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1. Introduction 

Since the invention of THz radiation pulse generation and detection by 

ultrafast photoconductors activated with femtosecond laser pulses and 

development of the first THz TDS systems [1,2,3], these techniques have find 

numerous applications for the studies of different materials in chemistry and 

biology [4,5]. THz radiation pulses provide unique advantages by combining 

rarely accessed with other means FIR part of the electromagnetic spectrum 

with a high temporal resolution of the measurement, therefore are widely 

exploited for identifying various chemical compounds by characteristic 

features of their vibrational and rotational spectra. THz-TDS techniques also 

are intensively investigated because of their potential in ranging and stand-off 

detection of explosives and other dangerous substances – a task that is of an 

extreme importance to the security systems [6].  

THz pulses can be useful for characterization of semiconductor materials and 

semiconductor devices, too. Research on such applications has started already 

with the first developments of THz-TDS systems. The inventors of these 

systems, IBM group led by Daniel Grishkowsky have used THz-TDS for 

measurements of FIR spectra of dielectric response of silicon and GaAs 

crystals [7]. New fields of application of THz pulses were opened with the 

development of optical pump – THz probe technique that was successfully 

used for studying carrier recombination and electron intervalley scattering 

times in GaAs [8]. A high power THz pulses generated using amplified 

Ti:sapphire laser system open possibilities to perform a nonlinear THz 

spectroscopy measurement and develop THz pump – THz probe technique 

[9,10]. THz imaging has many practical applications. THz pulses give much 

higher imaging resolution than microwaves, are non-hazardous as X-rays and 

can penetrate different thin non-metal opaque objects. The higher frequency 
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components give better imaging resolution, but it is still not sufficient for 

nanoscale applications [11,12]. Such measurements are of an immense 

importance to the development of various ultrafast semiconductor devices and 

attracted numerous follow-up developments. 

Our group at the Optoelectronics Department of the Center for Physical 

Sciences and Technology in Vilnius has started the research in this field in 

2004 with the use of the optical pump – THz probe type experiments for 

determining electron lifetime in LTG GaAs [13] and intervalley electron 

scattering in germanium crystals [14]. Later-on THz-TDS was used for 

characterization of various narrow-gap semiconductor materials by measuring 

temperature dependences of characteristic times of electron momentum and 

energy relaxation as well as the plasma frequency in these crystals [15]. This 

line of research has become even more active after the proposal of a novel 

experimental technique – THz excitation spectral measurements [16].  

1.1 Motivation 

The present work is a continuation of the efforts to use THz radiation pulses in 

investigating semiconductor materials and ultrafast semiconductor devices. It 

has been performed in a close cooperation with the technological groups of the 

Center providing for them necessary feed-back information. Therefore, the 

majority of the investigated objects were grown at the Centers laboratories; 

numerous experiments performed on samples grown under predefined 

technological conditions have additionally guarantied the reliability of the 

obtained results and conclusions.  

Three groups of materials were investigated. To the first group belong dilute 

bismide GaAsBi epitaxial layers grown on GaAs substrates.  GaAsBi is a 

perspective semiconductor material which properties are not well studied yet. 
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This material can be used for manufacturing THz emitters and detectors, which 

can operate activated with femtosecond long wavelength lasers from 1 µm to 

1.5 µm. GaAsBi is also considered as a prospective material for highly 

efficient laser diodes at telecom wavelengths [17,18] as well as for ultrafast 

NIR range optical switches and optical modulators. Time resolved THz pulse 

techniques were employed in this work also for the study of copper-indium 

dichalcogenide layers. CIS and CIGS layers became intensely investigated 

recently because this material group is perspective due to cheap production 

cost and efficiency that can compete with Si thin layer solar cell technologies. 

And finally, pulsed THz techniques, especially the THz excitation 

spectroscopy, were used when characterizing VLS-grown nanowire samples. 

GaAs nanowires have a potential to be a more efficient THz radiation emitter 

than the bulk semiconductor crystals. Due to nanowires orientation radiating 

dipole is oriented vertically and therefore strongly affects the coupling of THz 

radiation out of the semiconductor. 

1.2 Goal of this work 

The goal of this work was to develop pulsed terahertz radiation techniques and 

use them to study different properties of the semiconductor materials and 

semiconductor devices.  

1.3 Tasks of this work 

To reach a stated goal of the work, the following tasks were set: 

1. Using the optical pump – THz probe technique study the effects of post- 

growth annealing on the dynamic properties of GaAsBi layers. 
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2. Investigate nonlinear absorption of GaAsBi layers by the optical pump – 

optical probe technique and determine the suitability of these layers for 

applications in NIR SESAM components. 

3. Study the efficiency of THz pulse emission from samples with GaAs 

nanowires.  

4. Study built-in electric fields in CIS as CIGS light absorbers at their different 

fabrication steps by THz pulses generation techniques. 

1.4 Novelty and importance of the work 

In this dissertation pulsed THz frequency range techniques are systematically 

used for the characterization of semiconductor materials and semiconductor 

devices. Several material systems:  GaAsBi, GaAs nanowires, as well as CIS 

and CIGS layers are investigated. Short duration of optoelectronicaly generated 

THz radiation pulses was exploited for measuring the electron dynamics in 

different material with a large temporal resolution. These measurements have 

led to an unexpected result related to electron lifetimes in thermally annealed 

dilute GaAsBi. In contrast with the majority other semiconductors, thermal 

annealing has resulted in the shortening of electron lifetime in GaAsBi to 

picosecond values, which is important achievement for the application of this 

material in THz range optoelectronic components. 

Another practically important dilute bismide characteristic that was 

investigated in this dissertation for the first time was the nonlinear optical 

absorption and its saturation. It has been demonstrated that in GaAsBi with 

larger than 10% Bi content absorption bleaching recovering on the picosecond 

time scale can be realized when the wavelengths of the optical signals are as 

long as 1600 nm.  
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Pulsed THz and optical techniques were also used for investigating material 

characteristics that are not accessible by other experimental techniques. As 

such experiments the absorption characteristics of GaAs nanowires measured 

by THz excitation spectroscopy as well as determination of the energy bandgap 

of thin high Bi-content GaAsBi layers by spectral measurement of the 

nonlinear absorption should be mentioned. 

Implementation of the developed experimental techniques in characterization 

of practical devices was always in the focus of the work. The results of this 

studies can be applied in the production of new generation THz components, 

thin layer solar cells, as well as in near and mid-IR range all-optical switches. 

For one type of the latter devices – SESAM with bismide absorption layer, 

Lithuanian patent was granted. 

1.5 Key statements for defense 

1. Non-equilibrium carrier lifetime in GaAsBi epitaxial layers with 6% and 

larger Bi content decreases to picosecond values after annealing of the 

layers at temperatures in the range from 550 ºC  up to 700 ºC, due to the 

stress relaxation and Bi-related defect formation. 

2. Optical bleaching effect and picosecond carrier lifetimes are observed in 

GaAsBi/GaAs epitaxial layers at optical wavelengths up to 1600 nm 

making this material system suitable for the fabrication of near and mid-IR 

range SESAMs and other all-optical devices. 

3. The samples with GaAs nanowires emit THz radiation 2-3 times better 

than in the bulk GaAs substrates due to enhanced light absorption because 

of localized surface plasmon resonances in GaAs nanowires. 
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4. THz emission efficiency from thin copper-indium chalcogenide layers 

strongly depends on their stoichiometry and on the parameters of the top 

transparent contact layers, thus it can be used for the mapping of built-in 

electric fields in solar cells made from these layers. 

1.6 Dissertation layout 

The dissertation consists of four sections, which are divided into smaller 

subsections. Concluding summaries are provided at the end of every section as 

well as at the end of the present Dissertation (before the references list). 

The first section contains the introduction and statement for purpose, goals, 

tasks and statements of defense of this work and the list of author’s 

publications and conference contributions. In the second section, the main 

principles of THz pulse generation and detection and the experimental setups 

used in the experiments are presented and explained.  In the third and fourth 

sections, the main measurements results are presented: the results of the study 

with GaAsBi samples in section three, and the results of GaAs nanowires, CIS 

and CIGS samples study in the section four are presented. 

1.7 Contribution of the author 

My contribution to this dissertation includes the assembly of all experimental 

setups and the performance of all measurements, taking part in the 

experimental data analysis, writing scientific publications and presenting the 

results at conferences. 

Coauthor’s contribution 

Photoluminescence and photomodulated transmittance measurements were 

performed by dr. B. Čechavičius from the Center for Physical Sciences and 

Technology in Vilnius. 
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First THz excitation spectra measurements were performed by A. Arlauskas 

from Center for Physical Sciences and Technology in Vilnius. 
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2. Terahertz radiation pulses (literature survey) 

2.1 THz-TDS Principles 

Experiments performed on semiconductor materials using different part of the 

electromagnetic radiation spectrum provide important information of their 

characteristics. The part of this spectrum with frequencies from 0.1 THz to 10 

THz (or wavelengths from 30 mm to 0.3 mm) was, up to recently, largely 

unexploited because of the lack of suitable experimental techniques. The 

situation has changed with the advent of terahertz time-domain spectroscopy 

(THz – TDS). It is a spectroscopic technique where properties of a sample are 

received when a short pulse of THz radiation is transmitted or reflected 

through or from a sample. Semiconductor devices activated by short 

femtosecond (fs) laser pulses are used for THz emission and detection. Usually 

the duration of the laser pulse varies from several tens to several hundreds of 

femtoseconds.  

This method was introduced in the works of the D. Grischkowsky’s group 

[2,19,3] in the end of the 1980’s. They were first to place a THz emitter in 

front of THz detector at a distance of up to 100 cm, and have registered the 

propagation of THz beams in free space. This group has used a hemispherical 

sapphire collimating lens to increase the output from the THz emitter, and two 

paraboloidal mirrors to focus THz radiation on to detector. The width of the 

registered transient pulse was less than 1 picosecond (ps) (approx. 0.6 ps) and 

the amplitude spectrum extended beyond 1.2 THz. Such a spectroscopic 

system was sensitive to far-infrared radiation was capable of measuring both 

the amplitude and the phase of the electric field (coherent detection) and had a 

wide dynamic range or signal-to-noise ratio (more than 10
5
). This experimental 

setup is sufficient to be used for spectroscopic analyses. This application of 

THz-TDS systems was also demonstrated for the first time by the same IBM 
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group  by measuring absorption spectra of the water vapor from 0.2 THz to 

1.45 THz  [20].  

The main components of the THz - TDS setup are the THz emitter and the THz 

detector. Each of them contains a small piece of a semiconductor substrate 

with a Hertzian dipole antenna on it. A gap between metallic antennas 

conductors is activated by the femtosecond laser pulses, and therefore the 

device is called the photoconductive antenna or the photoconductive switch. It 

was for the first time demonstrated by D. H. Auston et al. [1]. The main 

parameters of the material used for the photoconductive switch are: short 

carrier life time (several ps for the emitters, one or less ps for the detectors), 

high electron mobility, large dark resistivity (10
6
 Ωcm), and high electric 

breakdown field.   

The selection of the material for THz components also depends on the laser 

wavelength. First experiments were done using 620 nm femtosecond dye lasers 

and the best material for THz emitters and detectors was ion-implanted silicon-

on-sapphire layers [20].  When the Kerr lens mode-locked Ti:sapphire laser ( 

= 800 nm) was invented, the most popular material for THz emitters and 

detectors became GaAs grown by the molecular-beam epitaxy (MBE) at low 

temperatures (LTG) [21]. 

 Later on, when THz systems became more and more popular and available, a 

natural decision to make these systems more compact and cheaper was 

conceived. First Ti:sapphire femtosecond lasers were huge and very expensive, 

therefore scientist started using lasers with longer wavelengths:  = 1 µm,  = 

1.3 µm,  = 1.55 µm. These lasers are smaller and more cost efficient, their 

production technologies are rather well developed, because 1.3 µm and 1.55 

µm are the optical communication wavelengths. The search for proper 

materials for the THz systems with longer wavelength lasers was started, 
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because GaAs is wide bandgap material (energy gap (Eg) is 1.43 eV) and it is 

not as effective with long wavelength lasers. For THz systems activated by 1 

µm-wavelength femtosecond lasers a suitable material is GaAsBi [17,22,23]. 

For THz systems activated by 1.55 µm-wavelength femtosecond lasers – Fe-

implanted LTG In0.53Ga0.47As layers grown on InP substrates were used 

[24,25]. Despite of this, the search for more efficient and suitable materials for 

THz systems continues. 

Two types of fs laser systems with 760 nm - 810 nm central wavelengths range 

are usually used in THz setups: an amplified Ti:sapphire laser system with a 1 

kHz laser pulse repetition rate [26,27] or a Ti:sapphire oscillator [28,29,30]. 

An amplified Ti:sapphire laser system produces low repetition rate high power 

laser pulses. Therefore, electro-optic crystals like ZnTe [26,27], LiNbO3 (LN) 

[10] are usually used for pulsed THz generation and ZnTe [10,26,27] GaP [31] 

are used for detection. Electro-optic crystals produce and detect wideband THz 

radiation, but they have phonon absorption bands in THz range (at ~3 THz for 

ZnTe and ~6 THz for GaP), so some of the spectral information is lost during 

the measurement. GaAs based photoconductive emitters and detectors are 

usually used for THz generation and detection with Ti:sapphire oscillator laser 

systems [30,32,33]. GaAs has a phonon absorption band at 8 THz, which is far 

away from the “working” bandwidth of these type detectors, so its influence 

can be neglected and it is supposed that there are no losses in spectral 

information during measurements. However, due to a small photoconductive 

gap, the photoconductive emitters and detectors saturate at high laser power. 

