrate. The optical power coupling can be enhance by increasing the optical
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absorption (α) and reducing the reflection (R) coefficients of the semiconductor material. The

impact of α and R on the total efficiency of the PCA are shown in Figs. 4.22 & 4.23. An

increase in the absorbed power facilitates the generation of more number of the carriers in the

material which results in the increased ηt. The absorption of the laser power depends on the

material absorption coefficient which is a wavelength dependent parameter; so adjusting the

laser wavelength, the power coupled to semiconductor material can be changed. Similarly,

using different techniques to reduce the power reflection at the interface such as anti-reflective

coating [156], application of nano-crystalline structures [157] etc., the power coupling can be

increased.
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4.3.2.6 Different Voltages in the PCA

Fig. 4.24 shows the effect of the optical power on the different voltages in the PCA. At any

time instant, the total voltage (Vc + Vs + Vr) remains equal to the bias voltage (Vbias), and the

same can be verified from the Fig. 4.24. The total number of the carriers increases with the laser

power, which also tend to grow Vr and Vs which results in a reduced Vc. temporal behavior of

the different voltage components can be verified from Fig. 4.24.

From Fig. 4.24, it can be seen that to increase the radiation efficiency of the PCA one has to

reduce Vs. It limits the current flow in the PCA by reducing Vc across the active gap.
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Fig. 4.24: Transient behavior of the voltages in the PCA

4.3.2.7 Gap Conductance

The gap conductance (Gp) depends on the conductivity of the semiconductor material. The

material conductivity is proportional to the carrier density. So, increasing optical input power

results in an increased value of the conductance in the semiconductor substrate. The same be-

havior of the gap conductance can be verified from Fig. 4.25. However, increasing the bias

voltage decreases the effective mobility of the carriers by reducing the electric field dependent

mobility value of the carriers. From (4.8), it can be seen that the conductance is directly propor-

tional to mobility of the carriers. So, an increase in the bias voltage decreases the conductance

value at the gap and the same can be observed in Fig. 4.26.
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4.3.2.8 Gap Capacitance

The gap/active region capacitance depends on the carrier density at the gap and the voltage

across it as given by (4.13). Increasing the laser power produces high carrier density at the

gap thereby increasing the value of the capacitance as shown in Fig. 4.27. The voltage across

the capacitor (Vc) is related to the bias voltage as given in (4.18). Increasing the bias voltage

increases the amplitude of the Vc which results in a large value of the capacitance as shown in

Fig. 4.28.
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4.4 Detection of the THz Radiation Using the PCA

Several detectors are available to detect the THz radiation as discussed in the Chapter 1, PCA

can also be used for the same. The PCA working as a THz source can also be used as a detector.

Except the biasing mechanism, the working principle of the PCA detector remains same as the

PCA source. In this section a novel equivalent electrical circuit of the PCA working as the THz

detector is proposed and analyzed. Prior to this, to the best of the author’s knowledge, there

is no study reported in the literature dealing with the circuit modeling of the PCA as the THz

detector.

4.5 Proposed Equivalent Electrical Circuit Model of the PCA Working as

the THz Receiver

The working principle of the PCA as a THz receiver is similar to the PCA as a THz source,

except the fact that in receiver the electrodes do not require a voltage biasing. In the receiver,

the laser beam illumination at the electrodes gap generates the photo-carriers. The density of

the photo-carriers depends on the laser peak power and the gap dimensions. The electric field

of the incoming THz signal develops a voltage across the gap which assist the movement of the

carriers. It should be noted that the incoming THz signal and the laser beam fall on the substrate

surface at the same time. As the electric field of the received signal is ultrafast so the motion

of the carriers at the gap. The carrier’s movement setup a transient current pulse in the PCA

receiver which is further used for the post processing of the received signal.

Fig. 4.29: Proposed equivalent electrical circuit of the PCA working as a THz receiver

In the proposed equivalent circuit of the PCA receiver, the gap between the electrodes is

modeled as a parallel combination of the time varying conductance (Gr) and capacitance (Cr).

The conductivity of the material at the gap changes due the generation of the carriers, which
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is modeled as the transient conductance. Similarly the presence of the carriers at the gap vol-

ume generates a capacitance effect. The impedance of the antenna structure is modeled as

input impedance (Zin) connected in series with the parallel combination of the conductance and

capacitance. The proposed circuit of the PCA receiver is shown in Fig. 4.29.

4.5.1 Calculations of the Circuit Parameters

The working principle of the PCA source and the PCA detector is quite similar. So, to

compute the circuit components, same calculations strategies are used as presented in section

4.3.1 and the values of the parameters are taken from Table 4.2.

4.5.1.1 Carrier Density

The average photo-generated carrier density at the gap can be solved by using (4.1)-(4.4)

and is given as:
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(4.31)

where ω0r is the laser beam waist radius at the air-semiconductor interface.

4.5.1.2 Gap Conductance

Similar to section 4.3.1.2, the transient conductance in the PCA receiver can be given as:

Gr(t) =
qµerWrnrav(t)d

Lr

(4.32)

where µer is the carrier mobility, Lr and Wr are the gap length and width, respectively.

The effective mobility of the carriers is calculated using Caughey-Thomas [145], and Arora

[146] mobility models as explained in section 3.2.6 and given as:

1

µer

=
1

µelec,r

+
1

µdop,r

(4.33)

where µelec,r is the electric field dependent carrier mobility obtained from Caughey-Thomas

mobility model corresponding to the electric field at the receiver gap Ernet and µdop,r is the

doping dependent carrier mobility obtained from Arora mobility model corresponding to nrav.
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4.5.1.3 Capacitance Current

Using the calculation strategy provided in section 4.3.1.3, the current through the capaci-

tance (Cr) can be given as:

Icr(t) =
πqµ2

er∆tWrnrav(t)V
2
gr(t)

4L2
r

(4.34)

4.5.1.4 Gap Capacitance

Using the relations proposed in section 4.3.1.4, the capacitance at the gap in the PCA re-

ceiver can be given as:

Cr(t) =
πqµ2

er∆t2Wrnrav(t)Vgr(t)

2L2
r

(4.35)

4.5.1.5 Total Circuit Current

From Fig. 4.29, the total circuit current can be written as:

Ir(t) = Gr(t)Vgr(t) + Icr(t) (4.36)

4.5.1.6 Gap Voltage

From Fig. 4.29, the voltage across the gap can be written as:

Vgr(t) =
VT Hz(t) − ZinIcr(t)

1 + ZinGr(t)
(4.37)

VT Hz(t) = ET Hz × Lr (4.38)

where ET Hz is the electric field of the received THz signal which is calculate using the formula

given in [82]:

ET Hz(t) �
A

4πε0c2rd

∂J

∂t
(4.39)

where A = W × L, and J(t) = I(t) ×W × d, both related to the PCA working as the THz source,

rd is the distance between source and receiver which is assumed to be 100 mm in this case, and

c is light velocity.

From (4.37), the net electric field at the gap can be written as:

Ernet =
Vgr(t)

Lr

=
VT Hz(t) − ZinIcr(t)

Lr (1 + ZinGr(t))
(4.40)
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4.5.2 Results and Discussions

In order to analyze the proposed equivalent electrical circuit of the PCA working as a THz

receiver and to compute the circuit parameters, the value of the bias voltage Vbias = 25 V, and the

laser power P = 25 mW are kept constant at the PCA working as the THz source. Additionally,

to compare the performance of the PCA receiver, a comparison is made between the received

THz signal in noisy and noise free medium. The noisy medium is assumed to have a white

gaussian noise of 10 dB SNR.

4.5.2.1 Electric Field of the Received THz Signal and Induced Voltage

The received THz signal at the PCA receiver is calculated using (4.39). The received electric

field at the gap of the PCA receiver in noise free and noisy mediums are shown in Figs. 4.30
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and 4.31. Also, the Incoming THz signal induces a voltage at the gap of the PCA receiver

which are shown in Figs. 4.32 and 4.33 corresponding to the noise free and noisy mediums,

respectively.

4.5.2.2 Net Electric Field at the Gap

The net electric field at the gap of the PCA receiver depends on the several parameters as

given by (4.40). The behavior of the net electric at the gap in PCA receiver for a noise free and

noisy mediums are shown in Figs. 4.34 and 4.35, respectively. A high net electric field at the

gap facilitates a high amplitude current which increases the sensitivity of the PCA.

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5

0

5

10

15

at the PCA receiver

E rn
et
 (V

/m
)

Time (ps)

 P = 10 mW
    = 25 mW

  Wr = Lr =10 m

at the PCA source
P = 25 mW, Vbias= 25 V
W = 10 m,  L = 10 m

Fig. 4.34: Net electric field at the gap in the noise

free medium
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Fig. 4.35: Net electric field at the gap with the

white gaussian noise of 10 dB SNR

4.5.2.3 Total Circuit Current

The total circuit current includes the currents through the conductance and the capacitance

as given by (4.36). The behavior of the total circuit current in the PCA receiver is shown in

Figs. 4.36 and 4.37 for the noise free and noisy mediums, respectively. The total circuit current

mainly depends on the amplitude of the net electric field at the gap, which in turn depends on

the gap length. So, by changing the gap length the current amplitude can be changed as shown

in Fig. 4.38. It can be seen that, the amplitude of the current increases with the decrease in

the gap length. The current amplitude is directly proportional to the sensitivity of the PCA

receiver. Therefore, to increase the PCA receiver sensitivity, one has to use a small gap length

PCA receiver.
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Fig. 4.39: Gap conductance of the PCA receiver in
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4.5.2.4 Gap Conductance

The gap conductance mainly depends on the peak power of the laser beam. It increases with

the laser peak power as can be seen from Fig. 4.39. A high value of the conductance supports

a high amplitude current in the circuit which effectively enhances the sensitivity of the PCA

receiver.

4.6 Summary

In this chapter, a detailed analysis of the PCA’s performance has been carried out using

equivalent electrical circuit model based studies. An improved equivalent circuit model of the

PCA source, and a novel circuit of the PCA receiver has been proposed based on the physics

involved in their working. It has been observed that the performance of the PCA working as a
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4.6 Summary

THz radiation source can be enhanced by the different combinations of the parameters related

to the substrate material, laser beam, and the antenna geometry, as shown in Table 4.3. It should

Table 4.3: Summary of the PCA source analysis

Parameter Range ηt(%) PT Hz comments

Vbias (V) 10-50 (0.4-11) ×10−3 ↑ Subjected to electrical breakdown

L (µm) 20-5 (0.25-31) ×10−3 ↑ Decreases Radiation freq.

R 0.4-0.1 (3-6.7) ×10−3 ↑ Requires special techniques

α(cm−1) (4-8) ×103 (2-5.8) ×10−3 ↑ Requires special techniques

T (◦K) 300-100 (3.9-4.3) ×10−3 ↑ Requires additional equipment

Za(Ω) 5-250 (1.2-3.9) ×10−3 ↑ PT Hz starts saturating at lower power

be noted that the results from the macroscopic model (circuit model) presented in this study are

in close agreement with the experimental results, which verifies the accuracy of the proposed

analysis of the PCA source. Similarly, the performance analysis of the PCA receiver using the

proposed circuit model has been carried out in the noisy and noise free mediums. The results

show that, to achieve the high sensitivity, one should use a PCA receiver having a small gap

length and with a high power laser beam excitation. As the analysis presented in this chapter

are based on the physical parameters of the device, these studies are expected to be very useful

in designing the practical and efficient THz sources and receivers using the PCAs.
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5
Effect of the Near Fields on the Large

Aperture Photoconductive Antenna

Performance
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5. Effect of the Near Fields on the Large Aperture Photoconductive Antenna Performance

5.1 Introduction

The PCAs are widely used to generate the THz radiation which is useful for the different

applications. Some of them demand high radiation power to fulfill their requirements. The

radited power from the PCA depends on the several parameters and can be improved by different

ways such as increasing the laser power, the bias voltage, antenna impedance, etc., as discussed

in the chapter 4. Moreover, to increase the output power, large aperture PCAs (LAPCA) are

also used in the literature [122, 158, 159]. The LAPCA is defined to have the gap dimensions

(aperture size) much greater than the center wavelength of the radiated THz waves from it. The

large aperture size facilitates the high bias voltage application which increases the amplitude of

the current pulse and effectively enhances the radiated power. Although these methods improve

the radiated power from the PCAs, the improvement factor still remains very small. Several

factors exist which limit the performance of the PCA such as the electrical and the thermal

breakdown limits, the carrier polarization, and the voltage screening. Apart from these limiting

factors, the radiated near-zone fields also affect the radiated power [134] and has not been

adequately addressed in the literature.