2.1.1 Classification of the THz emitters and detectors  

The THz radiation sources can be divided in to two groups: continuous wave 

(CW) and pulsed. CW THz radiation sources are: methanol (and other 

molecular) lasers pumped by a CO2 laser [34], terahertz quantum-cascade (QC) 
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lasers [35], free electron lasers (FEL) [36], backward-wave oscillators (BWO) 

[36], photomixers [37]. These THz radiation sources are not widely used due to 

some disadvantages. The molecular and free electron lasers are bulky and 

expensive. The QC lasers need additional cooling. On the other hand, the 

advantages of these THz radiation sources are: their output power is in the mW 

range, the operation setup is simple, the frequency bandwidth is narrow and 

allows measurements at discrete wavelengths, which is useful in some THz 

imaging and THz tomography applications [38,12]. From this point of view, 

QC lasers and photomixers are promising THz radiation sources. Therefore, 

they are intensively developed in order to enhance the output power of 

photomixers and raise the operating temperature of QC lasers [39]. 

The majority of current THz applications use the pulsed THz radiation sources 

driven by the femtosecond (fs) laser pulses. The most widely used generation 

methods of pulsed THz radiation are: the photoconductive antennas [1], the 

THz emission from the surface of semiconductors [40], the electro-optic effect 

[41,42] and THz generation in the air or in another gas plasma [43,44]. In 

comparison with the CW THz radiation sources pulsed THz radiation sources 

produce wideband radiation. Most of them produce the THz radiation with 

maximum frequencies reaching  5 - 7 THz, however, some groups report 

producing up to 40 THz [44], 60 THz [45] or 100 THz [46] bandwidth. The 

wide bandwidth THz radiation sources are very important for spectroscopic 

applications. A compact THz spectrometer can be done using the THz emitters 

and the THz detectors based on photoconductive antenna in conjunction with 

the fs fiber laser [47]. However, the main disadvantage of pulsed THz radiation 

sources is a weak (order of µW) average radiation power, which motivates 

continuous attempts to improve this parameter. 
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THz radiation detection methods can be divided into two groups: coherent and 

non-coherent (also called direct detection) methods. The non-coherent THz 

radiation detection methods mostly measure the power of the THz radiation. 

Coherent THz radiation detection methods measure the amplitude and the 

phase of the THz radiation. The non-coherent THz radiation detectors are: the 

liquid helium cooled Si bolometers [48], the Golay cells [49], at room 

temperature (RT) operating microbolometers [50] or pyroelectric detectors 

[51], the photomixers [52]. The coherent THz radiation detectors are based on 

the photoconductive antenna [2] or on the electro-optic sampling technique in 

nonlinear optical crystals [53] or in the air plasma [44]. 

2.1.2 THz photoconductive emitter and detector 

In this subsection, I briefly describe most widely used generation and detection 

techniques of THz pulses. 

The most popular method of THz generation and detection is to use 

photoconductive switches activated by femtosecond laser pulses (see Figure 1). 

The photoconductive switch is made of ultrafast semiconductor materials, 

materials with short carrier recombination times. The MBE grown layers with 

1 – 2 ps carrier life times are usually used for the THz detectors, while for the 

THz emitters – typical lifetimes are 5 - 10 ps. Laser photon energy should by 

slightly above the bandgap of semiconductor material. For example, the most 

effective material for THz optoelectronic components for 800 nm Ti:sapphire 

lasers is the LTG GaAs. The bandgap of GaAs is 1.43 eV and 800 nm 

Ti:sapphire laser photon energy is 1.55 eV. This is the reason why LTG GaAs 

is not a suitable material for long wavelength lasers (1 µm – 1.24 eV; 1.55 µm 

– 0.8 eV).  
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Figure 1. The photoconductive switch with a hemispherical Si lens used as a 

THz emitter (A) and as a THz detector (B). Red dot and line represent laser 

spot. 

Dipole antenna is manufactured on semiconductor surface by means of 

photolithography. There are two parallel metallic stripes for emitters, while for 

detectors H–shaped structures are used. The distance between antenna lines is 

called a gap. It is about 10 µm wide for emitters, and about 5 µm wide for 

detectors. In THz systems with amplified (high impulse energy) fs laser 

systems, a wide gap photoconductive antennas are used [54,55]. A 

hemispherical Si lens is attached on the other side of the semiconductor [2]. 

THz emitter usually biased with DC voltage in range of 10 to 50 V (depends 

on semiconductor material parameters). When the laser pulse illuminates the 

biased photoconductive antenna gap, its resistance decreases suddenly, and 

rapidly changing photocurrent in the far field leads to the generation of a short 

one-period electromagnetic pulse. Such short pulses in the time domain 

correspond to the broad spectra in the frequency domain. Here's how THz 

radiation is created. 
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When a photoconductor is illuminated with laser pulses, changes its 

conductivity σ. Conductivity changes in a photoconductor illuminated with 

laser pulses is a complicated process, involving several phenomena like hot 

electron and hole pair generation, their fast thermalization, ballistic 

acceleration in external electric field, electron drift velocity overshoot [56], and 

electric field screening [57].  Hertzian dipole generated electromagnetic pulse 

p(t) electric field in distance r, can be written as: 

     
 

     
 
 
    

  
 
      

     
 
        

      
       

 (1) 

 

where θ is the angle between the laser pulse incidence direction and the dipole 

axis, ε0 – vacuum permittivity, n – refraction index of a material between two 

dipoles [1]. Equation (1) has three terms: the quasi-static field, the near field, 

and the far field, each characterized by different spatial and temporal 

dependences. THz electric field propagating in the perpendicular direction to 

the Hertzian dipole in the far-field can be written as: 

     
   

     

     
  (2) 

or 

      
        

     
   (3) 

As it can be seen, the THz radiation electrical field in far field is proportional 

to the time derivative of the emitter photocurrent. 

A THz detector antenna works similarly. However, it is not biased by an 

external voltage, unlike the emitter antenna. A current change between the 

contacts of photoconductive detector is proportional to the arrived THz electric 

field amplitude and conductivity changes when it is gated by the femtosecond 
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laser pulses. The photocurrent in the antenna is the convolution of the THz 

electric filed ETHz and the photoconductivity induced by the laser pulses g(t): 

                    
 

  

   (4) 

2.1.3 THz emission from the surface of semiconductors 

Another method to generate THz radiation pulses is the generation of THz 

radiation from the surface of a semiconductor. A surface of semiconductor 

refers to the depth of laser pulse absorption by the semiconductor (for example, 

in GaAs it is ~1 µm, in InAs it is ~150 nm at 800 nm wavelength). The THz 

emission occurs when a semiconductor surface is illuminated by femtosecond 

laser pulses. It is a very simple way of THz generation because special 

antennas or bias voltage are not needed. The surface THz emitter can be very 

compact and THz radiation can be easily collected and focused using THz 

lenses and mirrors. The other advantage is that it is a non-contact and a non-

destructive way of using the effect of THz generation for study of generating 

semiconductor material. However, the THz generation efficiency (about 10
-5

) 

is not as high as with photoconductive emitters (~10
-3

). Almost any direct band 

gap semiconductor can be a surface THz emitter, but narrow-gap 

semiconductors are more efficient THz radiation emitters (see Figure 2). The 

p-InAs are the most efficient. 
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Figure 2. THz emission from different semiconductor surfaces excited by two 

different wavelength femtosecond laser pulses (adopted from [58]). 

Generally speaking, the THz radiation from the surface of semiconductor is 

emitted by a dipole that is induced due photocurrent surge or nonlinear optical 

processes.  In the far field the THz field can be expressed as [59]: 

      
 

   
  

  

  
 
   

   
 

 

 

     (5) 

Where c is the speed of light in vacuum, r is the distance from the point of 

observation to the emitting region; S is the area of laser beam spot on the 

surface of semiconductor, j and P is the photocurrent and the nonlinear 

polarization components in the direction of the THz wave polarization. 

Integration is carried out over the depth z. Expression (5) is correct when laser 

beam diameter is smaller than emitted THz wavelength. 

The next subsections will shortly describe physical mechanisms of THz 

radiation from the surface of particular semiconductor materials. 

 



30 

 

 

 

 

Built-in surface electric field 

In 1990 X. -C. Zhang et al. demonstrated the ability of generating THz 

radiation from the surface of semiconductor excited with femtosecond laser 

pulses without any applied bias voltage [40].  

 

Figure 3. Band diagram of an n-type and p-type semiconductor. Photocarriers 

that are generated by fs laser pulses are swept across the depletion width ld by 

the built-in depletion field and emit THz pulses. 

Figure 3 illustrates a band diagram of n- and p-type semiconductor. The 

presence of surface states in the band gap of the semiconductor leads to the 

Fermi level “pinning” near the semiconductor/air interface, and the conduction 

and valence band bending. Appearing charge depletion layer forms the built-in 

electric field at the surface. The strength of this field can be up 10
4
 – 10

5
 V/cm. 

When a femtosecond laser pulses with the photon energy greater than the band 

gap are absorbed, electron-hole pairs are created. The built-in electric field 

drives the carriers into opposite directions, like in the photoconductor emitter, 

and produces fast changing photocurrent. The rise time of the photocurrent is 

on the order of laser pulse duration, and the decay time is the transit time of 

free carriers through the depletion layer. Fast changing photocurrent is an 
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effective source of THz radiation with the amplitude defined by the time 

derivative of the photocurrent [40]. 

To achieve the maximum amplitude of the THz radiation from the 

semiconductor surface, the incident angle of the laser beam should be close to 

the semiconductor Brewster angle [40,60]. However, usually the incident angle 

of the laser beam is chosen to be 45°. This mechanism is also called 

photocurrent surge effect. The stronger is the surface band bending in 

semiconductor the better THz emitter it is. N- and p-type semiconductors 

generate opposite polarity THz pulses, which reflects the fact that they have 

opposite polarity static surface electric fields [40,60]. 

Due to the presence of strong surface electric field and relatively long 

absorption depth this THz generation mechanism is common in wide bandgap 

semiconductors like InP [40,60] and GaAs [61,62]. 

Photo Dember field 

The THz radiation can be generated from the surface of semiconductor even if 

the surface electric field is weak. This can be possible due to different electron 

and hole mobility (photo Dember effect). The photogenerated electrons have a 

higher mobility than holes, so they move faster from the point of their 

excitation on the surface into the bulk of material. Electrons and holes are 

spatially separated and electric field transient is generated. This field 

accelerates the holes and slows down the electrons. So finally, electrons and 

holes start to move together as a single quasi-neutral packet [58].  

Usually the photo Dember effect is studied for the case of stationary 

photoexcitation, when the drift-diffusion approach is correct. In this case, the 

carrier’s temperature is the same as the lattice temperature and the Dember 

voltage is low, and is of the order of 10
-2 

V [58,59]. However, in narrow gap 
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semiconductors, like InSb and InAs, excited with femtosecond Ti: sapphire 

laser pulses electrons remain hot for several picoseconds due to high excess 

energy (>1 eV) and travel much longer distances then thermal electron and 

hole separation length. So, for the first hundreds of femtoseconds after the 

photoexcitation, the electron movement is purely ballistic rather than diffusive, 

and surface photovoltage can be very large (up to 1 V) [59]. 

It was mainly thought that the momenta of photogenerated electrons and holes 

are distributed isotropically in momentum space. However due to specific 

symmetry of the hole wavefunction in zinc-blende semiconductors like GaAs 

and InAs, distribution of photocarriers over momenta is anisotropic. It has been 

found that this anisotropy can cause the appearance of the lateral photocurrent 

at semiconductor surface illuminated by the linearly polarized light [63,64]. 

This lateral photocurrent is smaller than the perpendicular component, but due 

to its orientation it produces THz radiation that can be more efficiently out-

coupled from the semiconductor bulk than the radiation that was generated by 

the carrier movement in direction perpendicular to the surface [58,59]. The 

indirect proof of this optical orientation effect was found in measurements of 

the angular dependences of THz radiation from InAs [65]. It was found that 

radiating dipole is tilted away from the normal to the crystal surface. 

Optical rectification (OR) and electric field induced optical rectification 

(EFIOR) 

In a non-centrosymmetric semiconductor the low-frequency nonlinear 

polarization P responsible for the optical rectification effect is given by the 

relation: 

                   (6) 
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Where E is the electric field of the laser pulse, χ
(2)

 and χ
(3) 

are the second and 

the third-order nonlinear optical susceptibility tensor, F is DC electric field. 

The first term describe optical rectification (OR) effect the second term 

describe electric field induced optical rectification (EFIOR) effect. The origin 

of F field can be the built-in surface electric field, or the field appearing during 

spatial separation of photocarriers. The azimuthal angle dependence 

measurements are traditionally used for separating the optical rectification 

contribution from the THz radiation emission from the photocurrent surge 

processes because current surge processes do not cause azimuthal anisotropy. 

The azimuthal angle dependence measurements can also help to separate OR 

and EFIOR effects [66]. It can be done performing this experiment on (100) 

orientation samples. If the THz emission is induced by the OR effect it 

amplitude changes will have cos2θ dependence, however THz emission 

induced by the EFIOR effect will not depend on azimuthal angle θ at all. 