This chapter presents a analysis of the radiated near-zone fields effect on the radiated power

from a LAPCA. The electromagnetic boundary conditions as well as the semiconductor carrier

dynamics are used to compute the effect of the near-zone fields on the different parameters

behavior.

5.2 Relationship Between the Near-Zone Fields and the Current Density

The analytical model to evaluate the radiated fields near the emitting surface of the LAPCA

can be established by applying the boundary conditions on the electric and the magnetic fields

at the surface/ air-semiconductor interface at the gap. In the LAPCA, the radiated wavelength is

very small compared to the diameter of the current distribution. So, the radiation from these can

be explained in the terms of the plane waves radiated from the planar surface of the antenna.

As the calculations of the fields are very close to the surface; the retardation effect can be

neglected [134].
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5.2 Relationship Between the Near-Zone Fields and the Current Density

The configuration of the different fields in the LAPCA is shown in Fig. 5.1. The near-zone

magnetic and electric fields orientations have been computed using the current flow and the

wave propagation directions. The different fields shown in figure are as follows:

Fig. 5.1: The fields configuration in a PCA

• Ebias: The field due to the applied bias voltage.

• Js: The surface current density at the electrodes gap.

• Ps: The polarization due to the applied electric field.

• Er1: The radiated near-zone electric field in medium 1.

• Hr1: The radiated near-zone magnetic field in medium 1, pointing out of the page.

• Er2: The radiated near-zone electric field in medium 2.

• Hr2: The radiated near-zone magnetic field in medium 2, pointing into the page.

• n̂1: Unit vector along the wave propagation direction in medium 1.

• n̂2: Unit vector along the wave propagation direction in medium 2.

where the medium 1 and 2 are air and the semiconductor substrate material, respectively. The

gap area is L in length and W in width. As the radiated waves propagate along z-axis, unit vector

n̂z is used to show the direction of the wave propagation.

In spite of the time-varying nature, the steady state boundary conditions on the electric and

the magnetic fields are applicable at the interface of the two media. From Fig. 5.1, the boundary

condition of the electric field is given as [160]:

∮

c

~E · ~dl = −
∫

s

µ
∂ ~H

∂t
· n̂yds (5.1)

where c is the closed line of integral enclosing the surface area s which is L in length and d in
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5. Effect of the Near Fields on the Large Aperture Photoconductive Antenna Performance

width, with d → 0.

Assuming a uniform electric field over the contour of integration, from the Fig. 5.1, (5.1)

can be written as:

Er1(t) − Er2(t) = − lim
d→0

[

µd

(

∂Hr1(t)

∂t
− ∂Hr2(t)

∂t

)]

(5.2)

which further reduces to:

Er1(t) = Er2(t) (5.3)

(5.3) can also be written as:

n̂z × [~Er2(t) − ~Er1(t)] = 0 (5.4)

Similarly, the boundary condition on the magnetic field is given as [160]:

∮

c

~H · ~dl =

∫

s













~J + ǫ
∂~E

∂t













· n̂xds (5.5)

where s is W in length, d in width, and ǫ is the permittivity of the medium.. This surface of

integration is orthogonal to the surface taken for the electric field integration in (5.1). From Fig.

5.1, (5.5) can be written as:

Hr1(t) + Hr2(t) = lim
d→0

[

Js(t) − d

(

∂Er1(t)

∂t
+ ǫs
∂Er2(t)

∂t

)]

(5.6)

which further reduces to:

Hr1(t) + Hr2(t) = Js(t) (5.7)

n̂z × [ ~Hr2(t) − ~Hr1(t)] = ~Js(t) (5.8)

In large aperture antennas, the radiated near-zone fields are related as [134, 161]:

~Hr1(t) × n̂z = −
~Er1(t)

η0

(5.9)

~Hr2(t) × n̂z =

√
ǫr ~Er2(t)

η0

(5.10)

where η0 is the wave impedance in medium 1 (air), and ǫr is the permittivity of the semiconduc-

tor substrate.

From (5.4) and (5.8)-(5.10), the radiated near-zone electric field can be expressed as a func-
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5.3 Semiconductor Carrier Dynamics

tion of the surface current density as:

~Er2(t) = ~Er1(t) = − η0
~Js(t)

(1 +
√
ǫr)

(5.11)

5.3 Semiconductor Carrier Dynamics

The photo-generated current density in the semiconductor material is computed using the

continuity equation, including the carrier polarization, and the Drude-Lorentz theory of the

semiconductors.

5.3.1 Carrier Densities

The carrier (electron & hole) concentrations in the active region of the photoconductive

substrate follows the charge continuity equation given as [141, 142]:

dn(t)

dt
= −n(t)

τn

+ g(t) (5.12)

dp(t)

dt
= − p(t)

τp

+ g(t) (5.13)

where n(t) and p(t) are the time dependent densities of the electrons and the holes, respectively,

τn and τp are the lifetime of the electrons and the holes, respectively, and g(t) is the photo-carrier

generation rate due to the laser impingement.

The photo-carrier generation rate can be written as:

g(t) =
2ηP(t, r)

πω2
0
hνopt

(5.14)

where η is the quantum efficiency of the semiconductor material, ω0 is the laser beam waist

radius at the interface, h is the Planck’s constant, νopt is the laser frequency, and P(t, r) is the

total power absorbed by the semiconductor within the radius r.

The instantaneous power of a Gaussian laser beam is given as [152]:

P(t) = P0 e























−
2r2

ω2
0























e























−
2t2

τ2
l























(5.15)

where P0 is the laser peak power and τl is the laser pulse width.
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Including the laser penetration in the semiconductor material, the total power absorbed by

the semiconductor material within the radius r is given as:

P(t, r) = α(1 − R)P0































1 − e























−
2r2

ω2
0






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






















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

















e























−
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





















e−αz (5.16)

where α is the optical absorption coefficient of the semiconductor material, and R is the power

reflection coefficient at the interface.

Using (5.12) and (5.13), the total number of the carriers within the active region can be

written as:

n(t) =
η(1 − R)τlP0WL
√

2πhνoptω
2
0
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
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where ln is the diffusion length for the electrons and can be calculated from, ln =
√

Dnτn, and

Dn is the diffusion coefficient of the electrons.

Similarly, the total number of the holes in the active region can be written as:

p(t) =
η(1 − R)τlP0WL
√

2πhνoptω
2
0
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where lp is the diffusion length for the holes and can be calculated from, lp =
√

Dpτp, and Dp

is the diffusion coefficient of the holes.

The carriers within the volume corresponding to the diffusion length contribute towards the

surface current while others remaining in the active region get recombine with the trap sites

before reaching the surface. So, the average carrier densities are calculated for the volume

corresponding to the diffusion lengths of the carriers and are given as:

nav(t) =
η(1 − R)τlP0√

2πhνoptω
2
0
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(5.19)
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pav(t) =
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5.3.2 Surface Current Density

The diffusion lengths of the carriers are very small compared to the gap dimensions. So, the

current generated in the PCA can be assumed as the surface current. The total surface current

density can computed by adding the current densities arising due to the electrons and the holes,

given as:

Js(t) = q
[

nav(t)vn(t)ln + pav(t)vp(t)lp

]

(5.21)

where vn(t) and vp(t) are the velocities of the electrons and the holes, respectively.

5.3.3 Carrier Velocities

The time-dependent velocities of the carriers can be calculated by using the Drude-Lorentz

theory of the carrier transport in the semiconductor material. The time-dependent velocities of

the electrons and the holes can be written as:

dvn(t)

dt
= −vn(t)

τsn

+
qEnet(t)

m∗n
(5.22)

where m∗n is the effective mass of the electrons, τsn is the moment relaxation time of the electrons

and can be calculated from, τsn =
µnm∗n

q
, µn is the mobility of the electrons, and Enet is the net

electric field across the electrodes gap.

dvp(t)

dt
= −

vp(t)

τsp

+
qEnet(t)

m∗p
(5.23)

where m∗p is the effective mass of the holes, τsp is the moment relaxation time of the holes and

can be calculated from, τsp =
µpm∗p

q
, and µp is the mobility of the holes.

5.3.4 Net Electric Field

From the Fig. 5.1, the net electric field across the electrodes gap can be written as:

Enet(t) = Ebias −
Ps(t)

ζǫ0ǫr
− Er(t) (5.24)
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where ζ is the is the geometrical factor and is equal to 3 for isotropic material [153], and Er is

the radiated near-zone electric field and can be computed using (5.11).

5.3.5 Carrier Polarization

The polarization of the carriers is given as [153]:

dPs(t)

dt
= −Ps(t)

τr

+ Js(t) (5.25)

where τr is the carrier recombination time in pure semiconductor substrate.

5.3.6 Radiated THz Electric Field

The radiated THz electric field is proportional to the rate of change of the current density

and can written as:

ET Hz(t) ∝
∂Js

∂t

Using (5.21);

ET Hz(t) ∝
(

qln

[

nav(t)
∂vn(t)

∂t
+ vn(t)

∂nav(t)

∂t

]

+ qlp

[

pav(t)
∂vp(t)

∂t
+ vp(t)

∂pav(t)

∂t

])

(5.26)

5.4 Results and Discussions

In this work, LT-GaAs is taken as the semiconductor substrate material for the PCA. The

effective mass of the holes is almost seven times of the effective mass of the electrons in GaAs

[162]. It is assumed that the same relation holds for the LT-GaAs. So, the mobility of the holes is

considered to be almost one-seventh of the electrons. The trap density in LT-GaAs is very high

which helps in reducing the lifetime of the carriers. The capturing time of the carriers by the trap

sites situated at the mid-band energy levels is very small compared to the recombination time of

the carriers. Hence, the average lifetime of the carriers is assumed to be equal to the its trapping

time. The capturing time and the capture cross-section of the carriers are related as given by

(3.9). The capturing time of the holes is assumed to be the three times of the electrons as the

capture cross-section for the holes is very small compared to the electrons [163]. The value of

the different parameters used in the calculations are given in Table 5.1 [76, 132, 164, 165].
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Table 5.1: Parameters details for the near fields calculations

Parameter Value

Power absorption coefficient (α) 6000 cm−1

Semiconductor permittivity (εr) 12.9

Laser pulse width (τl) 250 fs

Laser repetition frequency ( frep) 1 KHz

Laser frequency (νopt) 375 THz

Laser beam waist radius (ω0) L/2

Gap Width (W) 5 mm

Gap Length (L) 5 mm

Electrons lifetime (τn) 1 ps

Holes lifetime (τp) 3 ps

Carriers recombination time (τr) 100 ps

Electrons mobility (µe) 1500 cm2V−1s−1

Holes mobility (µp) 210 cm2V−1s−1

Electrons diffusion coefficient (Dn) 200 cm2s−1

Holes diffusion coefficient (Dp) 10 cm2s−1

Electrons effective mass (m∗n) 0.067m0

Holes effective mass (m∗p) 0.47m0

m0 9.1×10−31 Kg

η 1

5.4.1 Effect of the Near-Zone Fields on the Net Electric Field

The radiation field comprises both the near and the far zone fields components. The orien-

tation of the radiated near-zone electric field is such that it opposes the effect of the bias electric

field and reduces the amplitude of the net electric field at the gap as in (6.32). The effect of the
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Fig. 5.2: Effect of the near-zone field on the net electric field
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near-zone electric field on the net electric field at the gap is shown in Fig. 5.2. From Fig. 5.2, it

can be seen that the transient behavior of the net electric field in both of the cases are different.

Moreover, in the case of net electric field without considering the radiated near-zone electric

field effect, the variation in the amplitude of the net electric field is negligibly small and is not

restored back to its initial state after the disappearance of the carriers.

5.4.2 Effect of the Near-Zone Fields on the Carrier Velocities

It can be seen from (5.22) and (5.23) that the velocities of the electrons and the holes depend

on the net electric field at the gap. As shown earlier, the near-zone electric field limits the

amplitude of the net electric field, which results in reduced carrier velocities as shown in Figs.

5.3 and 5.4. As the consequence of the reduces carrier velocities, a small current pulse generated

in the PCA.
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5.4.3 Effect of the Near-Zone Fields on the Current Density

Due to the reduction in the net electric field at the gap, the velocities of the carriers decrease

as shown in Figs. 5.3 and 5.4, which results in a low current density at the gap. The effect of

the near-zone electric field on the current density at the gap is shown in Fig. 5.5.
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5.4.4 Effect of the Near-Zone Fields on the Radiated THz Electric Field

The reduced net electric field and the current density reduces the amplitude of the radiated

THz electric field from the PCA. The effect of the near-zone electric field on the radiated far-

zone electric field is shown in the Fig. 5.6. From the figure, it can be observed that the negative

effect of the near-zone electric field on the radiated THz field increases with the laser power and

become more prominent at higher values of the laser power.

5.4.5 Behavior of the Near-Zone Electric Field

The near-zone electric field depends on the current density generated at the gap in the PCA.

The behavior of the near-zone electric field with Vbias and P is shown in Fig. 5.7. From the
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figure, it can be seen that the near-zone electric field amplitude increases with the voltage as

well as with the laser power. However, the near zone electric field amplitude saturates at high

laser power as shown in Fig. 5.7.

5.5 Summary

In this chapter, the effect of the radiated near-zone electric field on the performance of the

LAPCA has been analyzed. The calculations show that the near-zone electric field limits the

amplitude of the radiated THz electric field from the LAPCA. It also reduces the magnitude of

other parameters too, such as the net electric field, current density, and carrier velocities. Al-

though the near-zone electric field effect increases with the voltage and laser power, it saturates

at the high laser powers. This study helps in understanding the reason behind the low efficiency

of the PCA and is expected to be very useful in employing the techniques which can neutralize

the effect of the near-zone electric field to improve its performance.
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6. Magnetic Field-Assisted Radiation Enhancement from a Large Aperture Photoconductive

Antenna

6.1 Introduction

In order to enhance the radiated power, it is imperative to counter the effect of the factors

limiting the performance of a PCA. Changing the antenna geometry overcomes the problems

arises due to voltage screening and carrier polarization. Similarly, using the large aperture PCAs

(LAPCA) facilitate a high voltage biasing and enhance the output power from it. Although,

these methods surely improves the radiated power from the PCA, the performance enhancement

factor still remains very small. Apart from above said factors, the radiated electric field in the

near zone also affect its performance as discussed in the chapter 5.

This chapter presents a novel method to study the effect of an external DC magnetic field

on the performance of a LAPCA. Prior to this, to the best of the author’s knowledge, there is

no study available in the literature which deals with the same. The reduction in the amplitude

of the current density due to the near-zone field effect can be overcome by using an external

magnetic field, which also enhances the radiated power from the PCA. In order to analyze it

numerically, the electromagnetic boundary conditions with the semiconductor carrier dynamics

are employed. The semiconductor carrier dynamics model presented in this chapter incorpo-

rates the effect of antenna geometry, the carrier lifetime, space-charge polarization, transient

mobilities, and the radiated near-zone fields on the behavior of the carriers dynamics in the

semiconductor substrate. The effect of the external magnetic field on the current density, the

amplitude and the polarity of the radiated far-zone electric field is computed and presented. The

effect of the external magnetic field applied at an angle to the PCA is also analyzed and dis-

cussed. To verify the proposed theory, several results, in the absence of the external magnetic

field, have been compared with the available experimental results in the literature.

6.2 Boundary Conditions

The distribution of the fields at the air-semiconductor interface are shown in Fig. 6.1. The

external static magnetic field is applied along the positive direction of the y axis. The orientation

of the radiated near-zone fields has been calculated using the current flow and wave propagation

direction. The different fields shown in the Fig. 6.1, are as follows:
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6.2 Boundary Conditions

Fig. 6.1: The different fields orientation in a LAPCA

• Ebias: Field due to the applied bias voltage.

• Js: Surface current density at the electrodes gap.

• Ps: Polarization due to the applied electric field.

• Er1: The radiated near-zone electric field in the medium 1.

• Hr1: The radiated near-zone magnetic field in the medium 1.

• Er2: The radiated near-zone electric field in the medium 2.

• Hr2: The radiated near-zone magnetic field in the medium 2.

• Hext: The external static magnetic field.

• n̂1: Unit vector along the wave propagation direction in medium 1.

• n̂2: Unit vector along the wave propagation direction in medium 2.

where the medium 1 and medium 2 are air and semiconductor substrate, respectively. The gap

dimensions are L in length and W in width. As the radiated waves propagate along z-axis, unit

vector n̂z is used to show the direction of the wave propagation.

The radiated far-zone electric field from a PCA depends on the photo-generated current den-

sity at the gap. The photo-generated current density at the gap depends on various parameters

related to the PCA. The characteristics of the current density at the gap strongly rely on the net

electric field at the gap. From Fig. 6.1, the net electric field comprises of the dc bias electric

field, the radiated near-zone electric field, and the field associated with the polarization of the

carriers. The relation between the radiated near-zone fields and the current density is calculated

by applying the boundary conditions at the air–semiconductor interface.

At the gap of the electrodes, a uniform laser illumination is assumed while analyzing the

behavior of the PCA. Due to the uniform carrier generation by the laser beam, the surface

diffusion currents (along the x-axis and the y-axis) become zero. Moreover, the laser beam
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is assumed to be linearly polarized along the y-axis, so that it does not interfere with the net

electric field along the x-axis at the gap.

The integral form of Maxwell’s equation as given in (6.1) is considered and the boundary

conditions on the magnetic field as in [160] are applied:

∮

c

~H · ~dl =

∫

s

(

~J + ǫ
∂~E

∂t

)

· n̂xds (6.1)

where the surface area (s) enclosed by the close line of the integral (c) is W (width of the

electrodes) in length and d in width with d → 0, ~J is the volume current density, and ǫ is the

permittivity of the medium.

With reference to Fig. 6.1, (6.1) can be written as:

Hnet1(t) + Hnet2(t) = d

{

J(t) − ∂
∂t

[E1(t) + ǫrE2(t)]

}

(6.2)

where ǫr is the permittivity of the medium 2.

The above equation reduces to:

Hnet1(t) + Hnet2(t) = Js(t) (6.3)

where Js is the surface current density at the gap.

(6.3) can be written same as the steady state boundary condition as:

n̂z ×
[

~Hnet2(t) − ~Hnet1(t)
]

= ~Js(t) (6.4)

where

~Hnet1(t) = ~Hr1(t) + ~Hext (6.5)

~Hnet2(t) = ~Hr2(t) − ~Hext (6.6)

n̂z ×
[

~Hr2(t) − ~Hr1(t)
]

= ~Js(t) + 2n̂z × ~Hext (6.7)

Similarly, the boundary conditions are applied to the (6.8) [160]:

∮

c

~E · ~dl = −
∫

s

µ
∂ ~H

∂t
· n̂yds (6.8)
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where the area (s) enclosed by the close line of integral (c) is L (gap length between the elec-

trodes) in length and d in width with d → 0.

Assuming a uniform electric field over the gap length, (6.8) can be written as:

Er1(t) − Er2(t) = − lim
d→0

(

µd
∂

∂t
[Hnet1(t) − Hnet2(t)]

)

(6.9)

The above equation reduces to:

Er1(t) = Er2(t) (6.10)

(6.10) can be written same as the steady state boundary condition as:

n̂z ×
[

~Er2(t) − ~Er1(t)
]

= 0 (6.11)

In large aperture antennas, the transient electric and magnetic fields in the near-zone [134,

161] are related as:

~Hr1(t) × n̂z = −
~Er1(t)

η0

(6.12)

~Hr2(t) × n̂z =

√
ǫr ~Er2(t)

η0

(6.13)

where η0 is the wave impedance in medium 1, and ǫr is the permittivity of the semiconductor

substrate.

From (6.7) and (6.11)-(6.13), the radiated near-zone electric field can be expressed as a

function of the surface current density and the external magnetic field, given as:

~Er2(t) = ~Er1(t) = −
(

η0

1 +
√
ǫr

)

[

~Js(t) + 2n̂z × ~Hext

]

(6.14)

6.3 Semiconductor Carrier Dynamics Model

In this section, with some modifications, the same carrier dynamics model as presented in

section 5.3 is used to evaluate the behavior of different parameters. It incorporates the effect

of carrier concentration, carrier polarization, transient mobil1ities, and the transient velocity of

the carriers. Additionally, the effect of the external magnetic field on the different parameters

of the PCA is incorporated in the carrier dynamics.
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6.3.1 Carrier Densities

The time-dependent carrier densities in the PCA are computed by using the generation and

recombination rate of the carriers, also known as the continuity equation, and are given as

[141, 142]:

dn(t)

dt
= −n(t)

τn

+ g(t) (6.15)

dp(t)

dt
= − p(t)

τp

+ g(t) (6.16)

where n and p are the electrons and the holes densities, respectively, τn and τp are the lifetime

of the electrons and the holes, respectively, and g(t) is the photo-carrier generation rate due to

laser impingement and can be written as:

g(t) =
2ηP(t, r)

πω2
0
hνopt

(6.17)

where η is the quantum efficiency of the semiconductor material, ω0 is the laser beam waist

radius at the interface, h is the Planck’s constant, νopt is the laser frequency, and P(t, r) is the

total power absorbed by the semiconductor material within the radius r.

The total power absorbed by the semiconductor material within the radius r and including

the laser penetration in the semiconductor material is given as:

P(t, r) = α(1 − R)P0
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where α is the optical absorption coefficient of the semiconductor material, R is the power

reflection coefficient at the interface, P0 is the laser peak power, and τl is the laser pulsewidth.

The solution of (6.15) and (6.16) can be written as:

n(t) =
η(1 − R)τlP0√

2πhνoptω
2
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(6.19)

where ln is the diffusion length for the electrons and can be calculated from, ln =
√

kBTµnτn/q,
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kB is Boltzmann constant, T is the temperature, and µn is the mobility of the electrons.

p(t) =
η(1 − R)τlP0√
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(6.20)

where lp is the diffusion length for the holes and can be calculated from, lp =
√

kBTµpτp/q, and

µp is the mobility of the holes.

The average carrier densities of the electrons and holes can be given as:

nav(t) =
η(1 − R)τlP0√
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(6.22)

To calculate the average carrier densities, the volume corresponding to the carrier diffusion

lengths are used because only the carriers within this volume contribute to the surface current

density, while others get recombined before reaching the surface.

6.3.2 Optical Absorption Coefficient

The optical absorption coefficient of the semiconductor material changes due to the band-

filling effect by the rapid generation of the carriers at the surface [166]. For an n-type semicon-

ductor, the bandfilling effect on the optical absorption coefficient is modeled as:

α = α0 − ∆α(nav, pav, E) (6.23)

∆α(nav, pav, E) =
Chh

E

√

E − Eg

[

1 − fv(Eah) + fc(Ebh)
]

+
Clh

E

√

E − Eg

[

1 − fv(Eal) + fc(Ebl)
]

(6.24)
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(6.25)
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
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Eah,al =

(

Eg − E
)

[

me

me + mhh,lh

]

− Eg (6.27)

Ebh,bl =

(
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)

[

mhh,lh

me + mhh,lh

]

(6.28)
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
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
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where α0 is the optical absorption constant of the semiconductor material for the photon energy

E, and Eg is the semiconductor bandgap energy.

The change in the absorption coefficient induces a change in the dielectric constant value of

the semiconductor material. However, the change in the value of the dielectric constant is very

small and has been neglected.