For a specific semiconductor material sometimes it is difficult to determine 

which THz generation mechanism is dominating because it depends on sample 

crystallographic orientation, laser excitation wavelength and fluence, as well as 

on the sample doping type and level. 

The most controversial material is InAs. It was a long while thought that photo 

Dember field is the main mechanism of THz radiation generation in this 

material [67]. However, recent studies shown that it is not true [59,68]. The 

evidence of azimuthal dependence of cos3θ in (111) orientation n- and p-type 

InAs sample, and generation of S-polarized THz radiation cannot be caused by 

the photocurrent surge mechanism. The OR contribution was also neglected 

after performing azimuthal dependence measurements on (100) orientation n-

InAs sample [66]. Therefore, it was concluded that THz radiation is generated 

in InAs by the influence to instantaneous polarization due to electric field 
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induced optical rectification (EFIOR) at the surface of semiconductor [68]. The 

photocarrier accelerating electric field was formed due to carries spatial 

separation when it is moving ballisticaly during first several hundredths of 

femtoseconds. This was measured using two excitation pulses scheme, where 

the first pulse (pump) was parallel to the surface normal, and another one 

(probe) was incident on the surface at 45º angle. The probe pulse generated S-

polarized THz radiation was measured as a function of the time delay between 

the pump and probe pulses [59]. 

Excitation of InAs or InSb with 1.5 eV (800 nm) laser pulses can cause the 

electron scattering into the L valley, whose energy is 1.08 eV for InAs [69] and 

1.03 eV [70] for InSb from the top of the valence band. Inter-valley scattering 

can decrease THz emission efficiency because electron mobility in the L valley 

is much smaller than in the Γ valley. This may be the explanation for why the 

InSb is a worse THz surface emitter than InAs albeit the InSb electron mobility 

(~ 76 000 cm
2
/Vs) is twice a high than InAs (~30 000 cm

2
/Vs) [70]. 

Later on, it was found that magnetic field can enhance THz radiation from the 

surface of semiconductors [71,62]. Presumably magnetic field rotates radiating 

dipole and therefore strongly affects the coupling of THz radiation out of the 

semiconductor. Moreover, all details of such enhancements are still not clear.  
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2.2 Semiconductor investigation with THz radiation pulses 

In this subsection, a description of how THz pulses can be used for 

semiconductor properties analysis will be presented. 

2.2.1 THz -TDS setup 

Terahertz time-domain spectroscopy setup, which was introduced by D. 

Grischkowsky’s group, is shown in Figure 4. This setup scheme is widely used 

with minor modifications.  

 

Figure 4. THz-TDS setup 

The femtosecond laser pulse is divided in to two parts. The optical path of two 

branches must be equal. One part is activating the biased photoconducting 

emitter, while the other is gating the photoconducting detector. The THz pulse 

from the emitter is guided to the detector, and the electric field of the THz 

pulse is sampled in the detector by changing the relative delay between the two 

parts of the optical pulses. The signal from the THz detector is usually weak - 

approximately of pA to nA order of magnitude. To detect such small signals, a 

lock-in amplifier is used. This synchronous measurement technique requires a 
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mechanical chopper to be placed in the emitter or the detector branch. There 

are setups without choppers, when an emitter is biased with the AC voltage. 

The typical operation frequency of the chopper is 1-2 kHz. The higher the 

chopper frequency is, the better the signal-to-noise ratio of the signal measured 

by lock-in amplifier becomes. The delay line is used for temporal scanning of 

the generated THz pulses. The delay line and the lock-in amplifier are 

controlled using computer. By performing FFT calculations of the registered 

THz signal, its spectrum and phase can be attained (see Figure 5). 

 

Figure 5. Registered THz signal amplitude and its calculated spectrum. 

2.2.2. Studies of dielectric response 

The dynamics of carriers in semiconductors are important both for scientific 

research and for semiconductor industry. However, interesting phenomena 

usually occur at frequencies comparable to either the frequency of the plasma 

or the damping rate, and these frequencies are in the region of the THz. The 

strongest absorption of the free carriers lies below 2 - 3 THz. It is difficult to 

reach these frequencies with microwaves or far-infrared because the techniques 

and measurements are usually time-consuming. Therefore, THz-TDS is a good 

instrument to study such phenomena [72].  
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When a conducting sample is placed in a TDS system between the THz emitter 

and the THz detector, the registered signal is the THz pulse that is transmitted 

through sample. Its amplitude and spectrum are affected by the dielectric 

properties of the sample. When this pulse is compared with reference pulse, the 

characteristics of absorption (signal amplitude attenuation) and refraction 

(delay) of the sample to the THz radiation can be studied (see Figure 6).  

 

Figure 6. (a) Time traces of the reference and sample pulses in a transmission 

THz - TDS experiment, (b) frequency spectra of the reference and sample 

pulses with respect to the noise floor of the experiment, (c) the extracted 

absorbency αd and the highest detectable absorbance (αd)max, and (d) index of 

refraction of the sample material. The sample consisted of a mixture of 

cytosine and PE filler, and the measurement was carried out with a nominal 

sample temperature of 10 K (adopted from [73]). 

The same is true for reflection spectroscopy. The measurement results can be 

interpreted using the Drude theory [72], and it shows that the THz-TDS 

method can be used to determine the complex conductivity and study the 
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dielectric response of semiconductors in the THz range. The data analysis for 

thick and thin samples is different due to overlapping multiple THz pulse 

reflections from air/sample interfaces in the thin sample (see Figure 7). In thick 

samples, the reflected pulses are not overlapping. Therefore, the reflected 

pulses are not counted, and only the main pulse is used for the calculations. 

 

Figure 7. Schematic illustration of the geometries for transmission and 

reflection spectroscopy. E0() is the incident field,  Et() is the transmitted 

field, Er() and E’r() are field reflected from the first and the second 

air/sample interface, t and r are Fresnel transmission and reflection 

coefficients, d – sample thickness (adopted from [73]). 

These calculations are used for thick samples. During the experiment, the 

reference pulse electric field Eref(t) and  the sample pulse electric field Esam(t) 

were measured. When fast Fourier transformation is performed, the result is 

Eref() and Esam() – spectral representation of reference and sample pulses in 

time-domain. Moreover, we can extract information about phase changes. The 

ratio of the complex field is [73,74]: 

      

      
                  

 
  
  

       
   (7) 
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where d is the thickness of the sample,  is the frequency of the radiation, c is 

speed of light in vacuum and T() is a factor which accounts for the losses due 

to reflection on the sample surfaces, Δ () is the phase change, t12,t23 - 

complex Fresnel field transmission coefficients. The complex refractive index 

              and the absorption coefficient of the sample   without 

using Kramers-Kronig relations are calculated from the experimentally 

obtained T() and Δ (). The extinction coefficient  () is related to the 

absorption coefficient  () =  () c / 2. If material absorption coefficient is 

low then the Fresnel transmission coefficients are real values, and n() and 

 () can be calculated as [73]: 

      
    

 
  

     
 

 
   

      

  
        

(8) 

 

For thin samples, where multiple reflections occur, Duvillaret et al. [75] 

suggested another calculation method which includes the Fabry-Perot factor 

FP() and complex Fresnel transmission coefficients in data analysis: 

     
       

       
 

   

       
  

  
  

   
        (9) 

where 

     
 

   
    
    

            
  

 (10) 

The solution requires an iterative procedure. Duvillaret et al. in [75] show a 

solution for both a thick sample, where Fabry-Perot echoes a separate and for a 

thin sample where Fabry-Perot echoes overlays. In [76] Duvillaret et al. 
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demonstrate a precise method of sample thickness determination using the 

THz-TDS technique. Sample thickness is then used in the determination of the 

refractive index and it is important to determine the most precise value.  

The refractive index can be converted into the relative dielectric constant. The 

dielectric function ε() and the complex conductivity () are determined 

through the following relationship [77]: 

              
  

  
   (11) 

where εdc is sample dielectric constant. The fitting process is iterative. Some 

fitting parameter values are selected. Then they are iteratively modified till the 

difference between the measured and the calculated values is minimized. 

The contribution of the free carriers in semiconductors to the properties of the 

material at wavelength below the bandgap is determined by the intraband 

transitions of the partially filled band. Omitting the restoring force of the free 

carriers, this leads to the simple Drude model for which the complex 

conductivity () is related to the concentration of the carrier N and the 

mobility µ [77]: 

   
   

   

     
   (12) 

where p is the plasma frequency  
  

   

   
 
 and  0 is the relaxation time 

   
   

 
, where m* is the effective electron mass. Free carriers are 

independent in this model and there are no interactions between them except 

collisions. The time between collisions is set at rate of Γ=1/ 0. Therefore, the 

plasma frequency, the concentration of free carriers and their mobility can be 

extracted from the THz-TDS measurement. 
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The Drude model is quite simplified and is works well when the sample is 

large enough (bulk semiconductor). If we study the sample with 

nanostructures, the Drude model is inaccurate and more comprehensive 

(extended Drude) models like the plasmon model or the Drude-Smith model 

are used in such cases [73,78]. The Drude-Smith model includes carrier 

backscattering: 

    
         

      
    

  
       

 

   

    (13) 

where N is the carrier density,   is the carrier scattering time, cn is 

backscattering parameter for the n  -th collision. The first term is usually taken 

(n = 1). When c = 0, we get the simple Drude model, and when c = -1 we get a 

fully localized response, an equivalent to the overdumped oscillator. 

The first measurements of the refractive index and the absorption coefficient in 

THz range using the THz-TDS setup were taken by D. Grischkowsky and 

coworkers [7,72]. They measured absorption coefficient and refractive index of 

dielectrics like: Crystalline Sapphire, Crystalline Quartz and Fused Silica: also 

in crystalline semiconductors like: Silicon, Germanium and Gallium Arsenide. 

Their measurements were compared with the result from other groups obtained 

using Fourier-transform spectroscopy (FTS or Fourier transform infrared 

spectroscopy (FTIR)). They show that the THz time domain spectroscopy is 

capable to measuring same data as the FTIR but with higher precision. This 

was the start of THz range exploitation in spectroscopy. They found that 

Crystalline Silicon is almost transparent for THz radiation (absorption 

coefficient was 0.05 cm
-1

) and the index of refraction is changing by less than 

0.001. These results have shown that Silicon is the ideal material for THz 

optics. It is used in THz emitters and detectors with photoconductive antennas 
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as lenses for better THz coupling from antenna substrates. Also, it can be used 

as THz beam splitter or THz filter. 

The n-type InSb samples were studied with THz-TDs system in transmission 

and reflection geometries at various temperatures by Adomavičius at al. [15]. 

The reflection and transmission spectra were fitted with Drude model. The 

electron scattering time was used as a fitting parameter while the plasma 

frequency was a constant. The fitting result was not in good agreement with 

measurements results, until the nonparabolicity of the electron energy 

dispersion of the conduction band in InSb was taken into account. The 

effective mass and the plasma frequency depend on the electron energy. The 

electron scattering time dependence on temperature (from 15 K to 240 K) in 

InSb was measured using THz-TDS setup. A clear maximum at ~60 K was 

measured and explained by the presence of two electron scattering 

mechanisms. At low temperatures (till ~60 K) the electron scattering time 

increases due to ionized impurities scattering. However, in temperature interval 

from 60 K till 300 K the electron scattering time decreases due to the phonon 

scattering. 

2.2.3 Pump – Probe experiments 

This subsection will discuss implementation of the pump probe technique in 

THz spectroscopy measurements. This technique is used for the investigation 

of carrier dynamic processes in semiconductor materials. THz - TDS provide 

information about transient electric field. The pump – probe technique is 

utilized, to measure the dynamic response of carriers to external excitation. 

The main idea of the optical pump - optical probe measurement technique is 

that there are two pulses. More powerful pump pulse, which excites free 

carriers in semiconductor material, and less powerful probe pulse, this pulse 

examines sample’s optical response and provides dynamic information by 
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changing the delay time between pump and probe pulses. Two types of this 

technique are used in THz spectroscopy: Optical pump - THz probe and THz 

pump – THz probe.  

Optical Pump -THz Probe 

Optical pump – THz probe measurements are also called Time-resolved THz 

spectroscopy (TRTS). Its setup is shown in Figure 8. It differs from the 

conventional transmission geometry THz-TDS setup in that the laser beam in 

the TRTS setup is divided in to three parts and the third pulse directly 

illuminates the sample collinearly with the THz pulse. It is very important that 

the optical pump beam illuminates the sample homogeneously and that the 

overlap between the optical beam and the THz probe were as good as possible. 

For that reason before the sample an aperture is placed. The delay between the 

pump beam and THz probe pulses is implemented by using a second delay line 

stage. 

 

Figure 8. Optical pump THz probe in the transmission geometry setup with the 

photoconductive THz emitter and detector. The laser pulse is divided into three 

parts, first (1) is used for the THz emitter, second (2) - for the THz detector and 

third (3) – for the optical pump. DL 1 – first delay line is used for the THz 
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pulse scan, DL 2 – second delay line is used for dynamics measurements. 

It is difficult to produce high densities of excitation on a sample when 

oscillator-based laser systems are used, because one cannot tightly focus the 

optical beam due to the THz beam spot size (the pump beam should be large). 