6.3.3 Current Density

The total surface current density can be given by adding the current densities due to the

electrons and the holes, written as:

Js(t) = q
[

nav(t)vn(t)ln + pav(t)vp(t)lp

]

(6.31)

where vn(t), vp(t) are the transient velocities of the electrons and the holes, respectively.

6.3.4 Net Electric Field

The net electric field across the electrodes gap, from the Fig. 6.1, can be written as:

Enet(t) = Ebias −
Ps(t)

ζǫ0ǫr
− Er(t) (6.32)

where ζ is the is the geometrical factor and is equal to 3 for the isotropic materiasl [153], and

Er is the radiated near-zone electric field and can be computed from (6.14).
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6.3.5 Carrier Polarization

The time dependent polarization [153] due to the separation between the carriers caused by

the bias electric field is given by:

dPs(t)

dt
= −Ps(t)

τr

+ Js(t) (6.33)

where τr is the recombination time of the electrons with the holes in LT-GaAs.

6.3.6 Carrier Velocities

To calculate the transient velocities of the carriers, Caughey Thomas [145] and Arora [146]

mobility models are used to incorporate the electric field and the carrier density dependence

of the carrier mobility as explained in section 3.2.6. The doping dependent mobilities of the

carriers are given as [141, 146]:

µdop,n(t) = µlow,n + µd,n
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
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
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(6.34)

µdop,p(t) = µlow,p + µd,p


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(6.35)

where µlow,n and µlow,p are the low field mobilities of the electrons and the holes, respectively

and µd,n and µd,p are the differences between the highest and the lowest values of the mobilities

of the electrons and the holes, respectively. The field dependent carrier mobilities are given

as [141, 145]:

µelec,n(t) = µlow,n












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(6.36)

µelec,p(t) = µlow,p
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


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(6.37)

The effective mobilities µn and µp of the electrons and the holes, respectively, are given as:

µn(t) =
µelec,n(t)µdop,n(t)

µelec,n(t) + µdop,n(t)
(6.38)

µp(t) =
µelec,p(t)µdop,p(t)

µelec,p(t) + µdop,p(t)
(6.39)
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Using the transient mobilities, the transient velocities of the carriers at the gap are given as:

vn(t) = µn(t)Enet(t) (6.40)

vp(t) = µp(t)Enet(t) (6.41)

The movement of the carriers get affected due to the applied magnetic field. A y-axis ori-

ented external magnetic field changes the carrier’s movement from x-axis towards the z-axis

thereby changing the carrier densities. The increment or reduction in the carrier density depends

on the orientation of the external magnetic field (positive or negative direction of the y-axis).

The magnetic field-dependent carrier velocities are computed using the following equations:

dvpz(t)

dt
= −

vpz(t)

τsp

+
q

m∗p
vp(t)Bext (6.42)

dvnz(t)

dt
= −vnz(t)

τsn

+
q

m∗n
vn(t)Bext (6.43)

where Bext is the external magnetic flux density, m∗n and m∗p are the effective mass of the electrons

and the holes, respectively, and τsn,sp are the moment relaxation time of the electrons and the

holes, respectively. The moment relaxation time can be calculated from τsn,sp =
µn,pm∗n,p

q
.

The distance covered by the carriers along the z-axis in the small time step dt is calculated

as:

lnz,pz = vnz,pzdt (6.44)

6.3.7 Effect of the Magnetic Field of the Carrier Densities

Including the effect of the external magnetic field on the carrier velocities, the changed

average volume carrier densities are computed as:
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When an external magnetic field is applied along the positive direction of the y-axis, lnz and lpz

have positive and negative values, respectively. While for the negative direction of the y-axis

applied magnetic field, lnz and lpz have negative and positive values, respectively.

6.3.8 Radiated THz Electric Field

The amplitude of the radiated far-zone THz electric field is proportional to the rate of change

of the current density and is given as [82]:

ET Hz(t) �
A

4πε0c2
l
zd

∂Js(t)

∂t
(6.47)

where A is the gap area, cl is the speed of light and zd is the measurement point distance.

Using (6.31), (6.47) can be written as:

ET Hz(t) �
A

4πε0c2
l
zd

(

qln

[

nav(t)
∂vn(t)

∂t
+ vn(t)

∂nav(t)

∂t

]

+ qlp

[

pav(t)
∂vp(t)

∂t
+ vp(t)

∂pav(t)

∂t

])

(6.48)

6.4 Results and Discussions

The analytical results obtained for an external magnetic field effect on a LAPCA could

not be compared readily with the experimental results as such results are not available in the

literature. However, to substantiate the proposed theory, the results computed in the absence of

the external magnetic field are compared with the available experimental results in the literature.

It should be noted that the results reported in the literature are given in arbitrary units without

any information about the distances at which the measurements of the THz signal is taken. So,

instead of a direct comparison, a behavioral comparison of the results is presented. The different

parameters and measurement distances are chosen such that the analytical results closely follow

the experimental results.

In this study the LT-GaAs material is considered for the semiconductor substrate in the

LAPCA. Same as the chapter 5, the mobility of the holes is assumed to be almost one-seventh

of the electrons. Also, the capturing time of the holes is considered to be the three times of

the electrons as the capture cross-section for the holes is very small compared to the electrons.
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Table 6.1: Parameters value used in the calculations

Parameter Value Parameter Value

α0 6000 cm−1 W 200 µm

νopt 375 THz L 200 µm

εr 12.9 ω0 0.707×gap width

τl 100 fs µlow,n 200 cm2V−1s−1

τn 1 ps µlow,p 40 cm2V−1s−1

n0 1×1020 m3 µd,n 8300 cm2V−1s−1

p0 1×1021 m3 µd,p 360 cm2V−1s−1

τp 3 ps τr 100 ps

m0 9.1×10−31 Kg m∗p 0.47×m0

m∗n 0.067×m0 frep 250 KHz

η 1 v
n,p
sat 1.13×105 m s−1

zd 10 cm r 0.5×gap width

Chh 1.5×1014 m s−1/2 Clh 7.8×1013 m s−1/2

mhh 0.45×m0 mlh 0.084×m0

me 0.066×m0 Eg 1.42 eV

Nc 4.3×1023m−3 Nv 8.3×1024m−3

The different semiconductor losses such as carrier-to-carrier collision, thermal and electrical

are assumed to be negligibly small and neglected in the calculations. The values of different

parameters used in the calculations are based on [76,132,141,165–167] and given in Table 6.1.

6.4.1 In the Absence of the External Magnetic Field

From (6.32), it can be said that the net electric field characteristics depend on the bias field,

the near-zone electric field, and the field associated with the polarization of the carriers (Epol)

given as:

Epol(t) =
Pc(t)

κǫ0ǫr
(6.49)

The transient behaviors of the net electric field with the laser pulse, the polarization field, and

the radiated near-zone field are shown in Fig. 6.2. From the figure, it is evident that the radiated

near-zone electric field mainly causes the reduction in the amplitude of the net electric field.

The amplitude of the radiated far-zone field from a PCA depends on the parameters related

to the laser beam, the photoconductive semiconductor material, and the printed antenna geom-
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Fig. 6.2: Transient behavior of laser pulse, Enet, electric field due to polarization (Epol), and Er at

Vbias=50 V and P=100 mW. The inset figure shows the zoomed view of Epol

etry. To increase the amplitude of the far-zone field, an optimization of the values of these

parameters or an optimized combination of the parameters is required. It can be seen in (6.48)

that the amplitude of the radiated far-zone electric field depends on the rate of change of the

carrier velocities and the carrier densities. The carrier densities mainly depend on the laser

beam power, while the carrier velocities on the bias electric field. Thus, varying the laser beam

power and the applied bias voltage (within the limit of the thermal and the electrical breakdown,

respectively), the amplitude of the radiated far-zone electric field can be improved as shown in

Fig. 6.3.

The analytically calculated results of the effect of voltage and laser power on the far-zone

electric field are compared with the results from [168] & [169], respectively, and shown in Figs.

6.4 & 6.5. The values of different parameters used for the comparison study are given in Table

6.2 and 6.3.

Table 6.2: Parameters Details for Fig. 6.4

Parameter Value Parameter Value

L 100 µm [168] W 100 µm [168]

frep 75 MHz [168] λ 800 nm [168]

τl 150 fs [168] zd 3.5 cm

P 90 mW

Values of other parameters have been taken from Table 6.1

The dimension of the gap between the electrodes and the net electric field across it affect

the photo-generated carriers density in the PCA. Since the far-zone electric field amplitude is
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fect on the radiated far-zone electric field
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Fig. 6.6: Comparison of the analytical and the ex-

perimental [168] results of the gap length effect on

the radiated far-zone electric field

Table 6.3: Parameters Details for Fig. 6.5

Parameter Value Parameter Value

Vbias (GaAs:O) 100 V [169] Vbias (GaAs:As) 110 V [169]

L 120 µm [169] W 10 µm [169]

ω0 5 µm [169] frep 82 MHz [169]

τl 100 fs [169] λ 760 nm [169]

τn 0.15 ps zd 8 cm

µlow,n (GaAs:O) 500 cm2V−1s−1 µlow,n (GaAs:As) 200 cm2V−1s−1

µlow,p (GaAs:O) 100 cm2V−1s−1 µlow,p (GaAs:As) 40 cm2V−1s−1

Values of other parameters have been taken from Table 6.1

proportional to the rate of change of the current density, the parameters which effect the current

density also influence the far-zone electric field. Thus, by changing the gap dimensions, the

amplitude of the radiated far-zone electric field can be enhanced. Reducing the gap length in-
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creases the net electric field and the current density which effectively enhances the amplitude of

the far-zone electric field. The result of the gap length effect is compared with the experimental

result reported in [168] as shown in Fig. 6.6. The values of different parameters used in the

calculations are given in Table 6.4.

Table 6.4: Parameters Details for Fig. 6.6

For L = W=100 µm and L = W=200 µm

Parameter Value Parameter Value

frep 75 MHz [168] λ 800 nm [168]

τl 150 fs [168] zd 3.5 cm

Values of other parameters have been taken from Table 6.1

From (6.15) & (6.16), it can be said that the rate of change of the carrier densities mainly

depends on the carrier lifetime. A small carrier lifetime supports a fast rate of change, whereas a

large value gives a slow rate of change. For the THz frequency generation from the PCA, a fast

rate of change of the carrier densities is required which is supported by the small carrier lifetime.

However, a small carrier lifetime provides a low current density compared to the larger values

of the carrier lifetime, as the carriers remain available for a very short time to be collected at the

electrodes. Increasing the carrier lifetime increases the availability period of the carriers at the

gap, which supports a high current density and results in a intense radiation. The analytically

calculated results of the carrier lifetime effect are compared with the results from [164] and

shown in Fig. 6.7. The parameters values used in the analytical calculations are provided in

Table 6.5.

Table 6.5: Parameters Details for Fig. 6.7

For τe=0.7 ps and 1.2 ps

Parameter Value Parameter Value

Vbias 1500 V [164] L 5 mm [164]

W 5 mm [164] ω0 4 mm [164]

frep 1 kHz [164] µlow,n 1500 cm2V−1s−1 [164]

τl 200 fs [164] µlow,p 500 cm2V−1s−1

λ 800 nm zd 18 cm

Values of other parameters have been taken from Table 6.1
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Fig. 6.7: Comparison of the analytical and the experimental [164] results of the carrier lifetime effect on

the radiated far-zone electric field

6.4.2 In the Presence of the External Magnetic Field

From (6.31), (7.62) and (7.63), it can be seen that the current density strongly relies on the

net electric field at the gap. The field associated with the polarization of the carriers and the

near-zone electric field are oriented in such a way that they oppose the effect of the applied bias

field and reduces the amplitude of the net electric field as given by (6.32). A high amplitude

of the net electric field provides a high current density resulting in an intense radiation from

the PCA. From (6.14) shows the relation of the near-zone field with the external magnetic field.

From (6.14) and (6.32) show that the net electric field can be increased by the applied external

magnetic field thereby increasing the current density. The effect of the applied magnetic field

on the current density is shown in Fig. 6.8.

The application of the external magnetic field along the positive direction of the y-axis

reduces the amplitude of the near-zone electric field as given in (6.14), which results in an

increased current density. At the same time, it also changes the carrier’s movement from the

x-axis towards the z-axis direction(toward the surface of the semiconductor) thereby increasing

the carrier densities as given by (6.45) and (6.46), which results in a high surface current density.

However, it has been observed that the contribution to the current density from the change in

carrier movement is negligibly small compared with the contribution of the reduction in the

radiated near-zone electric field as shown in Fig. 6.9.

The effect of the external magnetic field on the carrier dynamics and the radiated far-zone
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Fig. 6.8: Effect of the external magnetic field on

the current density
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electric field is presented in section 6.3. It shows that the amplitude and the orientation of

the radiated far-zone electric field strongly rely on the same of the applied magnetic field as

shown in Fig. 6.10. The negative and the positive values of the magnetic field are used for the

orientation along the negative and the positive directions of the y-axis, respectively.

The amplitude of the radiated far-zone electric field from the PCA increases with the applied

magnetic field as shown in Fig. 6.11. At a fixed value of the laser beam power, the increment

in the radiated far-zone electric field is calculated as:

Rv =
ET Hz(peak)(at Bext)

ET Hz(peak)(at Bext=0)

∣

∣

∣

∣

∣

∣

P=constant

(6.50)
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Fig. 6.10: External magnetic field effect on the

polarity of the radiated far-zone electric field
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Antenna

Fig. 6.11 shows that the increment in the amplitude of the radiated far-zone electric field is

very high at the low bias voltages and decreases with the increase in the bias voltage. However,

the increment factor starts saturating at higher values of the magnetic field. Similarly, the am-

plitude of the far-zone electric field can also be enhanced by increasing the laser input power

at the different values of the external magnetic field. The increment in the amplitude of the

radiated far-zone electric field at a given value of the bias voltage is calculated as:

Rp =
ET Hz(peak)(at Bext)

ET Hz(peak)(at Bext=0)

∣

∣

∣

∣

∣

∣

Vbias=constant

(6.51)
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Fig. 6.12: Effect of the laser power on the radiation
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tric field from the PCA with the experimental result

of the THz generation from the semiconductor sur-

face [170]

From Figs. 6.11 and 6.12, it can be seen that the increment in the radiated far-zone electric

field is very high in the case of the voltage variation, whereas changing the laser power does not

affect much.

As there is no literature available dealing with the effect of the magnetic field on the radiation

from a PCA, a comparison of the result of the radiated far-zone field from it (at Vbias=5 V, P=3.5

mW and zd= 100 cm) is made with the magnetic field effect on the THz generation from the

semiconductor surfaces from [170] and shown in Fig. 6.13. It can be seen from Fig. 6.13 that

the PCA also exhibit the same behavior however, the saturation effect starts early.
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The effect of the angle of incidence of the applied magnetic field from the positive direction

of the y-axis on the radiated far-zone electric field is shown in Fig. 6.14. For the large incidence

angle of the magnetic field, the magnitude of the radiated far-zone THz field decreases due to

the reduced amplitude of the magnetic field normal to the current density in the gap.

The effect of the external magnetic field on the net electric field at the gap is shown in Fig.

6.15 calculated at Vbias = 50 V and P = 50 mW. It can be seen that the net electric field can be

changed by varying the amplitude and changing the orientation of the external magnetic field.

6.5 Summary

This chapter presents a novel idea to enhance the radiated power from a LAPCA by applying

an external DC magnetic field. The analysis and results show that the improvement in the

radiated power from a LAPCA using the external magnetic field is more effective compared

to the other methods such as changing the laser input power, and the bias voltage. It has also

been shown that the key factor in the enhancement of the radiated far-zone electric field is the

reduction in the amplitude of the radiated near-zone electric field. Additionally, the external

magnetic field also increases the current density by changing the carriers movement toward the

surface, but the effect of this on the radiated THz field is negligibly small. It is interesting to

note that the polarity of the radiated far-zone electric field can be controlled by the orientation

of the applied external magnetic field as shown in the results.
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7. Analysis of the Radiated Fields from the Photoconductive Antenna

7.1 Introduction

Since the first study made in the area of the THz generation using a PCA, several experi-

mental, simulation, and circuit modeling studies have been reported in the literature. Among all

the studies, very few are related to the analytical analysis of the radiated fields from the PCA as

discussed in the chapter 2.

This chapter presents derivation of radiated fields from a PCA incorporating the semicon-

ductor substrate effect in the analysis. Furthermore, to calculate the current density, an improved

semiconductor carrier dynamics is proposed which helps in analyzing the radiation behavior of

the PCA. The proposed carrier dynamics first calculates the transient variation of the substrate

temperature which further helps in incorporating the temperature dependency of the different

parameters. The proposed carrier dynamics also assimilates the effect of the transient mobilities

of the carriers, transient lifetime of the carriers, carrier polarization, and the radiated near-zone

field. In order to validate the derived formulae and proposed carrier dynamics, comparative

studies are presented with the experimental results available in the literature.

7.2 Derivation of Radiated Fields from a PCA

The derivation of the radiated fields from a PCA is based on the assumption that the radiation

is due to the fast changing current density. In order to develop the formulae for the radiated fields

from a PCA, Maxwell’s equations in the material media are used. The presented equations also

incorporate the effect of the bound charges due to the polarization of the carriers and the current

density due to these polarized carriers at the gap. The semiconductor substrate material used in

the PCA has a very large defect densities facilitating a very small carrier lifetime and free carrier

densities. Assuming that the initial free carrier densities are almost zero in the semiconductor

substrate material, Maxwell’s equations are written as [171]:

∇ · ~E =
ρp

ε0

(7.1)

∇ · ~H = 0 (7.2)
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7.2 Derivation of Radiated Fields from a PCA

∇ × ~D = ε0
~Jp −

1

c2

∂ ~H

∂t
(7.3)

∇ × ~B = µ0
~J + µ0

∂~Ps

∂t
+

1

c2

∂~E

∂t
(7.4)

where ρp is the bound charge density due to the polarization ~Ps, ~Jp is the polarization current

density, ~J is the photo-generated current density, ~E and ~H are the electric and the magnetic field

intensities, respectively, ~D and ~B are the electric and the magnetic flux densities, respectively,

and c is the light velocity. Also;

ρp = −∇ · ~Ps; ~Jp = (∇ × ~Ps)/ε0 (7.5)

~D = ~Ps + ε0
~E; ~B = µ0

~H (7.6)

Using (7.1)-(7.6), the wave equation can be written as;

∇ × (∇ × ~E) +

(

1

c2

)

∂2 ~E

∂t2
= −µ0

∂ ~J

∂t
− µ0

∂2~Ps

∂t2
(7.7)

The solution of (7.7) can be written as;

~E(t) =
1

4πε0

∫












−[∇′ · ~Ps]

r2
− 1

rc

∂[∇′ · ~Ps]

∂t













r̂dv′ − 1

4πε0rc2

∫












∂ ~J

∂t
+
∂2~Ps

∂t2













dv′ (7.8)

Similarly, the solution of magnetic field intensity can be given as;

~H(t) =
1

4π

∫



























[ ~J]

r2
+

1

rc













∂ ~J

∂t

























× r̂ +
1

r

∂[∇′ × ~Ps]

∂t















dv′ (7.9)

The operator ∇′ operates at the source coordinates x′, y′, z′ only. The [ ] in (7.9)(and also

in the subsequent equations) indicates that the corresponding quantity is to be evaluated at the

retarded time t′ = t − (r/c), where t is the time at which ~E and ~H fields are evaluated.

It can be seen that (7.8) and (7.9) have spatial derivative operations with the retarded time

derivative. In order to simplify (7.8) and (7.9), following relations are used [172]:

∫

1

r

∂[∇′ × ~Ps]

∂t
dv′ =

∫












1

r2













∂ ~Ps

∂t













× r̂ +
1

rc













∂2 ~Ps

∂t2













× r̂













dv′ (7.10)
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∫












[∇′ · ~Ps]

r2
+

1

rc

∂[∇′ · ~Ps]

∂t













r̂dv′ = −
∫


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





1

r3
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3
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
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


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
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
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dv′ (7.11)

Using (7.8)-(7.11), the simplified solutions of the electric and the magnetic field intensities can

be written as;

~E(t) =
1

4πε0

∫
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
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~H(t) =
1

4π

∫


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dv′ (7.13)

The far-zone fields can be written as:

~E f ar(t) =
1

4πε0rc2

∫


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dv′ (7.14)

~H f ar(t) =
1

4πrc

∫
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dv′ (7.15)

A 3D representation of a PCA is shown in Fig. 7.1. Using spherical co-ordinate system for

Fig. 7.1: 3D representation of a PCA with fields directions

the arrangement shown in Fig. 7.1 and dropping the time retardation, the far-zone fields can be

written as:

~E f ar(t) =
1

4πε0rc2

∫ {

−∂J
∂t

cos θ r̂ −
(

∂2Ps

∂t2
− ∂J
∂t

)

sin θ θ̂

}

dv′ (7.16)

~H f ar(t) =
1

4πrc

∫ (

∂J

∂t
− ∂

2Ps

∂t2

)

sin θ φ̂ dv′ (7.17)
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7.3 Semiconductor Carrier Dynamics

7.3 Semiconductor Carrier Dynamics

In order to analyze the behavior of the radiated THz electric field, the calculation of the

current density at the electrodes gap is essential. To evaluate the current density, an improved

semiconductor carrier dynamics is proposed in this section. The analysis of the carrier dynam-

ics presented in this section includes the effect of change in the substrate temperature due to

lase illumination and dependency of different parameters on the substrate temperature. Fur-

thermore, It also includes the carrier generation rate due to the laser beam impingement, the

carrier polarization, change in the carrier lifetime, time-varying absorption coefficient due to

band filling effect, and the transient velocities of the carriers.

The application of the laser beam on the semiconductor material not only generates the free

carriers but also increases the temperature of the substrate material. As the different parameters

related to the semiconductor material are temperature dependent, the analysis of the substrate

temperature is imperative. In order to derive a closed-form analytical expression, the following

assumptions have been considered:

• The optical absorption and power reflection coefficients of the material are temperature

independent.

• The thickness of the semiconductor substrate material is very large compare to the laser

beam skin depth.

• A uniform laser illumination at the electrodes gap.

• The Gaussian laser pulse is approximated with the exponential functions as shown in the

Fig. 7.2.

Due to uniform laser illumination at the surface, the heat flows in y direction only for the given

setup in Fig. 7.1. The one dimensional differential equation of the heat flow in terms of the

temperature T (y, t) and laser intensity is written as [173]:

∂T (y, t)

∂t
= ηT

∂2T (y, t)

∂y2
+
αIT e−αy

ρcp

(7.18)

where ηT =
k
ρcp

, ρ is the density of the material, cp is the specific heat capacity of the material, k
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Fig. 7.2: Approximation of Gaussian pulse using exponential functions

is the thermal conductivity of the material, α is the optical absorption coefficient of the material,

and IT is the laser intensity within the radius r applied at the material surface.

The laser intensity within the radius r including the time variation as shown in Fig. 7.2 can

be given as:

IT =































AT e
2(t−2τl)

τl for 0 ≤ t ≤ 2τl

AT e
−2(t−2τl)

τl u(t − 2τl) for 2τl ≤ t < ∞
(7.19)

with

AT =
2(1 − R)P0

πω2
0















1 − e

(

−2r2

ω2
0

)















(7.20)

where τl is the laser pulse width, R is the power reflection coefficient, P0 is the laser peak power,

and ω0 is the laser beam waist radius.

In order to achieve the closed form solution, the following boundary conditions are applied:

• for 0 ≤ t ≤ 2τl

T (y, 0) = T (∞, t) = T0 = 300 K;
∂T

∂y

∣

∣

∣

∣

y=0
= 0

• for 2τl ≤ t < ∞

T (y, 2τl) = T2τl ; T (∞, t) = T0;
∂T

∂y

∣

∣

∣

∣

y=0
= 0

Using the boundary conditions with (A.10) & (7.19), the solution for the surface temperature
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(at y = 0) can be written as:

T (t) =


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


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for 2τl ≤ t < ∞

(7.21)

where T2τl is the substrate temperature at t = 2τl. The detailed solution of the heat equation is

explained in Appendix A.2.