The small excitation densities induce small relative changes in the terahertz 

transmittance and a very sensitive photoconductive antennas-based THz 

emitter - receiver system is needed to detect such small changes. Moreover, 

only several groups worldwide have such systems, based on the oscillator laser 

and photoconductive THz emitter [32,33]. Most other groups use amplified 

laser systems with ZnTe electrooptic crystals for THz generation and detection. 

The TRTS setup has two delay lines. Therefore, there are several modes of 

measurement, which produce two types of information shown in Figure 9. 

 

Figure 9. Two types of result can be obtained from the Optical pump - THz 

probe measurement. A - photoexcited carrier dynamics, B – a THz field scan 

with additional photoexcitation with different delays between the optical pump 

and THz probe pulses. 

During the first measurement mode, the first delay line (DL 1) is fixed at 

position where the THz pulse electric field has a maximum value. During 

measurement we change the delay between the optical pump and the THz 

probe pulses by moving the second delay line (DL 2) and registering THz 
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pulse transmission changes because of the optical pump induced absorption. 

The changes in the THz peak transmission are measured as a function of delay 

between the optical pump – THz probe pulse in the form of dynamic of the 

photoexcited carriers (see Figure 9a). In literature, this measurement mode is 

also called a 1D scan. Another type of measurement, called 2D scan, is similar 

to THz-TDS measurement, but accomplished with additional optical excitation 

(see Figure 9b). During measurement, two delay lines are used for this scan. It 

can be partial 2D or full 2D scan. During partial 2D scan, the entire THz pulse 

scan is performed with several delay values between the optical pump and the 

THz probe pulses (DL 2 positions). Whereas the full 2D scan at each DL 2 

position changes performs an entire THz pulse scan. It takes some time to 

perform the measurement, but it provides the most information, both dynamic 

and spectral [73,84].  

When an optical pump pulse hits the sample, the free carriers are induced. 

Transmission of the THz radiation due to free carrier absorption is reduced.  

Free carrier absorption affects the complex dielectric permittivity changes in a 

sample. Therefore, the transmission of THz radiation decreases. By changing 

the delay between the optical pump and the THz probe pulses, the changes in 

the complex dielectric permittivity Δ [79] of a sample can be measured.  

If optically induced free carriers are form a thin layer d on a semi insulating 

semiconductor surface and d <<  < THz , then measured negative differential 

transmission –ΔT/T can be expressed in the following way [73,79]: 

 
  

 
 
   

   
   (14) 

If  = Neµ, then: 
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   (15) 

where  is the pump beam penetration depth, THz – the THz pulse wavelength, 

Z0 – the  impedance of free space (377 Ω),  - the conductivity of a sample, n – 

the sample index of refraction, N – the  free carrier density, e – electron charge, 

µ - free carrier mobility. By using the (15) formula, useful parameters of 

material like induced free carrier density N, induced free carriers mobility µ 

and free carrier’s lifetime   can be determine form negative differential 

transmission measurements. This means that in same condition measured 

parameters (N, µ,  ) can be compared between the materials with similar 

optical and THz properties.  

TRTS measurements cannot distinguish difference between electrons and 

holes. Since the effective mass of heavy holes is usually several times larger 

than the effective mass of electrons and the THz pulses are non resonant with 

the semiconductor band gap, it can be concluded that, with the help of the 

optical pump - THz probe technique one would be able to study induced free 

electron dynamics in semiconductor materials [73]. Induced free carrier 

densities in optical pump - THz probe measurement are of the order of 10
15 

cm
-

3 
- 10

16 
cm

-3
 - this is lower densities than in typical all optical pulse pump-probe 

measurements, nevertheless it is still possible to probe carrier transport 

phenomena with a femtosecond temporal resolution [80,84]. Also, this 

technique can be used to study materials which are difficult to investigate with 

traditional methods, for example for studying materials with nanostructures 

[8]. 

The optical pump – THz probe technique is used in the majority of 

publications to study the lifetime of induced free carriers in semiconductor 

materials, which were used for the production of the terahertz emitters or 
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detectors. Free carrier lifetime value is extracted by fitting the experimental 

data, which was recorded during 1D scan (see Figure 9b), with one or two 

exponent function. The first material that was studied using the TRTS 

technique was GaAs [81], since it was the most popular and well studied 

material. THz radiation was generated in LiTa03 crystal in form of Cherenkov 

cone radiation in this experiment [82], and the authors were able to directly 

observe the transfer of electrons from the low mobility L and X valleys in 

GaAs to the higher mobility Γ valley on a 2-3 ps time scale following the 

optical injection being well above the bandgap [81]. After that and several 

other publications released by Jepsen et al. [83] and Schmuttenmear et al. 

[8,84] GaAs became the etalon sample for TRTS setup calibration. 

Induced free carrier lifetime dynamics were also studied in GaAsBi, GaAsN 

[85], Ge [86], Ge nanowires [87], InP [88,89], ZnTe and CdTe [90] and some 

other materials. 

The optical pump - THz probe technique is also suitable for studying 

intervalley scattering and energy relaxation times in semiconductor materials. 

Samples for such a purpose should be excited with energies above the 

bandgap. The effective mass of electrons is higher and mobility is lower in 

upper valleys than in Γ valley. This property affects the transmission of the 

THz radiation because of free carrier absorption and is evident in the 

measurements results of carrier dynamic. The first experiment of this kind, 

using, a GaAs sample, was performed by Nuss et al. [81]. They used a 625 nm 

laser to induce carriers in-to the higher valley. Nowadays, most groups use the 

Ti: sapphire laser system, the energy quant of which is ~ 1.5 eV. Therefore, it 

is possible to study the intervalley scattering processes in narrow bandgap 

semiconductor materials. The first of such studies was performed in Ge 

samples [14] and In0.53Ga0.47As [80]. The intervalley scattering to Δ valleys 
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time in Ge sample was determined to be of the subpicosecond order, and 

caused the reduction of the electron mobility. The intervalley scattering time in 

In0.53Ga0.47As was determined to be 350 fs. 

THz pump - THz probe 

The THz pump – THz probe is a high electric field pump probe technique used 

to study the dynamics of carriers in semiconductor materials. Hot electrons are 

generated by high power THz pulses (pulse intensities can reach 150 MW/cm
2
) 

when utilizing this technique. Such THz pulses can create high strength (up to 

150 kV/cm) electric fields on the surfaces of the semiconductor materials. This 

technique is used by group of M. Hoffmann et al. [10,91,92]. An advantage of 

this technique is that it eliminates direct optical electron-hole generation, 

which complicates the analysis of optical pump – THz probe measurement 

results. However, this technique requires high power laser systems, which are 

expensive.  

Figure 10 illustrates the THz pump - THz probe setup in transmission 

geometry. High power THz pulses are generated by optical rectification in the 

LiNbO3 crystal by utilizing the tilted pulse front method, which enables the 

generation of large THz field amplitudes using high power femtosecond laser 

pulses without unwanted nonlinear optical effects. The 800 nm, 100 fs pulse 

duration, 1 kHz repetition rate, 5 mJ pulse energy regeneratively amplified 

Ti:sapphire laser system was used in this setup. The laser pulse was divided in 

to three parts. 86% of the laser’s power was used to generate THz pump pulses, 

10% were used to generate THz probe pulses, and 4% - were used for EO 

sampling. A compound ZnTe detector with 0.1 mm active layer and total 

thickness of 1.1 mm was used for THz detection. THz pump and THz probe 

pulses were spatially delayed using the delay line stage. THz pulses were 
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collinearly routed and focused on to the surface of a sample by means of a pair 

of parabolic mirrors. 

 

Figure 10. THz pump – THz probe setup. THz pulses are generated in LiNbO3 

by tilted pulse front excitation and detected by electro-optic sampling in ZnTe 

crystal (Adopted form [10]). 

Nonlinear THz transmission measurements were performed during the 

experiment. The authors measured the THz field with (Esam(t)) and without 

(Eref(t)) the sample in at the path of the THz beam and calculated the effective 

absorption coefficient [10]: 

      
 

 
     

     
      

    

 

     
      

    

 

   (16) 

where d – is the thickness of the sample, tmax – is the time window of the 

measurement, T – is the factor accounting for reflection losses at the sample 
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surface,  eff – is the equivalent to the energy absorption coefficient averaged 

over the bandwidth of a measurement setup. 

Several popular semiconductor materials like: GaAs [10,92], Si, Ge [92] and 

InSb [10,91] were studied using this technique.  

2.2.4 Applications of surface THz emission in semiconductor 

characterization 

The method of THz generation from surfaces of the semiconductors can be 

used for investigating several important material characteristics. Dependences 

of surface generated THz pulse amplitude on the femtosecond laser photon 

energy were used for characterizing conduction band structure at higher 

energies. It is possible to study intervalley scattering effects, evaluate the 

energy position of the subsidiary conduction band valleys [93] and measure 

THz excitation spectra [16] of semiconductor materials using tunable 

wavelength lasers system for THz generation from the surface of 

semiconductor. The whole range of semiconductor materials was studied using 

this technique: InAs [16,93], InSb [16,93], InGaAs [94], InN [16], GaAs [16]. 

The amplitude of THz pulses can also be used for mapping the built-in surface 

electric field in semiconductors. The built-in surface electric field and fast 

carrier separation are the main parameter of thin-film photovoltaic solar cells. 

CuInSe2 (CIS) and Cu(InGa)Se2 (CIGS) are semiconducting materials, which 

are used for the production of thin-film photovoltaic solar cells, and their 

efficiency reaches 20% [95,96]. So, THz generation from the surface of thin-

film CIS and CIGS samples can be used for study built-in surface electric field 

in these materials [97,98], which can help to increase efficiency of thin-film  

photovoltaic solar cells. R. Adomavičius et al. have studied several CIS and 

CIGS samples from different manufacturers and of different composition [97]. 
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The results have showed that CIS and CIGS samples can generate THz 

radiation. The THz pulse electric field amplitude of the best samples was 

comparable with the THz pulse electric field amplitude from surface of n-type 

GaAs, and was two times worse than p-InAs. They have also showed that the 

THz pulse electric field amplitude depends on the composition of the sample. 

The Cu/In ratio is the main parameter upon which the open-circuit voltage of a 

CIS photovoltaic cell depends and this parameter should be close to 1[99].The 

most efficient THz emission was registered from samples with Cu/In ratio 

equal to 0.9 [97]. These samples also can be good THz surface emitters. 
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2.3 Experimental setups 

During my work, I have used several experimental setups with different lasers 

and supplementary devices. In this subsection I will explain them in more 

detail. 

2.3.1 THz – TDS 

I have used conventional THz – TDS system with Ti:sapphire osciliator 

(Coherent Mira;  = 800 nm, 76 MHz repetition rate, 150 fs pulse duration, 

650 mW output power). Setup diagram is shown in Figure 11.  

 

Figure 11. Terahertz time domain spectroscopy setup. BS – the beam splitter, 

CP - the mechanical copper, DL – the optical delay line, L1 - L2 - optical 

lenses, M1 - M6 - dielectric mirrors, PM 1 – PM 4 – parabolic gold mirrors, 

TL 1 – TL 2 -  THz teflon lenses, THz E and THz D – the terahertz emitter and 

detector. 
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The laser pulse was split into two parts: one was used for activating 

photoconductive LTG GaAs THz emitter, and the other one for gating 

photoconductive LTG GaAs THz detector. 40 mW of the laser power was used 

to illuminate the photoconductive antenna gap of a THz emitter and the same 

amount to illuminate the photoconductive antenna gap of a THz detector. The 

THz emitter bias voltage was 50 V. The distance between the THz emitter and 

the THz detector was around 30 cm. Gold coated parabolic mirrors and Teflon 

lenses were used to focus and collimate the THz radiation. The sample was 

placed between the emitter and the detector. The terahertz pulse scanning was 

performed while moving the delay line (8MT175-100, Standa). The emitter 

excitation pulse was modulated with mechanical chopper (SRS SR540) at 1 

kHz and the signal was registered with lock-in amplifier (SRS SR830). 

2.3.2 THz surface emission  

The THz emission experiments from the surface of semiconductor sample were 

performed using another Ti:sapphire oscillator (Femtolaser Femtosource 

Synergy;  = 800 nm, 85 MHz pulse repetition rate, 20 fs pulse duration, 200 

mW output power). Setup diagram is shown in Figure 12. 
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Figure 12. The THz emission from the surface of semiconductor setup. BS – 

the beam splitter, CP - position of the mechanical chopper, DL – the optical 

delay line, L1 - L2 - optical lenses, M1 - M5 - dielectric mirrors, TL - teflon 

lens, THz D – the THz  detector. 

The laser pulse was split into two beams via beam splitter. 30 mW of the laser 

power were used to illuminate the photoconductive antenna gap of a LTG 

GaAs THz detector, the remaining laser power was focused on a surface of a 

THz emitter. The focused laser beam width was less than 1 mm. The sample 

(or surface THz emitter) was placed in front of the THz detector at an angle of 

45 degrees. The THz pulse was emitted along the direction of reflected optical 

excitation beam. The distance between the THz emitter and detector was about 

15 - 20 cm. The Teflon lens was used to focus the THz radiation. The THz 

pulse scanning process was the same, as in previous setup.  The emitter 

excitation pulse was modulated with mechanical chopper (SRS SR540) at 1 

kHz and the signal was registered with lock-in amplifier (SRS SR830). The 

measured THz pulse amplitudes and spectra of different semiconductor 

materials were usually compared with the parameters of THz radiation emitted 

from surface of p-InAs sample, measured in same conditions. We perform this 
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comparison because p-InAs are the best surface THz emitter for 800 nm laser 

wavelengths. 