7.3.1 Carrier Densities

The photocarrier densities generated at the gap by the laser beam are calculated using the

continuity equation given as [141, 142]:

dn(t)

dt
= −n(t)

τn

+ g(t) (7.22)

dp(t)

dt
= − p(t)

τp

+ g(t) (7.23)

where n(t) and p(t) are the time dependent electrons and the holes densities, respectively, τn

and τp are the lifetime of the electrons and the holes, respectively, and g(t) is the photo-carrier

generation rate due to laser impingement and can be written as:

g(t) =
2P(t, r)

πω2
0
hνopt

(7.24)

where h is the Planck’s constant, νopt is the laser frequency, and P(t, r) is the total absorbed

power by the semiconductor material within the radius r.

The total power, absorbed by the semiconductor material within the radius r, including the
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beam penetration in the material of a Gaussian profile laser beam is given as [152]:

Popt(t) = α[1 − R]P0






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
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e−αd (7.25)

where d is the depth in to the semiconductor material.

For a constant values of the carrier’s lifetimes τn and τp, the solution of the Eqs. (7.22) and

(7.23) can be written as:
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(7.26)

where ln is the diffusion length of the electrons and can be calculated from, ln =

√

kBTµnτn
q

, kB

is the Boltzmann constant, T is the temperature, µn is the mobility of the electrons, and q is the

electron charge.
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(7.27)

where lp is the diffusion length for the holes and can be calculated from, lp =

√

kBTµpτp

q
, µp is

the mobility of the holes.

However, in the analysis presented in this chapter, a time varying carrier’s lifetimes have

been assumed which depends on the density of the filled and unfilled trap densities. The time

dependency of the carrier’s lifetime will be discussed in subsequent sections. The carriers

within the volume corresponding to its diffusion length contribute to the surface current while

the remaining in the active region get recombine with the traps before reaching the surface of

the semiconductor substrate. So, to calculate the average carrier densities (nav and pav), volumes

corresponding to the carrier’s diffusion lengths have been used in the analysis.
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7.3.2 Absorption Constant

The rapid increase of the carrier densities at the semiconductor surface changes the ampli-

tude of the optical absorption coefficient (α) which is modeled as proposed in [166]. For an

n-type semiconductor material, the change in the absorption coefficient due to optical injection

of the carriers is modeled as:

α = α0 − ∆α(nav, pav, E) (7.28)

∆α(nav, pav, E) =
Chh

E

√

E − Eg[1 − fv(Eah) + fc(Ebh)]

+
Clh

E

√

E − Eg[1 − fv(Eal) + fc(Ebl)] (7.29)
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(7.31)

Eah,al = (Eg − E)

[

me

me + mhh,lh

]

− Eg (7.32)

Ebh,bl = (E − Eg)

[
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]

(7.33)
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where α0 is the optical absorption coefficient of the semiconductor material for the photon

energy E, and Eg is the semiconductor bandgap energy.
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7.3.3 Carrier Lifetime

The carrier lifetime in the PCA is assumed to be equal to the time taken by the traps to

capture the carriers which is given as [141]:

τn =
1

(σnvth,nN f r)
(7.36)

τp =
1

(σpvth,pN f i)
(7.37)

where σn and σp are the capture cross-sections for the electrons and the holes, respectively, N f r

is the density of unfilled traps, N f i is the density of the filled traps, vth,n and vth,p are the thermal

velocities of the electrons and the holes, respectively, and can be calculated from: vth,n,p =

√

3kBT

m∗n,p
, m∗n,p are the effective masses of the electrons and the holes, respectively.

Due to capturing(recombination) of the electrons and the holes with the traps, during the

THz generation process, the densities of the filled and the unfilled traps varies with the time and

can be computed from:

∂N f r

∂t
=

N f i

τp

−
N f r

τn

(7.38)

∂N f i

∂t
=

N f r

τn

−
N f i

τp

(7.39)

7.3.4 Current Density

The drift current in the PCA is caused due to the motion of the electrons as well as the holes.

The total current density can be given by adding the current densities of the electrons and the

holes. The total surface current density is given as:

Js(t) = q
[

nav(t)vn(t)ln + pav(t)vp(t)lp

]

(7.40)

where vn(t) and vp(t) are the time dependent velocities of the electrons and the holes, respec-

tively.

7.3.5 Net Electric Field

As it can be seen from the Fig. 7.1 that the net electric field across the electrodes gap

can be given by the algebraic sum of the bias electric field and the field due to the carrier
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polarization. The net electric field at the gap (for small and semi-large aperture PCA) can be

written as [123, 153]:

Enet(t) = Ebias −
Ps(t)

ζǫ0ǫr
(7.41)

where ζ is the is a geometrical factor and is equal to 3 for isotropic material, and ǫr is the

permittivity of the semiconductor substrate material.

Whereas, for the large aperture PCAs, the net electric field at the gap also includes the effect

of the radiated near-zone electric field as explained in section 6.3.4, and is given as:

Enet(t) = Ebias −
Ps(t)

ζǫ0ǫr
− Er(t) (7.42)

Er(t) = −
η0Js(t)

1 +
√
εr

(7.43)

where η0 is the free space impedance.

7.3.6 Carrier Polarization

The carriers at the gap region get polarized due the electric field across the gap. It is given

as [153]:

dPs(t)

dt
= −Ps(t)

τr

+ Js(t) (7.44)

where τr is the carrier recombination time of the electrons with the holes in the pure semicon-

ductor material.

7.3.7 Carrier Velocities

The transient velocities of the carriers are modeled using the transient mobilities given by

the Caughey-Thomas and Arora mobility models. These mobility models are used to incorpo-

rate the electric field and the doping density dependence of the mobilities. The average mobil-

ities µn and µp of the electrons and the holes, respectively, are calculated by using Caughey-

Thomas, and Arora mobility models as explained in section 6.3.6. Moreover, the proposed car-

rier dynamics in this chapter also include the temperature dependency of the mobilities given

as [141, 145, 146]:

123

TH-2078_126102030



7. Analysis of the Radiated Fields from the Photoconductive Antenna

µelec,n(Enet) = µlow,n













1 +

(

µlow,nEnet

vn
sat

)2










−0.5

(7.45)
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(7.46)

µdop,n(nav) = µln + µdi f f ,n

[

1 +

(

nav

Nn

)an
]−1

(7.47)

µdop,p(pav) = µlp + µdi f f ,p

[

1 +

(

pav

Np

)ap
]−1

(7.48)

v
n,p
sat =

[

11.3 − 3.6

(

T

T0

)]

× 104 (7.49)

µln = µlow,n

(

T

T0

)−0.7457

(7.50)

µlp = µlow,p

(

T

T0

)−1.124

(7.51)

µdi f f ,n = µd,n

(

T

T0

)−2.687

(7.52)

µdi f f ,p = µd,p

(

T

T0

)−2.366

(7.53)

Nn = n0

(

T

T0

)3.535

(7.54)

Np = p0

(

T

T0

)3.69

(7.55)

an = 0.6273

(

T

T0

)−0.1441

(7.56)

ap = 0.8057

(

T

T0

)0

(7.57)

µd,n = 8500 − µlow,n (7.58)

µd,p = 400 − µlow,p (7.59)

where µd,n, µd,p, µlow,n, and µlow,p are in cm2V−1s−1.
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The effective mobilities of the electrons and the holes can be given as:

µn(t) =
µelec,n(t)µdop,n(t)

µelec,n(t) + µdop,n(t)
(7.60)

µp(t) =
µelec,p(t)µdop,p(t)

µelec,p(t) + µdop,p(t)
(7.61)

Using the transient mobilities, the velocities of the carriers are given as:

vn(t) = µn(t)Enet(t) (7.62)

vp(t) = µp(t)Enet(t) (7.63)

7.3.8 Radiated THz Fields

As the diffusion lengths of the carriers, ln & lp, are very small compared to the gap dimen-

sions, the generated current density can be taken as the surface current density. Considering the

THz radiation is emitted and detected along the y-axis for setup shown in Fig. 7.1, (7.16) and

(7.17) can be re-written as:

~ET Hz(t) =
A

4πε0ydc2

(

∂Js

∂t
− ∂

2Ps

∂t2

)

θ̂ (7.64)

~HT Hz(t) =
A

4πydc

(

∂Js

∂t
− ∂

2Ps

∂t2

)

φ̂ (7.65)

where A is the gap area and yd is the distance along the y-axis from the source point. Eqs. (7.64)

and (7.65) can be expanded further with the help of other relations shown in previous equations

and are given in Appendix A.3.

7.4 Results and Discussions

The PCA’s performance has been analyzed by using the derived formule in section 7.2 with

the proposed semiconductor carrier dynamics in section 7.3. The value of the different param-

eters used in the analytical calculations are given in Table 7.1 [132, 141, 165, 166, 173, 174].

Moreover, The analytically calculated results are compared with the experimental results re-

ported in the literature. The reported experimental results are given in arbitrary units, so instead

of a direct comparison, a behavioral comparison of the results are presented and the parameters
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values are provided with the results.

Table 7.1: Parameters Details for the calculation of the radiated fields

Parameter Value Parameter Value

k 33 W/m K ρ 5320 kg/m3

cp 350 J/kg K τl 60 fs

α0 6000 cm−1 f 375 THz

εr 12.9 ω0 0.707×gap width

r 0.5×gap width R 0.318

τn 1 ps τp 30 ps

m0 9.1×10−31 Kg τr 100 ps

Chh 1.5×1014 m s−1/2 Clh 7.8×1013 m s−1/2

mhh 0.45×m0 mlh 0.084×m0

me 0.066×m0 Eg 1.42 eV

Nc 4.3×1023m−3 Nv 8.3×1024m−3

σn 1×10−19 m2 σp 1×10−20 m2

m∗n 0.067×m0 m∗p 0.47×m0

µlow,n 300 cm2V−1s−1 µlow,p 60 cm2V−1s−1

n0 1×1020 m−3 p0 1×1021 m−3

frep 80 MHz yd 100 mm

7.4.1 Effect of the Laser Power on the Substrate Temperature

The laser beam power increases the temperature of the semiconductor substrate which varies

with the time. As the semiconductor material parameters are temperature dependent, the behav-

ior of the substrate temperature has been analyzed and included in the semiconductor carrier

dynamics used in this study. The transient behavior of the substrate temperature is shown in

Fig. 7.3.

7.4.2 Effect of the Bias Voltage and the Laser Power

The current density in the PCA strongly depends on the carrier concentrations and the ve-

locities, as given by (7.40). The carrier densities depend on the laser beam power as shown in

(6.21) and (6.22). Similarly, the carrier velocities depend on the net electric field at the gap as

given by (7.62) and (7.63). The net electric field at the gap can be changed by varying the bias

voltage and given in (7.41) & (7.42). So, by increasing the laser power and the bias voltage, the

radiated THz electric field can be enhanced as shown in Fig. 7.4.
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the radiated THz field with the results from [174]

Table 7.2: Parameters’ value for Fig. 7.5

Parameter Value Parameter Value

Vbias(GaAs:O) 100 V [169] Vbias(GaAs:As) 110 V [169]

L 120 µm [169] W 10 µm [169]

ω0 5 µm [169] frep 82 MHz [169]

f 394.74 THz [169] τl 100 fs

τn(GaAs:O) 0.5 ps τn(GaAs:As) 0.25 ps

τp(GaAs:O) 15 ps τp(GaAs:As) 7.5 ps

µlow,n(GaAs:O) 250 cm2V−1s−1 µlow,n(GaAs:As) 200 cm2V−1s−1

µlow,p(GaAs:O) 50 cm2V−1s−1 µlow,p(GaAs:As) 40 cm2V−1s−1

yd 240 mm

Other parameters values are taken from Table 7.1
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7. Analysis of the Radiated Fields from the Photoconductive Antenna

Table 7.3: Parameters’ value for Fig. 7.6

Parameter Value Parameter Value

L 50 µm [174] W 50 µm [174]

P 90 mW [174] yd 1.15 m

Other parameters values are taken from Table 7.1

The analytically computed results of the laser beam power and the bias voltage effect on

the radiated electric field are compared with the reported experimental results in [169] and

[174], respectively. The comparison of the results are shown in Fig. 7.5 and 7.6. The different

parameters and their values used in the analytical calculations to analyze the effect of the laser

power and the bias voltage are given in Table 7.2 and 7.3, respectively.