2.3.3 Optical pump – THz probe 

This setup is based on the THz-TDS setup that was described in section 2.3.1 

and is shown in Figure 13.   

 

Figure 13. The optical pump - THz probe setup. BS 1 – BS 2  – the beam 

splitters, CP – positions of the mechanical chopper, DL – the optical delay 

lines, L 1 – L 3 - optical lenses, M 1 – M 10 - dielectric mirrors, PM 1 - PM 4 - 

parabolic gold mirrors, TL 1 - TL 2 -  teflon lenses, THz E and THz D – the 

THz emitter and detector. 

In this setup the laser beam was split in to three parts. The first laser beam part, 

which was most powerful, was used to directly illuminate the sample and 

create non equilibrium carriers in it. The generated carrier density was from 

10
16

 to 10
17

 cm
-3

. The second part of the laser pulse was used to illuminate 

photoconductive antenna gap of a LTG GaAs THz emitter, and third was used 
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to illuminate photoconductive antenna gap of a LTG GaAs THz detector. The 

delay between different laser beams was controlled with help of two optical 

delay lines (8MT175-100, Standa). To achieve more homogenous sample 

excitation the optical pump and the THz probe beams should propagate in the 

same direction and completely overlap on the surface of a sample. Therefore, 

the optical pump beam was passed through holes in the parabolic mirror (PM 

2) and the Teflon lens (TL 1) and sample was placed on a holder with a 300 

µm aperture. For temperature dependent measurements the sample was places 

in a close circle liquid helium cryostat (CRYO Industries CTI M-22). It allows 

reduce sample temperature up to 11 K. This setup can be used as TDS setup 

when chopper is in the first position (CP 1). During the scan, the sample is 

placed between the THz emitter and detector. Mechanical chopper is placed to 

the first position (CP 1). Moving the first delay line (DL 1) we find the THz 

signal maximum. Then the mechanical chopper is placed to the second position 

(CP 2) and by moving the second delay line (DL 2) the scan was performed at 

the signal maximum. In this experiment, we need to do two measurements with 

and without a THz probe signal. After that we need to subtract the result of the 

second measurement from the first one. This procedure helps to eliminate the 

THz signal that is generated by the sample when it is excited with the optical 

pump beam.  

2.3.4 Optical pump – optical probe  

The optical pump - optical probe setup is shown in Figure 14. In this setup an 

amplified Yb:KGW laser system (Pharos, Light Conversion; 1030 nm 

wavelength, 160 fs optical pulses duration, 200 kHz pulse repetition rate). The 

laser radiation (≈6 W) was directed to the optical parametric amplifier 

(Orpheus, Light Conversion) which generates tunable 640 - 2600 nm 

wavelength and approximately 140 - 160 fs duration pulses.  
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Figure 14. The optical pump - optical probe setup. BS – the beam splitter, CP -  

position of the mechanical chopper, DL – optical delay line, D - optical 

detector, L1 - L3 optical lenses, M1 - M8 gold mirrors, GF – the gradient 

neutral filter. 

As in the optical pump – THz probe setup, the laser beam was split in to two 

beams: the pump and the probe beams. The pump beam is more powerful 

because its purpose is to induce free carries in the sample. The probe beam is 

less powerful and it is used to probe the induced free carriers relaxation 

processes in a sample. The transmission geometry scheme was used. The probe 

beam was directed straight to the sample. After beam passes through the 

sample it was pointed to a big aperture Ge detector. Later on, to get a better 

signal to noise ratio, a liquid nitrogen cooled InSb detector was used. The 

pump beam was directed to the sample at a small angle of less than 30º to 

avoid the pump beam reaching the detector. The pump and probe beams were 

tightly focused on a surface of a sample by means of optical lenses. The probe 

beam spot diameter was smaller than the spot diameter of a pump beam. The 

optical delay line (8MT175-100, Standa) was used for the scan procedure. The 
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detector output was connected to a lock-in synchronous amplifier (SRS 

SR830), and mechanical chopper (SRS SR540) was used for a synchronous 

detection. Depending on a measurement phase, the mechanical chopper 

position was either on the pump or either on the probe beam. The gradient 

neutral filter was used to control the pump beam intensity. 

2.4 Summary 

 THz radiation pulses can be generated using photoconductive antennas or 

surface emitters and detected by coherent or non-coherent techniques. 

 THz – TDS provide information about the THz signal amplitude and 

phase. Using this information, the absorption coefficient ant the complex 

refractive index can be extracted without using Kramers-Kronig relations. 

 Sample complex conductivity and the dielectric function can be 

calculated from measurement results and calculation results are in good 

agreement with the Drude theory. 

 Important material parameters: plasma frequency, current carrier mobility 

and density as well as electron momentum relaxation time can be 

determined  

 The optical pump – THz probe technique is used to study induced free 

carrier lifetime, intervalley scattering and energy relaxation times. 

 All these techniques are widely used to study parameters of 

semiconductor materials. 
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3. Study of GaAsBi properties 

3.1 Annealed GaAsBi 

Semiconductor industry is continuously searching for new materials with 

energy bandgap in the near-infrared spectral range and with close lattice match 

to GaAs for optoelectronic and optical communication devices, photovoltaic 

technologies, and, recently, to the components for terahertz (THz) 

spectroscopy systems. During the last years attention was paid to dilute 

bismides materials. A GaAs1−xBix alloy is the most promising and widely 

studied material for these applications [100,101]. GaAs1−xBix bandgap is 

reduced when Bi is incorporated in to GaAs lattice, about 90 meV per 1% of Bi 

atoms and becomes equal to 0.75 eV when 11% of Bi is incorporated. Also this 

alloy has Eg and refractive index that are less sensitive to the changes of 

ambient temperature [102]. This feature would be useful for the applications 

such as diode lasers and optical modulators. Short characteristic carrier lifetime 

in this alloy make it also a promising material for THz emitters and detectors. 

Therefore studies of the influence of technological conditions to the properties 

of GaAsBi material characteristics are very important. 

Rapid thermal annealing (RTA) is a simple and popular process, which is used 

to improve the crystalline structure and decrease defect and dislocation amount 

in as-grown layers. However, influence of this process to the bismide 

properties is little studied. There are some unanswered questions about the 

mechanisms of the carrier recombination and the lifetime dynamics in 

GaAs1−xBix. The understanding of the physics of these processes can help the 

development of GaAsBi-based devices. 
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3.1.1 Samples 

The GaAsBi samples we grown in the Optoelectronic Technology Laboratory 

of the Center for Physical Sciences and Technology by Dr. Klemensas 

Bertulis. The sample parameters are presented in Table 1. 

Table 1. Studied GaAs1−xBix sample parameters. 

Sample Name Substrate 

(orientation) 

Thickness 

(µm) 

Bi 

(%) 

Eg 

(eV) 

Sample A GaAs (100) 1.5 4 1.15 

Sample B GaAs (100) 1.5 6 1.05 

The epitaxial layers were grown in a solid-state MBE system on semi-

insulating GaAs (100) substrates. A metallic Ga and Bi sources and an As4 

molecular source were used. The substrate temperature was 330 ºC. It is lower 

than traditional GaAs growth temperature by MBE of ~600 ºC. This prevents 

the Bi segregation and induces better bismuth incorporation. The growth rate 

was ∼1 μm h
−1

, and a As/Ga beam equivalent pressure (BEP) ratio was ∼2. 

The layers were 1.5 μm thick. The energy bandgap of the as-grown layers 

determined from the optical absorption spectra at room temperature was of the 

order of 1.05–1.15 eV, which corresponded to the Bi compositions x between 

0.04 and 0.06 [103]. All samples were annealed in RTA oven for 30 s at 

different temperatures up to 700 ºC under nitrogen atmosphere. 

3.1.2 Measurement techniques 

The samples were investigated using several techniques: photoluminescence 

(PL) and photomodulated transmittance (PT) measurements at room and liquid 

nitrogen temperatures and optical pump –THz probe. 
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Optical pump – THz probe technique was used to study carrier dynamics in 

GaAs1−xBix epilayers. The used setup was introduced in 2.3.3 subsection. The 

photoinduced carrier density was of the order of 10
16

 cm
−3

. During the 

measurement, the samples were placed in a closed cycle liquid helium cryostat, 

where the sample temperature was changed from 295 K room temperature 

(RT) to 11 K.  

Photoluminescence measurements were performed using green DPSS laser 

(473 nm) with an excitation intensity of 10 Wcm
−2

 and 0.4 m monochromator. 

Photomodulated transmittance measurements were performed by using the 

DPSS laser (473 nm) as the pumping source. A 100 W tungsten halogen lamp 

filtered by 0.4 m monochromator providing monochromatic light. Transmitted 

light was detected by a thermoelectrically cooled InGaAs photodetector and 

the signal was recorded by a lock-in amplifier. The chopping frequency of the 

pump beam was set to 190 Hz. Measurements were made at room (295 K) and 

liquid nitrogen (80 K) temperatures. 

3.1.3 Measurement results 

First of all, carrier dynamics measurements were performed using optical 

pump – THz probe technique. Measurements were done at room temperature. 

Samples with 4% and 6% Bi atom concentration as-grown and annealed at 600 

ºC temperatures were compared. Results are shown in Figure 15. 
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Figure 15. GaAsBi optically induced THz transmission changes measurements 

made at room temperature. Bi atom concentrations: 4% (a) and 6% (b). 

Non-equilibrium carrier decay times were determined from obtained 

measurement results by using an exponential fit. A two-exponential decay 

function was used for fitting, because all curves have ultrafast part in the 

beginning and slowly varying exponential tail. 

As it is seen from measurement results, the non-equilibrium carrier lifetimes in 

both as-grown samples are similar and show relatively slow decay. The 

annealing in RTA oven has a dual effect on non-equilibrium carrier lifetime. In 

the sample with 4% Bi this time has changed slightly (see Figure 15a), whereas 

in the sample with 6% of Bi atom concentration non-equilibrium carrier 

lifetime was strongly reduced by the annealing and became as short as several 

picoseconds making it useful for THz emitter and detector fabrication [104]. 

Then non-equilibrium carrier decay time dependence on the temperature was 

measured. As-grown and annealed at 650 ºC samples were used in these 

experiments. The results are presented Figure 16. 
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Figure 16. The optically induced THz transmission changes dependence on 

sample temperature. Sample with 6% of Bi atom: (a) as-grown, (b) anneal at 

650 ºC. 

Measured temperature dependence of the optical induced THz transmission 

change show that samples A and B behave differently in low temperature range 

as well.  

Lowering the temperature of as-grown and annealed sample A and as-grown 

sample B resulted in the increase of the decay time and the appearance of a 

large optically induced background of THz absorption component. The growth 

of the background THz absorption component became significant at lower than 

100 K temperatures. This evidences that the non-equilibrium carrier lifetime 

became comparable or larger than the pulse repetition period of 13 ns of the 

used Ti:sapphire oscillator. On the other hand, the non-equilibrium carrier 

recombination time in the samples made from layer B and annealed at 

temperatures exceeding 600 ºC remains short even at the lowest temperature, 

although a slower decay component becomes observable at T < 150 K. The 

optically induced background level in this case is much smaller than in the 

samples with long carrier lifetimes. 



64 

 

 

 

 

The photoluminescence (PL) and photomodulated transmittance (PT) studies 

of sample B were performed at room (RT) and liquid nitrogen temperatures. 

Results are shown in Figure 17. 

 

Figure 17. Photomodulated transmittance spectra and their low electrical field 

modulation fits (17) for sample B at room (a) and liquid nitrogen (b) 

temperatures. The energy bandgaps Eg = 1.14 eV and Eg = 1.24 eV were 

determined for temperatures 295 K and 80 K, respectively. 

PT spectra were fitted by a line shape function for low electrical field 

modulation [105]: 

  

 
    

    

         
 
   (17) 

where C and φ are the amplitude and phase of the PT feature, Eg – energy 

bandgap, Γ broadening parameter, m = 2.5 for a three-dimensional critical 

point. PT measurements show that Eg of sample B increases from 1.14 eV at 

RT to 1.24 eV at 80 K. Similar behavior was also noticed by other groups 

[106]. 
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Figure 18. Photoluminescence spectra for as-grown and differently annealed 

samples: (a) sample A, (b) sample B. The curves with the indicated annealing 

temperatures correspond to the measurements made at 80 K; the gray curves at 

the bottom correspond to the measurements made at RT. 

Photoluminescence measurements (see Figure 18) of both A and B samples 

demonstrates signal at room temperature but the signals at this temperature 

were weak. The PL peak position did not change after annealing for both 

samples when measured at 80 K, except for sample B annealed at 700 ºC. Its 

peak position shows a blue-shift, this is in line with the results obtained from 

PT measurements (see Figure 17b) which evidences that the bandgap energy 

increases at 80 K. 

3.1.4 Discussion 

It was determined in [107] that short non-equilibrium carrier lifetimes in 

GaAs1−xBix at room temperatures is due to defect levels inside the bandgap of a 

material. These deep donor defect levels act as efficient recombination centers 

with a density of 10
14

 to 10
15

 cm
−3

 and an electron capture cross-section of 

∼410
−13

 cm
2
. They can efficiently trap electrons while are ionized and then 

start capture the holes after becoming neutral. The origin of these 
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recombination centers in GaAsBi is not clear yet. However, they can occur in 

the layers with a larger Bi composition because a bigger lattice mismatch 

results in a larger density of structural defects. The density of structural defects 

could increase in a mismatched layer during high-temperature annealing. 

The low temperature grown GaAsBi epilayer structure is similar to low 

temperature MBE grown GaAs, where short non-equilibrium carrier lifetimes 

appear due to As-antisites (AsGa) inside the bandgap [108]. However, in 

GaAsBi an electron capture cross-section can be several times larger [107]. 

The evidence of As-antisites defects in GaAs0.985Bi0.015 epilayers was 

determined using optically detected magnetic resonance (ODBR) technique 

[109]. However, the samples investigated in this work were grown at 270 ºC 

temperature and only 1.5% of Bi was incorporated. After post-growth rapid 

thermal annealing at 600 ºC AsGa defects concentration was reduced. 

We introduce a model where, the optically induced background THz 

absorption component can be explained by taking in to account the presence of 

two defect levels inside the bandgap of the GaAsBi: the deep donor and the 

shallow acceptor defect levels. In GaAsBi the holes traps can be the bismuth 

pair and cluster states located near the valence band maximum [110]. The deep 

donors are responsible for recombination of both types of carriers, and shallow 

acceptors are determining the temperature dependences of the non-equilibrium 

electron and hole density. 

The background THz absorption signal depends on steady state non-

equilibrium carrier concentration accumulated during a period of time much 

longer than the time between two laser pump pulses. Since in this 

quasistationary state the rate of carrier recombination must be equal to the rate 

of their photoexcitation G, the electron and hole capture rates shall be equal to 

G: 
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                          (18) 

where n is the free electron concentration, p is the hole concentration in the 

valence band, νe and vh are the electron and hole thermal velocities, ND0 is the 

deep trap density, ND is the number of those traps occupied by electrons, and 

σe, and σh are the capture cross section of these traps for electrons and holes, 

respectively. As the electron capture cross section is by two orders larger than 

the hole capture cross section, the electron and hole capture rates will become 

equal only when the majority of traps will be occupied: 

       (19) 

Non-equilibrium holes can be trapped by the shallow acceptor defect levels. 

Also, they can be thermally excited from acceptor band to the valence band; 

the rates of these processes in the steady state must be equal: 

                             
  

  
  (20) 

where NA0 is the total shallow acceptor trap density, NA is the number of them 

occupied by holes, σp is the hole trapping cross-section, Nv is the effective 

density of states in the valence band, k is the Boltzmann constant, T is the 

absolute temperature, and ΔE is the activation energy of the hole traps. 

The shallow acceptor trap density dependence on temperature NA(T) can be 

derived from the equation (20): 

      
   

 
  
    

  
  
 

  
 
  
    

  
  
 
 (21) 
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At room temperature the majority of shallow acceptors are ionized and do not 

affect the hole concentration in the valence band; therefore, the influence of 

shallow acceptor traps to the carrier recombination is insignificant. The 

situation changes at low temperatures when a significant part of the free holes 

occupies the shallow acceptor level: the decreased free hole concentration p 

disturbs the balance between generation and recombination of the carriers. As a 

result, the concentrations n and p start to increase until p reaches its room 

temperature value (as σhνhND ≈ const - only the increase of p can maintain the 

balance between generation and recombination), whereas n increases by value 

of NA. The increase of the electron concentration Δn can be extracted from the 

optical pump - THz probe measurements, because the change of THz 

transmittance is directly proportional to the non-equilibrium electron 

concentration in the sample (the electron mobility is much higher than the hole 

mobility; therefore, we can neglect the hole contribution to the induced 

transmittance changes). The experimentally estimated Δn and the calculated NA 

are presented in Figure 19. The best match between experimental results and 

theory was obtained with the following fitting parameters: ΔE = 50 meV, NA0 = 

410
16

 cm
−3

 and p = 110
16

 cm
−3

. 
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Figure 19. Temperature dependence of experimentally estimated electron 

concentration increment Δn fitted with calculated density NA of the holes 

occupying shallow acceptor traps. The fitting parameter p denotes free hole 

concentration accumulated at room temperature under stationary state 

photoexcitation. 

3.1.5 Conclusions 

1. The rapid thermal annealing at temperatures up to 700 ºC has a dual effect 

on the electron decay characteristics of GaAsBi layers. For samples with 4% of 

Bi atoms it has minor changes, however for samples with 6% of Bi atoms the 

non-equilibrium carries lifetime is reduced to less than 1 ps. 

2. The PL peak position for sample with 6% of Bi atom annealed at 700 ºC has 

a blue-shift, which is in line with the results obtained from PT measurements 

showing that the bandgap energy increases at 80 K.  

3. The recombination centers in GaAsBi are more likely to occur in the layers 

with a larger Bi composition, due to a bigger lattice mismatch with the 

substrate and their number shall grow during the high-temperature annealing 

due to stress relaxation in the layer. 
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3.2 Nonlinear optical effects in GaAsBi 

When a semiconductor material interacts with intense laser radiation, various 

nonlinear optical phenomena are induced. The nonlinear absorption 

phenomena are usually studied because it is the main principle of operation of 

modern optical devices like lasers [111], optical switches and optical limiters 

[112], and telecommunication signal regenerators [113]. The nonlinear 

absorption is the change in material transmittance as a function of the incident 

optical beam intensity. There are two reasons that cause a change in material 

transmittance: a) transmittance can decrease with increasing optical intensity 

due to multiple photon absorption processes or b) increase with increasing 

intensity as a result of saturable absorption (SA). The first of these effects is 

used for optical switching and optical limiting, whereas SA is used in short 

pulse lasers for Q-switching and mode-locking as well as for the signal 

regeneration in telecommunication networks. 

The semiconductor saturable absorber mirror (SESAM) is an essential 

component of all modern femtosecond laser systems that are used for the 

generation of ultrashort pulses by passive mode locking.  SESAM contains thin 

saturable absorber semiconductor layer grown on top of a Bragg reflector for 

better performance. The operating principle of SESAM is based on the carrier 

induced bleaching of the optical absorption in a thin semiconductor layer. For 

most applications, SESAM’s should be fast (order of picoseconds), but their 

speed is limited by the rate of carrier recombination in the absorber layer. 

Moreover, the absorber layer should be made from a direct band 

semiconductor that can be integrated in the same epitaxial structure with a high 

quality Bragg reflector. At the moment, the best SESAMs are fabricated on 

high index contrast GaAs/AlAs or GaAs/AlOx distributed Bragg reflectors 

grown on GaAs substrates. However, the selection of semiconductor materials 
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that could be grown on GaAs substrates and would have the energy band gaps 

narrower than that of GaAs (Eg = 1.42 eV) is very limited, which makes the 

fabrication of SESAMs for long-wavelength, telecommunication range lasers a 

challenging task. So far, SESAMs with absorber layers containing from 

GaInNAs quantum wells [114] or InAs quantum dots [115] were demonstrated 

for mode-locking of 1.3 μm lasers. Quinternary GaInNAsSb layers with dilute 

amounts of nitrogen grown on GaAs have been used in SESAMs that are 

designed for a 1.55 μm wavelength range [116,117], however, the absorption 

recovery times in these materials were too long (longer than 10 ps) for their use 

in femtosecond pulse generation. Therefore, the search of the appropriate 

material for this wavelength range is still going on and GaAsBi can be one of 

them. 

3.2.1 Samples 

As in the previous subsection GaAs1-xBix samples were grown by molecular 

beam epitaxy (MBE) on (100) GaAs substrate. The growth temperature was 

300 ºC. Sample parameters are presented in Table 2. The samples we grown in 

the Optoelectronic Technology Laboratory of the Center for Physical Sciences 

and Technology by Dr. Vaidas Pačebutas and Dr. Renata Butkutė. 

Table 2. Parameters of GaAs1-xBix samples  

Sample Thickness 

(µm) 

Bi content 

(%) 

Eg 

(eV) 

Carrier lifetime
a
 

(ps) 

Carrier lifetime
b
 

(ps) 

B290 1.5 4.2 1.08 1.2 1.2 

B285 1.5 6.6 0.97 1.4 1.8 

B287 1.5 11 0.75 2.1 3.5 

a
from the optical pump-terahertz probe experiment 

b
from the optical pump-optical probe experiment 



72 

 

 

 

 

1.5 µm thick GaAs1-xBix high crystalline quality samples with up to 10% of Bi 

atom concentration were grown. Bi content x and GaAs1-xBix layer lattice 

relaxation levels were evaluated from X-ray diffraction (XRD) rocking curves 

and reciprocal space mapping (RSM) measurements of (400) and (440) 

reflexes. The energy band gap of GaAs1-xBix layers was defined from optical 

transmission measurements using conventional spectrometer; the carrier 

lifetimes were determined from the optical pump – THz probe and optical 

pump – optical probe measurements. 

3.2.2 Experimental setup 

All measurements were performed using a tunable wavelength fs laser system 

which is based on a 1030 nm Yb:KGW laser with a pulse repetition rate of 200 

kHz and pulse duration of 160 fs providing 6 W output power that is used for 

pumping an optical parametric amplifier (OPA). The wavelength of the OPA 

can be changed from 640 nm to 2600 nm. The tunable fs laser system allows us 

to measure several semiconductor material parameter dependences on the 

excitation laser wavelength (or energy). 

The open aperture z-scan measurement [118] technique is traditionally used for 

nonlinear absorption measurements [119], and with the help of OPA we 

wanted to measure the nonlinear absorption dependence on incident photon 

energy or, in other words, nonlinear absorption spectrum. However, due to 

large changes of the OPA optical beam shapes during the wavelength tuning it 

has been difficult to perform a high-quality z-scan and to reach the goals 

expected. Therefore, an optical pump – optical probe technique was chosen 

instead. The setup scheme was introduced in subsection 2.3.4. The electron-

hole pairs were generated in the sample by the pump pulses, and the induced 

absorption was monitored by measuring the change in the transmitted probe 

pulse energy. The main rule of the pump – probe technique is that the diameter 
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of the probe beam should be smaller than the pump, and the pump beam should 

not reach the detector. The pump and probe beams were tightly focused on the 

sample’s surface - on the 0.13 mm and 0.10 mm diameter spots, respectively. 

The average power of the pump beam was about 100 times larger than the 

power of the probe beam. 

When measuring the light transmission through a thin semiconductor layer, 

one has often to deal with the potential influence to the results of the substrate 

absorption. A conventional technique of characterizing thin semiconductor 

layers is a reflection pump - probe type measurement, but in this case the 

interpretation of the results is often rather complicated. In our case, the band 

gap of the GaAs1-xBix layer was smaller than of the GaAs substrate, which has 

allowed us to perform pump-and-probe measurements in the transmission 

geometry and without any special sample preparation. 

Another common problem of all optical measurements is the quality of the 

sample surface. In our case it should not scatter the incident light. Quality of 

our samples was sufficient and no additional polishing procedures were 

needed. 

3.2.3 Measurement results 

GaAsBi absorption bleaching 

The time-resolved differential transmittance (ΔT/T) measurement results of 

GaAsBi layers are presented in Figure 20. 
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Figure 20. Time-resolved differential transmittance measurement results of 

GaAsBi samples. 

All measured curves of GaAsBi samples were similar and contained two parts: 

an initial narrow dip and a fast rising peak with slower decay times. The 

narrow dip corresponds to 2PA of GaAs substrate. This was found after a 

separate measurement of GaAs and GaAsBi samples in the same conditions 

(see bottom-right graph on Figure 20). The peak at the longer delays 

corresponds to the optical absorption bleaching of GaAsBi layer. This 

bleaching can be attributed to a conduction band filling in the GaAs1-xBix layer 

because other well-known effects, such as the band gap shrinkage or the free-

carrier absorption, can only cause the decrease of a sample’s transparency. It 

seems that both of these effects are much weaker than the band filling when 

optically injected carrier concentrations are in the 10
19

 cm
-3

 range, though they 

have to be taken into consideration at higher excitation levels [120].  
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Performing the time-resolved optical pump - optical probe measurement, we 

can separate the ultra-fast two-photon absorption of the substrate from the 

slower free-carrier non-linearities of the layer. The decay of the positive ΔT/T 

is determined mainly by the lifetime of non-equilibrium electrons excited by 

the pump pulse. The lifetime of the free carrier was previously measured using 

the optical pump - THz probe technique under a relatively low optical carrier 

density level of ~10
16

 cm
-3

. It can be seen from Table 2 that, despite the 

different excitation conditions, the lifetimes measured by the optical pump - 

THz probe and the optical pump – optical probe techniques are very similar.    

GaAsBi bandgap determination method 

 

Figure 21.  Increase of the transmittance for GaAsBi samples as a function of 

the laser photon energy. Symbols– experimental data; dashed lines are guide 

for the eyes. 

Figure 21 shows spectral dependences of the induced optical bleaching of three 

GaAsBi samples. A well defined threshold behavior of this effect is observed. 