7.4.3 Effect of the Laser Pulse Width

The average carrier densities in the PCA depend on the peak power of the laser beam as

given by (6.21) and (6.22). Decreasing the laser pulse width increases the laser peak power

which results in an increased current density and the radiated electric field. Also, the radiated

power from a PCA increases with the radiated THz electric field. A comparison of the analyti-

cally calculated radiated powers with the experimental results from [175] is shown in Fig. 7.7.

The values of the different parameters used in the analytical calculations are given in Table 7.4.
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Fig. 7.7: Comparison of laser pulsewidth effect on

the radiated THz field with the results from [175]
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Fig. 7.8: Comparison of the gap length effect on

the radiated THz field with the results from [168]
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Table 7.4: Parameters Details for Fig. 7.7

Parameter Value Parameter Value

Vbias 50 V [175] L 20 µm [175]

W 20 µm [175] frep 45 MHz [175]

P 8 mW [175] f 291.26 THz [175]

Eg 1.2 eV yd 400 mm

µlow,n 100 cm2V−1s−1 µlow,p 20 cm2V−1s−1

Other parameters values are taken from Table 7.1

7.4.4 Effect of the Gap Length

From (7.62) and (7.63), it is evident that the carrier velocities depend on the amplitude of the

net electric field at the gap. At the same time, the net electric field strongly depends on the bias

electric field as given by (7.41) & (7.42), whose amplitude can be changed by changing the gap

length. Decreasing the gap length increases the net electric field, which results in a high current

density thereby increasing the radiated electric field. The analytically calculated results of the

gap length effect on the radiated THz electric field have been compared with the experimental

results from [168] and shown in Fig. 7.8. Table 7.5 shows the value of the parameters used in

the analytical calculations.

Table 7.5: Parameters Details for Fig. 7.8

Parameter Value Parameter Value

frep 75 MHz [168] τl 150 fs [168]

P 90 mW [168] yd 45 mm

µlow,n 200 cm2V−1s−1 µlow,p 40 cm2V−1s−1

Other parameters values are taken from Table 7.1

7.5 Summary

In this chapter, the formulae for the radiated fields from a PCA incorporating the effect

of the semiconductor substrate have been presented. Moreover, an improved semiconductor

carrier dynamics has been proposed incorporating the transient substrate temperature and its

effect on the different parameters, the carrier polarization, the transient velocities & lifetime of

the carriers , and the antenna geometry. The developed formulae, with the help of the proposed

carriers dynamics, are able to predict the effect of the different parameters on the radiated fields

as discussed in section 7.4.
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8. Discussion and Suggestions for Future Work

In this thesis, we have addressed issues concerning modeling of the THz generation from

a PCA. We have proposed different models and methods to analyze the process of the THz

radiation from a PCA and to improve its performance. In this chapter, the main contributions of

the work presented in this thesis are summarized in section 8.1, and possible future extension

of the work are outlined in section 8.2.

8.1 Summary of Contributions and Discussions

In this section, a summary and the review of the findings during this thesis work are pre-

sented. This thesis presents:

✔ Simulation study of the current pulse generation in the PCA :

The simulation study include the semiconductor physics such as effect of the trap pa-

rameters, the different parameters dependencies, inter and intra-band transitions, and the

different models affecting the carrier dynamics. The effect of the various parameters on

the current pulse behavior has been analyzed and discussed. Furthermore, it also presents

a novel study of the effect of the trap parameters, laser spot position, and laser beam

radius on the current pulse.

✔ Equivalent electrical circuit models of the PCA :

This study proposed an improved circuit model of the PCA as a THz source and a novel

circuit model of the PCA as a detector. The proposed circuit models incorporate the

components based on the physics undergoing in their operations. The circuit model of

the PCA source has a time-varying conductance for the conductivity in the active region,

time-varying capacitance for the accumulation of unpaired carriers in the active region,

and a screening voltage for the screening effect due to carriers polarization. A novel

method to calculate the transient capacitance is proposed in this work. Similarly, the

PCA receiver has a time-varying conductance for the conductivity in the active region,

time-varying capacitance for the accumulation of unpaired carriers in the active region.

Keeping the simplicity of the lumped circuit models, the physical behavior of the device

is taken into consideration while calculating the circuit components value. Using the pro-
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posed circuit models, the influence of the various device parameters on the performance

of the PCA have been analyzed. The several results of the PCA source have been found

to be agreed well with the simulation and the reported experimental results.

✔ The effect of the near fields on the performance of the large aperture PCAs :

The presented theoretical study includes the electromagnetic boundary conditions and

the semiconductor carrier dynamics. It analyzes the radiated near-zone fields effect on

the behavior of the various parameters of the PCA. It shows that the near-zone electric

field produces a negative effect on the net electric field at the electrodes gap thereby

decreasing the current density at the gap and carrier velocities which results in reduced

THz radiation.

✔ External magnetic field assisted performance enhancement of the large aperture

PCAs :

This study presents a novel method to improve the output characteristics of the PCA

by using an external magnetic field. This study includes the electromagnetic boundary

conditions, semiconductor carrier dynamics with the effect of the external magnetic field

on the carriers. The results show that the amplitude and the polarity of the radiated far

zone electric field can be controlled by the amplitude and the orientation of the applied

magnetic field, respectively. It has also been observed that the radiation enhancement of

the PCA mainly depends on the bias voltage, external magnetic field amplitude and its

orientation, rather than the laser beam power.

✔ Analysis of the Radiated THz Fields from the PCA :

In this work, a theoretical study to derive the formulae for the radiated fields from the

PCA has been presented. The study uses the basic electromagnetic relations including

the semiconductor material effect. Furthermore, an improved semiconductor carrier dy-

namics has also been proposed which incorporates the transient temperature analysis,

band-filling effect, transient mobilities, and transient carrier lifetime. The results have

been validated by the comparative study with the reported experimental results in the

literature.
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8.2 Suggestions for the Future Work

In this thesis, several issues associated with the modeling and the performance enhancement

of the PCAs have been studied. These studies are based on the few assumptions which reduces

the accuracy of the results. We propose some possible directions in which the present work can

be extended to make these models more reliable and accurate.

➠ The simulation study of the current pulse generation in the PCA has been carried out

without inclusion of the radiated field effect on it. It would be interesting to analyze the

current pulse behavior, including the effect of the radiated fields in the analysis.

➠ The modeling of the equivalent electrical circuits of the PCAs have been carried out

assuming the antenna to be frequency independent, neglecting antenna losses, and a rect-

angular shape active region. To make the circuit models more generalized, the frequency

dependency could be added which also requires to incorporate the antenna losses in the

calculations. Moreover, the carrier concentrations could be computed by utilizing the

spatial distribution of the laser power, electric field, and carrier mobilities.

➠ The external magnetic field effect on the performance of the large aperture PCA pre-

sented in this thesis is purely theoretical and based on several assumptions. Including

the magnetic properties of the material would make the analysis more practical. Also, a

experimental validation can be done to prove the proposed theory.

➠ In this thesis, several physics and effects have been incorporated in the proposed semi-

conductor carrier dynamics to compute the PCAs behaviors. However, there are still var-

ious semiconductor physics which could have been included to make the analysis more

accurate. The various physics such as different scattering mechanism, band-to-band tran-

sitions, temperature effect on the trap behaviors, and trap mobilities, can be used in the

carrier dynamics.
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A
Appendix

A.1 Finite Difference Method

Many advance engineering problems involve non linear and non-homogeneous differential

equations. The solution of these equations often are beyond the reach by classical methods and

a closed form solution is normally not possible. To solve these equations, numerical methods

such as Finite Difference Method (FDM), Finite Element Method (FEM), are employed [176].

The FDM is used to solve ordinary differential equations that have conditions imposed on the

boundary rather than at the initial point.

Physically, a derivative represents the rate of change of a physical quantity represented by a

function with respect to the change of its variable. For example:

∂ f

∂x
≈ △ f

△x
(A.1)

It should be noted that smaller the value of △x closer the values of the both sides in (A.1).

In FDM, there are three ways to express the differentials of the functions:

(i) Forward Difference Scheme

(ii) Backward Difference Scheme
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(iii) Central Difference Scheme

Using the FDM, the first and second order differentials can be expressed as:

• Forward Difference Scheme:

∂ f

∂x

∣

∣

∣

∣

x=xi

≈ △ f

△x

∣

∣

∣

∣

x=xi

=
fi+1 − fi

xi+1 − xi

=
fi+1 − fi

△x
(A.2)

where △x is the incremental step size.

∂2 f

∂x2

∣

∣

∣

∣

x=xi

=
fi+2 − 2 fi+1 + fi

(△x)2
(A.3)

• Backward Difference Scheme:

∂ f

∂x

∣

∣

∣

∣

x=xi

=
fi − fi−1

△x
(A.4)

∂2 f

∂x2

∣

∣

∣

∣

x=xi

=
fi − 2 fi−1 + fi−2

(△x)2
(A.5)

• Central Difference Scheme:

∂ f

∂x

∣

∣

∣

∣

x=xi

=
fi+1 − fi−1

2△x
(A.6)

∂2 f

∂x2

∣

∣

∣

∣

x=xi

=
fi+1 − 2 fi + fi−1

(△x)2
(A.7)

In this thesis work, the central difference scheme is used to solve the differential equations. As,

the differentials are with respect to time, they can be written as:

∂ f

∂t

∣

∣

∣

∣

t=ti
=

fi+1 − fi−1

2△t
(A.8)

∂2 f

∂t2

∣

∣

∣

∣

t=ti
=

fi+1 − 2 fi + fi−1

(△t)2
(A.9)

where △t is the incremental time step.

A.2 Solution of the Heat Equation

The laser pulse used to generate the photo-carriers in the PCA gap is shown in Fig. A.1,

where the gaussian pulse is approximated with the exponential functions. The following as-

sumptions have also been considered to solve the heat equation;
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Fig. A.1: Approximation of Gaussian pulse using exponential functions

• The optical absorption and power reflection coefficients of the material are temperature

independent.

• The thickness of the semiconductor substrate material is very large compare to the laser

beam skin depth.

• A uniform laser illumination at the electrodes gap.

The heat equation in terms of temperature and laser intensity can be written as [173]:

∂T (y, t)

∂t
= η
∂2T (y, t)

∂y2
+
αIT e−αy

ρcp

(A.10)

where η = k
ρcp

, ρ is the density of the material, cp is the specific heat capacity of the material, k

is the thermal conductivity of the material, α is the optical absorption coefficient of the material,

and IT is the laser intensity within the radius r applied at the material surface.

The laser intensity within the radius r including the time variation as shown in Fig. A.1 can

be given as:

IT =































AT e
2(t−2τl)

τl for 0 ≤ t ≤ 2τl

AT e
−2(t−2τl)

τl u(t − 2τl) for 2τl ≤ t < ∞
(A.11)

with

AT =
2(1 − R)P0

πω2
0















1 − e

(

−2r2

ω2
0

)















(A.12)

where τl is the laser pulse width, R is the power reflection coefficient, P0 is the laser peak power,
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and ω0 is the laser beam waist radius.