This behavior can be understood by taking into account the changes of a 
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relative part of the pump pulse energy absorbed in the GaAs1-xBix layer with a 

changing light wavelength. The absorbed part of the pump pulse energy 

vanishes when the photon energy becomes smaller than the band gap of the 

GaAs1-xBix layer. Similarly, the bleaching capability calculated for one pair of 

carriers vanishes when the photon energy of the probe light becomes smaller 

than the band gap. As Figure 21 shows, the spectral dependences of induced 

optical bleaching can be used for a quite accurate determination of the band 

gap of the GaAsBi layer.  This is a rather useful feature, since standard band 

gap determination methods have serious limitations when used for the 

characterization of thin GaAs1-xBix layers: the photoluminescence of materials 

with picosecond carrier lifetimes is relatively weak and the sensitivity of the 

modulation spectroscopy techniques is restricted by high equilibrium hole 

densities in bismide layers with a larger Bi content. 

Figure 21 shows that the bandgap of sample B287 is around 0.74 eV, which is 

one of the smallest registered GaAsBi bandgap values. GaAsBi bandgap value 

of 0.74 eV is equal to approximately 11% to 12% of Bi atom concentration. 

Saturable absorption 

We chose two laser beam wavelength to measure differential transmittance of 

the sample B285 at various excitation levels. The 1250 nm wavelength was 

chosen to be near the sample bandgap and 1050 nm wavelength was chosen 

because at that wavelength there was very weak 2PA in GaAs substrate.  

Measurement results are shown in Figure 22. It can be seen that the amplitude 

of these transients ΔT/T is changing faster at low pump beam powers and 

saturating at high pump beam powers.  
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Figure 22. Time-resolved differential transmission signals from sample B285 

at various excitation levels at two wavelength: 1050 nm (a) and 1250 (b). 

The nonlinearity of the absorbance change can be clearly seen in Figure 23 

where the absorption coefficient of sample B285 at two laser wavelengths is 

plotted as a function of the pump beam fluence.  

 

Figure 23. Absorption coefficient of the sample B285 as a function of the 

pump pulse fluence. The light wavelength is equal to 1250 nm (a) and 1050 nm 

(b). Points - experimental data; line – calculation result (see text below). 

Experimental points presented on this figure were obtained by using the results 

of the optical pump - optical probe (see Figure 22) and of the conventional 

transmission spectroscopy experiments; these points were fitted to the 

theoretical formula for nonlinear absorbance of semiconductors [121]: 
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where α(I) – the intensity - dependent absorption coefficient of the 

semiconductor layer, α0 – the saturable linear absorption coefficient, αnonsat – 

the nonsaturable linear absorption coefficient, F – the energy fluence of the 

pump pulse, Fsat – the saturation fluence. The best fits were achieved with 

αnonsat = 8200 cm
-1

, Fsat = 0.67 mJ/cm
2
 (λ = 1050 nm) and αnonsat = 3900 cm

-1
, 

Fsat = 0.23 mJ/cm
2 

(λ = 1250 nm). These parameters are comparable with 

typical parameters of the saturable absorbers [119]. The discrepancy between 

experimental data and the fitting curve observed for λ = 1050 nm wavelength 

at high excitation levels can be attributed to the free-carrier absorption in the 

bismide layer. 

3.2.4 Conclusions 

1. The optical absorption bleaching effect in GaAsBi layers has been observed 

over a wide wavelength range extending up to 1.6 μm. 

2. The non-equilibrium carrier lifetimes of order of a few picoseconds and 

saturation fluencies comparable with their values to the best known 

semiconductor saturated absorbers make the investigated GaAsBi samples 

promising material for near and mid-IR range SESAM devices. 

3. The non-linear absorption measurements using the optical pump – optical 

probe technique are suitable for carrier lifetime measurements and 

semiconductor band gap determination.  
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4. THz-TDS experiments 

4.1 GaAs Nanowires 

The samples with nanostructures like nanowires and nanorods are very 

promising materials for THz emitters because this structures enhance THz 

emission from optically excited surfaces as compared to bulk semiconductor. 

THz emission from low temperature grown InN nanorods was about one order 

of magnitude greater in power than that from the bulk InN film [122]. The THz 

emission from samples with Si nanowires [123] was two orders of magnitude 

stronger than from Si wafers. Seletskiy et al. [124] reported 15 times more 

efficient optical-to-THz power conversion from InAs NW than from InAs 

substrate, but this result was obtained only by taking in to account spatial fill-

factor of NW in a sample. In our research we study samples with GaAs 

nanowires and also observe THz emission enhancement as compared with 

GaAs substrate. 

4.1.1 Samples 

The samples with GaAs nanowires (NW) were obtained from the Institute of 

Physics, Polish Academy of Sciences (grown and structurally characterized by 

Prof. Janusz Sadowski group). The sample parameters are presented in Table 3. 

Table 3. Physical characteristics of GaAs samples with nanowires 

Sample 

Name 

Substrate 

(orientation) 
NW Material NW Shell 

NW 

thickness 

(nm) 

NW 

length 

(µm) 

NW 17 GaAs (111) B GaAs - ~ 50 

Up to 3 

NW 25b GaAs (111) B GaAs GaMnAs 

~ 60 

NW 26b GaAs (111) B GaAs MnAs 

NW 28b GaAs (111) B 

GaAs 0.5 µm + 

[InAs 5 nm / GaAs 

10 nm] x 50 
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NW 29b GaAs (111) B 
0.5 µm GaAs + 

3 µm InGaAs 
GaMnAs 

  

NW 32 GaAs (111) B GaAs 

Some 

MnAs 

phase 

GaAs nanowires were grown by vapor-liquid-solid method in a solid source 

MBE reactor on GaAs (111) B substrates at high (~550 °C) temperature. There 

were two types of GaAs NW samples grown: samples with GaAs NWs and 

samples with GaAs NWs combined with (Ga,Mn)As ferromagnetic 

semiconductor or MnAs feromagnetic metal, so called core-shell nanowires. 

The catalytic growth of primary GaAs core NWs was induced by randomly 

distributed around 50 nm diameter gold nanodroplets. GaAs nanowires grown 

on GaAs (111) B substrate grown up to 3 μm long and their diameter was 

around 50 nm. The growth process took up to several hours. Therefore, GaAs 

nanowires were grown on (111) orientation substrate, they grow in a vertical 

direction and their orientation is (111). This can be seen on pictures taken with 

scanning electron microscope (SEM) (see Figure 24). 

   

Figure 24. SEM pictures of vertically grown GaAs NWs samples. 

The core-shell nanowires were grown in a two-step mode. After the growth of 

the primary GaAs NW core the growth temperature was lowered to 250 °C and 

(Ga,Mn)As or MnAs shells were grown around the GaAs NW cores. The 

growth rate was about 2 Å/min and growth process took about 0.5 h, so the 
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shell thickness should be about 60 Å. The areal density of as grown nanowires 

was around 30 NWs per square micrometer as seen in Figure 24. 

4.1.2 Measurements 

GaAs NW samples were investigated with THz-TDS setup, where samples 

with nanowires were used as surface THz emitters. The THz radiation at the 

photoexcited semiconductor surface is generated by a dipole that is usually 

induced due to fast changing photocurrent or by the changes of nonlinear 

polarization of the material however, only small amount of generated THz 

radiation is emitted in to free space because oscillating dipole is oriented 

perpendicular to the surface of semiconductor (see Figure 25a), and THz 

radiation are generated parallel to the surface of the semiconductor. Only 

radiation which falls in-to 15º total internal reflection free cone, escapes from 

the sample, other part of THz radiation reflects back. 

 

Figure 25. The electric dipole orientation in GaAs substrate (A), and GaAs 

nanowires (B). 

On the other hand, in vertically grown nanowires oscillating dipole is oriented 

along the nanowires, and THz emission direction is oriented perpendicular to 

the surface of a nanowire, therefore a much large part of radiation can be 
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emitted in to free space. This idea was suggested by Seletskiy et al. [124] and 

was starting point of our research.   

THz efficiency measurements 

First of all, the THz emission from surface of samples with GaAs nanowires 

measurements were performed, and results were compared with results 

obtained from GaAs substrate. The measurement setup explained in section 

2.3.2 was used. The samples were excited at 45º angle. The obtained THz pulse 

amplitudes and spectra from samples with GaAs nanowires and bulk GaAs 

substrate are presented in Figure 26. The results normalized to GaAs peak 

value are presented in Table 4. 

 

Figure 26. THz signal amplitude (A) and spectra (B) obtained from 

samples with GaAs NWs and GaAs substrate. 

Table 4. THz emission from surface of samples with nanowires peak values 

normalized to GaAs substrate THz emission peak value. 

GaAs NW 17 NW 25b NW 26b NW28B NW29b NW 32 

1 1.96 0.62 1.76 1.03 1.47 3 

As seen from the measurement result, the waveforms of THz pulses are 

similar, but the samples with GaAs nanowires emit THz radiation 2 - 3 times 

more efficiently than GaAs substrate, despite their fill factor of only 0.07. 
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The other measurements were done only with NW 17, NW 26b and NW 32 

samples because they emitted THz pulses better than other NW samples and 

GaAs substrate. The dependence of terahertz emission on an incoming optical 

beam polarization measurements were done, the results are shown in Figure 

27. 

 

Figure 27. The emitted THz pulse amplitude dependences on an incoming 

optical beam polarization. 

It can be seen that the THz emission from the samples with GaAs nanowires is 

almost independent on the excitation beam polarization. The behavior of GaAs 

substrate is also shown in Figure 27 for comparison.  
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Figure 28. The emitted THz pulse amplitude dependences on sample rotation 

angle.  

The measured azimuthal angle dependencies of the p-polarized excitation 

revealed two-fold symmetry for GaAs substrate and angle-independent 

behavior for samples with GaAs NWs (see Figure 28). InAs sample results are 

presented to show what azimuthal dependence for (111) plane samples should 

be. Analogical behavior was observed in InAs nanowires [125].  

Orientation dependent terahertz emission is a characteristic feature of nonlinear 

THz generation mechanisms such as optical rectification, thus these processes 

can be eliminated as sources of THz generation in our NW samples. On the 

other hand, electric field induced carrier acceleration effects must be 

considered. Photoexcited carriers can be accelerated in a surface depletion field 

and in the field at gold cap-nanowire interface; furthermore, the acceleration 

can occur due to the photo-Dember effect. As nanowire surfaces are oriented in 

various directions, the THz field originated from NW surface will be zero at 

the far-field. In contrast, the Schottky barrier between the Au-cap and the NW 

tip can cause a depletion region with a unidirectional electric field along the 
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NW that can separate photoexcited electrons and holes and cause the THz 

emission. 

Angular emission characteristics measurements 

Measurements 

Then we examine the idea that was introduced in Figure 25, that THz radiation 

should be emitted more efficiently from the side of nanowires because the 

oscillating dipoles are oriented alongside the nanowires. To determine the 

direction of the oscillating dipoles in nanowires and their angular emission 

characteristics, the electric field of generated THz radiation was measured as a 

function of light incidence angle θi. Therefore, the sample holder was modified 

so, that it has become possible to change the angle between the laser beam and 

a normal to the sample surface from 0º to 90º (see Figure 29).  

 

Figure 29.  A schematic diagram of the experimental setup with modified 

sample holder. 

The angle between excitation laser beam and detector position was 90º. Only 

sample excitation angle was changed from 0º - the sample is perpendicular to 
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the excitation laser beam, to 90º - the sample is parallel to the excitation laser 

beam. The sample holder was rotated manually every 5º. 

The measurements were performed with GaAs substrate and several samples 

with GaAs nanowires. The results are shown in Figure 30.  

 

Figure 30. Angular emission characteristics measurements results. Lines are 

guides for the eyes; (a) the THz pulse amplitude angular dependence on 

excitation spot size, here w is a laser spot radius at a surface of the sample; (b) 

the THz peak value dependence on sample excitation angle θi in GaAs 

substrate and samples with GaAs nanowires, when w = 0.5 mm. 

As expected, THz emission maximum value for bulk GaAs substrate was 

obtained when angle between laser pulse excitation and sample surface was 

45º. However, for samples with GaAs nanowires the THz emission maximum 

value was obtained at smaller angles. The pump laser spot diameter was 

around 1 mm. 

We also noticed that the angular emission maximum position depends on 

excitation spot diameter. When optical beam was loosely focused onto the 

sample surface, a maximum around 45º was observed for all samples. 
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However, when the pump beam was focused more tightly, angular emission 

maximum position has shifted to smaller angles, for samples with nanowires 

this shift was larger than for bulk sample (see Figure 30b).  

Model 

In our model the THz radiation is generated only in NW layer. The NWs form 

a homogeneous layer with the effective refraction index n2, which is a fitting 

parameter. However, oscillating dipoles emits radiation in all directions, but 

we neglect THz radiation reflections from GaAs substrate. Dipole 

approximation method [60] was adopted for interpretation of the angular 

characteristics measurements results. According to our model, the detectable 

THz emission field can be expressed as: 

                                   (23) 

where θ2 defines the terahertz radiation direction inside the sample (see Figure 

31), θi - optical excitation or sample rotation angle, Ropt – the optical reflectivity 

at the NW surface. The first term sin(θ2) originates from the radiation pattern 

of the dipole approximation when the dipole axis is perpendicular to the 

sample surface. The second term shows how much optical excitation is 

transmitted through the sample. The third term tTHz is THz field transitivity at 

semiconductor-air interface. The fourth term is the emission cone correction 

function: 

             
    

 
 

 
 

 

  (24) 

where Ω is a divergence angle of the THz radiation beam. The divergence 

angle is inversely proportional to the optical pump beam diameter at the 
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sample surface. The emission cone correction function accounts the restrictions 

determined by the Huygens law, and shows expansion of the THz radiation. 