In order to achieve the closed form solution, the following boundary conditions have been

used:

• T (y, 0) = T0 = 300 K

• T (∞, t) = T0 = 300 K

•

∂T

∂y

∣

∣

∣

∣

y=0
= 0

To solve the heat equation, dividing it into time domain as:

(i) 0 ≤ t ≤ 2τl

(ii) 2τl ≤ t < ∞

A.2.1 For 0≤t≤2τl

The heat equation for 0 ≤ t ≤ 2τl can be written as:

∂T (y, t)

∂t
= η
∂2T (y, t)

∂y2
+
αAT e

2(t−2τl)

τl e−αy

ρcp

(A.13)

Taking the Laplace transform of (A.13) gives:

sT (y, s) − T0 = η
∂2T (y, s)

∂y2
+
αAT e−4 e−αy

ρcp(s − a)
(A.14)

where a = 2
τl

Solving the second order differential equation (A.14) in the spatial domain, using the bound-

ary conditions the solution can be written as:

T (y, s) =
αAT e−4

ρcp



















e−αy

(s − a)(s − ηα2)
−

α
√
η e
−y
√

s
η

√
s(s − a)(s − ηα2)



















+
T0

s
(A.15)

Taking inverse Laplace transform of (A.15) and for y = 0 the solution can be written as:

T (t) = T0 +
αAT e−4

ρcp















eat − eηα
2t

a − ηα2
−
α
√
ηeat erf(

√
at)

√
a(a − ηα2)

+
eηα

2terf(α
√
ηt)

a − ηα2















(A.16)
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The following relations have been used to get the above solution:

L−1

















e
−y
√

s
η

√
s(s − a)

















=
1

2
√

a

[

e
at−y
√

a
η erfc

(

y

2
√
ηt
−
√

at

)

− e
at+y
√

a
η erfc

(

y

2
√
ηt
+
√

at

)]

(A.17)

erfc(−x) = 2 − erfc(x) (A.18)

erf(x) = 1 − erfc(x) (A.19)

A.2.2 For 2τl ≤t< ∞

For this time duration the following boundary conditions are used:

• T (y, 2τl) = T2τl

• T (∞, t) = T0 = 300 K

•

∂T

∂y

∣

∣

∣

∣

y=0
= 0

The heat equation for 2τl ≤ t < ∞ can be written as:

∂T (y, t)

∂t
= η
∂2T (y, t)

∂y2
+
αAT e

−2(t−2τl)

τl e−αy

ρcp

u(t − 2τl) (A.20)

Taking the Laplace transform of (A.20) gives:

sT (y, s) − T2τl = η
∂2T (y, s)

∂y2
+
αAT e4 e−αy e2τl(s+a)

ρcp(s + a)
(A.21)

The solution of (A.21) can be written as:

T (y, s) =
αAT e4 e2τl(s+a)

ρcp



















e−αy

(s + a)(s − ηα2)
−

α
√
η e
−y
√

s
η

√
s(s + a)(s − ηα2)



















+
T2τl

s
(A.22)

Taking inverse Laplace transform of (A.22) and for y = 0 the solution can be written as:

T (t) = T2τl +
αAT e4

ρcp















e−2aτl+ηα
2(t−2τl) − e−at

a + ηα2
−

e−2aτl+ηα
2(t−2τl) erf(α

√

η(t − 2τl))

a + ηα2

−
α
√
η e−at erfi(

√
a(t − 2τl))√

a(a + ηα2)













(A.23)
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The following relations have been used to get the above solution:

L−1


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
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e
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
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(A.24)
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(A.25)

erfc(ix) = 1 − erf(ix) (A.26)

erfc(−ix) = 1 + erf(ix) (A.27)

erfi(x) = −i erf(ix) = i[erfc(ix) − 1] (A.28)

So, the complete solution of the heat equation at the surface of the semiconductor material can

be written as:

T (t) =


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(A.29)

A.3 Expansion of Eqs. (7.64) and (7.65)

Using (7.40), (7.41), (7.42), (7.44), (7.62), (7.63),(7.64) and (7.65), the radiated magnetic

fields from the small aperture and large aperture PCA can be written as:
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A.3 Expansion of Eqs. (7.64) and (7.65)

• For Small Aperture PCA:
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A
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• For Large Aperture PCA:
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T. Hochrein, and M. Koch, “Terahertz imaging: applications and perspectives,” Appl. Opt., vol. 49,

no. 19, 2010.

[70] H.-J. Song and T. Nagatsuma, “Present and future of terahertz communications,” IEEE Trans. THz

Sci. Technol., vol. 1, no. 1, 2011.

[71] T. Nagatsuma, G. Ducournau, and C. C. Renaud, “Advances in terahertz communications accel-

erated by photonics,” Nature Photonics, vol. 10, no. 6, 2016.

[72] D. Auston, K. Cheung, and P. Smith, “Picosecond photoconducting Hertzian dipoles,” Appl. Phys.

Lett., vol. 45, no. 3, 1984.

[73] D. H. Auston, K. Cheung, J. Valdmanis, and D. Kleinman, “Cherenkov radiation from femtosec-

ond optical pulses in electro-optic media,” Phys. Rev. Lett., vol. 53, no. 16, 1984.

[74] M. Ketchen, D. Grischkowsky, T. Chen, C.-C. Chi, I. Duling Iii, N. Halas, J.-M. Halbout, J. Kash,

and G. Li, “Generation of subpicosecond electrical pulses on coplanar transmission lines,” Appl.

Phys. Lett., vol. 48, no. 12, 1986.

[75] C. Fattinger and D. Grischkowsky, “Point source terahertz optics,” Appl. Phys. Lett., vol. 53,

no. 16, 1988.

147

TH-2078_126102030



BIBLIOGRAPHY

[76] M. Tani, S. Matsuura, K. Sakai, and S.-i. Nakashima, “Emission characteristics of photocon-

ductive antennas based on low-temperature-grown GaAs and semi-insulating GaAs,” Appl. Opt.,

vol. 36, no. 30, 1997.

[77] B. Salem, D. Morris, V. Aimez, J. Beerens, J. Beauvais, and D. Houde, “Pulsed photoconductive

antenna terahertz sources made on ion-implanted GaAs substrates,” J. Phys. Condens. Matter,

vol. 17, no. 46, 2005.

[78] J. Mangeney and P. Crozat, “Ion-irradiated In0.53Ga0.47As photoconductive antennas for THz gen-

eration and detection at 1.55µm wavelength,” Comptes Rendus Physique, vol. 9, no. 2, 2008.

[79] S. Gupta, J. F. Whitaker, and G. A. Mourou, “Ultrafast carrier dynamics in III-V semiconductors

grown by molecular-beam epitaxy at very low substrate temperatures,” IEEE J. Quantum Elec-

tron., vol. 28, no. 10, 1992.

[80] A. Krotkus, S. Marcinkevicius, J. Jasinski, M. Kaminska, H. Tan, and C. Jagadish, “Picosecond

carrier lifetime in GaAs implanted with high doses of As ions: An alternative material to low-

temperature GaAs for optoelectronic applications,” Appl. Phys. Lett., vol. 66, no. 24, 1995.

[81] P. R. Smith, D. H. Auston, and M. C. Nuss, “Subpicosecond photoconducting dipole antennas,”

IEEE J. Quantum Electron., vol. 24, no. 2, 1988.

[82] P. Benicewicz, J. Roberts, and A. Taylor, “Scaling of terahertz radiation from large-aperture biased

photoconductors,” JOSA B, vol. 11, no. 12, 1994.

[83] P. Mounaix, M. Tondusson, N. Chimot, J. Mangeney, K. Blary, and J. Lampin, “High emission

and detection efficiency of terahertz beam with heavy-ion-irradiated InP material excited at 0.8

µm,” Electron. Lett., vol. 42, no. 15, 2006.

[84] O. Imafuji, B. P. Singh, Y. Hirose, Y. Fukushima, and S. Takigawa, “High power subterahertz

electromagnetic wave radiation from GaN photoconductive switch,” Appl. Phys. Lett., vol. 91,

no. 7, 2007.

[85] A. Fekecs, M. Bernier, D. Morris, M. Chicoine, F. Schiettekatte, P. Charette, and R. Arès, “Fab-

rication of high resistivity cold-implanted InGaAsP photoconductors for efficient pulsed terahertz

devices,” Opt. Mater. Express, vol. 1, no. 7, 2011.
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[93] P. Kordoš, A. Förster, J. Betko, M. Morvic, and J. Novák, “Semi-insulating GaAs layers grown by

molecular-beam epitaxy,” Applied physics letters, vol. 67, no. 7, pp. 983–985, 1995.

[94] M. Melloch, N. Otsuka, J. Woodall, A. Warren, and J. Freeouf, “Formation of arsenic precipitates

in GaAs buffer layers grown by molecular beam epitaxy at low substrate temperatures,” Applied

physics letters, vol. 57, no. 15, pp. 1531–1533, 1990.

[95] R. Yano, Y. Hirayama, S. Miyashita, N. Uesugi, and S. Uehara, “Arsenic pressure dependence of

carrier lifetime and annealing dynamics for low-temperature grown GaAs studied by pump–probe

spectroscopy,” Journal of applied physics, vol. 94, no. 6, pp. 3966–3971, 2003.

[96] P. Specht, S. Jeong, H. Sohn, M. Luysberg, A. Prasad, J. Gebauer, R. Krause-Rehberg, and E. R.

Weber, “Defect control in As-rich GaAs,” in Materials Science Forum, vol. 258. Trans Tech

Publ, 1997, pp. 951–956.

[97] D. C. Look, J. Grant, and J. Sizelove, “Shifted x-ray photoelectron peak in molecular beam epi-

taxial GaAs grown at 200◦C,” Applied physics letters, vol. 61, no. 11, pp. 1329–1331, 1992.

[98] D. C. Look, D. Walters, G. Robinson, J. Sizelove, M. Mier, and C. Stutz, “Annealing dynamics of

molecular-beam epitaxial GaAs grown at 200◦C,” Journal of applied physics, vol. 74, no. 1, pp.

306–310, 1993.

[99] M. Manasreh, D. C. Look, K. Evans, and C. Stutz, “Infrared absorption of deep defects in

molecular-beam-epitaxial GaAs layers grown at 200◦C: Observation of an EL2-like defect,” Phys-

ical Review B, vol. 41, no. 14, p. 10272, 1990.

[100] A. Warren, J. Woodall, P. Kirchner, X. Yin, F. Pollak, M. Melloch, N. Otsuka, and K. Mahalingam,

“Role of excess As in low-temperature-grown GaAs,” Physical Review B, vol. 46, no. 8, p. 4617,

1992.

[101] M. Luysberg, H. Sohn, A. Prasad, P. Specht, Z. Liliental-Weber, E. Weber, J. Gebauer, and

R. Krause-Rehberg, “Effects of the growth temperature and As/Ga flux ratio on the incorpora-

tion of excess As into low temperature grown GaAs,” Journal of applied physics, vol. 83, no. 1,

pp. 561–566, 1998.

[102] D. C. Look, “Molecular beam epitaxial GaAs grown at low temperatures,” Thin solid films, vol.

231, no. 1-2, pp. 61–73, 1993.

[103] X. Liu, A. Prasad, W. Chen, A. Kurpiewski, A. Stoschek, Z. Liliental-Weber, and E. Weber,

“Mechanism responsible for the semi-insulating properties of low-temperature-grown GaAs,” Ap-

plied physics letters, vol. 65, no. 23, pp. 3002–3004, 1994.

[104] H. Von Bardeleben, M. Manasreh, D. C. Look, K. Evans, and C. Stutz, “Electron-paramagnetic-

resonance study of GaAs grown by low-temperature molecular-beam epitaxy,” Physical Review

B, vol. 45, no. 7, p. 3372, 1992.

149

TH-2078_126102030



BIBLIOGRAPHY

[105] S. Gupta, M. Frankel, J. Valdmanis, J. F. Whitaker, G. A. Mourou, F. Smith, and A. Calawa,

“Subpicosecond carrier lifetime in GaAs grown by molecular beam epitaxy at low temperatures,”

Appl. Phys. Lett., vol. 59, no. 25, 1991.

[106] S. Prabhu, S. Ralph, M. Melloch, and E. Harmon, “Carrier dynamics of low-temperature-grown

GaAs observed via THz spectroscopy,” Appl. Phys. Lett., vol. 70, no. 18, 1997.

[107] K. McIntosh, K. Nichols, S. Verghese, and E. Brown, “Investigation of ultrashort photocarrier

relaxation times in low-temperature-grown GaAs,” Applied physics letters, vol. 70, no. 3, pp.

354–356, 1997.
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