 

Figure 31. Graphical representation of our model. 

For p-polarized THz radiation Ropt and tTHz has the following forms: 
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  (26) 

where n1 and n2 is the sample refraction index for the optical and terahertz 

radiation, respectively, and θ1 is the angle of the refracted optical beam. The 

relations between angles θi, θ1 and θ2 are the following: 

          
       

  
  (27) 

           
    

 

 
    

  
 .  (28) 

Discussion 

The THz emission independence on a polarization angle was already evidenced 

in THz emitters made from black silicon [126], and was explained by the light 
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trapping effects in this nanostructured material. This effect also determines 

weak light absorption dependence on light beam incident angle, so that 1-Ropt 

is approximately equals to 1 for the whole range of investigated incidence 

angles. Other three terms of (23) equation has clear maxima: sin(θ2) peaks at θi 

= 0º, tTHz(θi) has a maximum at a Brewster angle, EΩ(θi) reaches its higher 

value at θi = 45º. The result of a product sin(θ2)× tTHz(θi) has a maximum near 

Brewster angle at small θi, however, at large θi it continuously decreases till 

reaches zero at θi = 90º. The ETHz(θi) is strongly depends on THz radiation 

divergence angle Ω and index of refraction n2. When Ω is small EΩ(θi) function 

has a very narrow peak at θi = 45º, therefore the result of multiplication with 

slowly, in this region, varying function sin(θ2)×tTHz(θi) gives us the similar 

shape of ETHz(θi) and EΩ(θi) functions (see Figure 32). 

 

Figure 32. Calculated ETHz(θi), EΩ(θi) and sin(θ2)×tTHz(θi) dependencies on 

optical beam incidence angle θi. n2 = 3.5, black line - sin(θ2)×tTHz(θi) function, 

triangle symbols – EΩ(θi) functions, square symbols - ETHz(θi) functions, open 

symbols Ω = 60º, filled symbols Ω = 15º. 



90 

 

 

 

 

In the case of quickly expanding beams (Ω is large), ETHz(θi) does not repeat 

the shape of EΩ(θi) anymore; instead, ETHz(θi) maximum shifts toward smaller 

angles. The larger Ω determines the larger variation of sin(θ2)×tTHz(θi) values 

across the THz beam (see Figure 32) and, subsequently, larger shift of the 

function ETHz(θi) towards smaller θi. Regarding the refraction index of material, 

the larger value of n2 also determines the larger variation of sin(θ2)×tTHz(θi) as 

well as a larger shift of the function ETHz(θi) to the smaller values of angle θi 

(see Figure 33). 

 

Figure 33. Calculated ETHz(θi) (symbols) and sin(θ2)×tTHz(θi) (solid lines) 

dependencies on θi and n2. 

A self-evident analogy between the Figure 30 and Figure 33 can be seen. The 

bigger divergence angles in Figure 33 correspond to the smaller optical beam 

spots in Figure 30, thus the comparison of experimental and calculated results 

explains the spot size influence on registered ETHz(θi) dependencies. According 

to our calculations, the index of refraction of the NWs layer in the THz range is 

higher than in bulk substrate, despite the fact that fill factor of NWs layer is 

approximately 0.07. The diameter of nanowires in our samples is about 60 nm, 
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which is too large to result in significant quantum confinement effects, which 

can enhances the conductivity of the NW layers. The large n2 enhances Fresnel 

losses for THz beam significantly; regardless of that, samples with NWs are 

better THz emitters than bulk GaAs. 

THz excitation spectra measurements 

For these measurements setup shown in Figure 34 was used. 

 

Figure 34. THz excitation spectra measurement setup using optical parametric 

amplifier. 

The Optical parametric amplifier generates tunable 640 nm - 2600 nm 

wavelength and 140 fs - 160 fs duration pulses at 200 kHz repetition rate. 

These pulses were used for photoexcitation of the samples with nanowires and 

GaAs substrate. The THz pulses were detected by GaAsBi photoconductive 

THz detector which was excited by small part of Yb:KGW laser radiation (≈5 

mW). THz excitation spectrum was determined by changing excitation 

wavelength and measuring peak to peak value of THz transient. Measurements 
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were performed at a constant optical power (≈5 mW) weaker than the detector 

saturation level. All spectra were normalized to a constant photon number. 

This measurement technique was presented in paper [16]. Measurement results 

are presented in Figure 35a.  

 

Figure 35. THz field amplitude dependence on the excitation pulse energy for 

GaAs substrate and GaAs NW samples (A); Normalized THz field amplitude 

dependence on the electron excess energy εex (εex = hν - Eg) (B). 

Figure 35a shows dependences of the THz pulse amplitude radiated from the 

surfaces of semi-insulating bulk GaAs and NW samples on the pump photon 

energy. The dependence measured on bulk GaAs has three main features: sharp 

step at the optical absorption edge, monotonously increasing THz pulse 

amplitude at higher energies and decrease of this amplitude in the spectral 

range corresponding to photoexcited electron excess energies larger than 0.3 

eV. In contrast, THz excitation spectra of NW samples demonstrate only a 

sharp increase in the vicinity of GaAs absorption edge followed by a 

continuous decrease of THz emissivity at higher photon energies. 

Figure 35b shows radiated from the surface of GaAs substrate and samples 

with NW THz pulses amplitudes normalized to εex.  εex = hν - Eg, where hν is 
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the laser pulse energy and Eg is material bandgap. At low electron excess 

energies, THz pulses are mainly generated due to electron and hole separation 

in the built-in surface electric field. At shorter laser wavelengths the electron 

and hole separation, due to their different motion away from their excitation 

positions (photo-Dember effect) also contributes to the THz pulse generation; 

moreover, initially this separation increases with increasing electron excess 

energy but afterwards starts to decrease at the energies when the probability of 

intervalley scattering of electrons becomes significant. The optical density of 

states for electrons is directly proportional to        ). On the other hand, 

the electrical dipole induced by the separation of photoexcited electrons and 

holes is approximately proportional to      [16]. These relations determine 

approximately linear dependence between the electron excess energy and the 

THz pulse amplitude. As predicted, THz pulse amplitude normalized to εex is 

almost independent on electron excess energy for bulk GaAs sample. However, 

the normalized THz pulse amplitude for the samples with NWs decreases 

rapidly with increasing εex. This behavior can be explained assuming enhanced 

light absorption due to localized surface plasmon resonances in GaAs 

nanowires. The similar kind of resonance was observed in Si NW samples 

[127]. The localized surface plasmon resonance enhances light absorption in 

the vicinity of the nanowires and this enhancement is bigger for longer 

wavelengths. 

4.1.4 Conclusions 

According to the results that were observed we can conclude, that: 

1. The samples with GaAs nanowires emit THz radiation 2-3 times better than 

GaAs substrate, despite the small surface fill factor (0.07) of NWs. 
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2. The spatial pattern of THz emission in NW samples differs from that of a 

bare bulk semiconductor. A THz beam that is generated in the NW sample 

propagates closer to the surface of the sample. This behavior can be explained 

by large effective index of refraction of NW layers. 

3. The better THz generation efficiency of samples with nanowires can be 

explained assuming enhanced light absorption due to localized surface 

plasmon resonances in GaAs nanowires. 
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4.2 Thin film Solar Cells 

CuInS2 (CIS) and Cu(In,Ga)Se2 (CIGS) chalcogenide compounds are 

promising semiconductor materials for thin film solar cells light absorbers. CIS 

solar cell efficiency ranges from 10% to 12% [128] and the efficiency of the 

best CIGS - based solar cells is approaching 20% [96]. It means that these 

technologies are comparable to silicon - based thin film solar cell technology 

and are cheaper.  

THz time domain spectroscopy is non-contact and non-destructive technique 

which is used to study properties of semiconductor materials. THz radiation 

generation from the surface of semiconductors method can be used for the 

characterization of conduction band structures at higher energies, or built-in 

surface electric field properties (see subsection 2.2.4). THz imaging based on 

pulsed and CW THz radiation sources was used to study a silicon solar cell 

with tab wire soldering defects, different reflection coefficients for metalized 

and non-metalized, structured and unstructured surfaces [129,130]. Study 

results show that THz pulses can be applied to detect and study different defect 

types appearing during the solar cell production. 

 A strong internal electric field is responsible for THz emission from the 

surface of II–III–VI2 compounds [97]. This field also leads to the separation of 

charge carriers in solar cells. Therefore, THz pulses can be used for real-time 

diagnoses of light absorbers during different manufacturing processes of solar 

cells. This study is the first step in the development of the method for the 

characterization of materials that is used in the production of thin film solar 

cells. 
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4.2.1 Study of CuInS2 light absorbers 

Samples 

There are several processing techniques for the preparation of CulnS2 thin 

films. The most popular is the two-step process. The first step is the production 

of a precursor Cu–In film by the evaporation or sputter deposition into a 

vacuum system. During the second step, the precursor film is placed into a 

sulfurisation furnace filled with H2S gas or elemental sulfur vapors for the 

formation of a CIS film. 

Studied CIS thin films were produced by the sulfurisation of DC magnetron-

sputtered metallic precursor layers on molybdenum-covered soda-lime glass 

substrates. The sputtering was performed in Ar
+
 atmosphere under the pressure 

of 2 Pa. The sputtering current was 30 mA, voltage 550 V. Under these 

conditions, the deposition rate was ≈1.1 Å/s. The thickness of the films was 

about 1 μm. X-ray diffraction analysis confirmed the formation of a single 

CuInS2 phase and the presence of minor secondary phases Cu2−xS.  

The CIS samples were obtained from the Center for Physical Sciences and 

Technology, they were grown and structurally characterized by the Dr. Saulius 

Balakauskas. 

Measurement results 

THz surface emission measurements from the CIS samples were performed 

using the setup that was explained in section 2.3.2. Several CIS samples with 

different Cu/In atomic ratios values were investigated. The measurement 

results are presented in Figure 36.  
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Figure 36. THz pulse waveform, radiated by CIS samples, exited by 

femtosecond laser pulses at different Cu/In atomic ratios: (1) 0.65, (2) 0.79, 

and (3) 0.9. 

Adomavičius et al. has found that terahertz radiation efficiency strongly 

depends on the stoichiometry of CuInSe2 layers [97]. The THz transient 

magnitude increases monotonically when the CuInSe2 layer composition gets 

closer to the stoichiometric composition. On the other hand, the output 

parameters of the CuInSe2 monograin layer solar cell devices also depend on 

the composition of absorber material. The highest value of solar cell efficiency 

is reached when the precursor Cu-In alloy composition ratio varies between 0.9 

< Cu/In < 1 [131]. 

Our measurement results show similar behavior. THz emission amplitudes 

radiated by our CuInS2 samples increase monotonically with increasing 

precursor Cu-In alloy composition ratio and reaches its maximum value when 

Cu/In ratio equal to 0.9. Much weaker THz emission from CuInS2 thin films 

was observed at Cu/In ratio ≤ 0.7.  
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4.2.2 Study of Cu(In,Ga)Se2 light absorbers 

The aim of this research was to use THz emission from the surface of CIGS 

sample to study dependence of THz emission efficiency on the sample 

composition during several technological steps. 

Samples 

The CIGS samples were obtained from the Center for Physical Sciences and 

Technology, grown and structurally characterized by the Prof. Vincas 

Tamošiūnas group.  

Samples were grown using Alcatel SCM 650 sputtering equipment. First, 

approximately 1 µm thick molybdenum layer was deposited on top of the 

polished and cleaned glass plate. Afterwords, approximately a 0.36 µm thick 

layer was deposited from a single quaternary chalcogenide CIGS target 

(Pioneer Materials, 20 cm diameter, 6.35 mm thickness, composition: Cu - 

22.8 at.%, In - 20 at.%, Ga - 7 at.%, Se - 50.2 at.%). After deposition, the 

sample was annealed in argon atmosphere for 20 min at 250 ºC and for 40 min 

at 530 ºC. Then, a 50-60 nm undoped ZnO buffer layer and several 200 nm 

thick n-type doped ZnO:Al2O3 layers were deposited  on top of the sample. 

CIGS samples were grown on 9 × 12 cm
2
 glass plate (see Figure 37). Each of 

the squares corresponds to a CIGS layer segment. Figure 37 shows that sample 

surface is not homogenous due to a relatively large glass size causing non-

uniformity during the deposition step and thermal gradients during the thermal 

processing step. 
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Figure 37. Photograph of CIGS array sample. Numbers and letters are used for 

indexing.  

Measurement results 

CIGS samples were studied using THz radiation generation from the surface of 

the sample setup (see section 2.3.2) and THz excitation spectra measurement 

[16]. Measurements were taken after each technological step. THz excitation 

spectra measurements were taken using a tunable laser system (Pharos laser 

with optical parametric amplifier Orpheus, Light Conversion); this laser system 

was explained in section 2.3.4. These measurements were taken after each ZnO 

layer deposition. 

First entire CIGS sample array was scanned using the first setup. Due to large 

sample dimensions, a sample was attached to a 2-axis stage mount; this was 

done to measure THz emission from each element in the array. Measurement 

results are shown in Figure 38. 
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Figure 38. Peak Terahertz amplitude map of CIGS samples (a). Different 

colors represent THz amplitude values of individual CIGS sample segments. 

Indexing is the same as in Figure 37. Registered THz emission pulses (b) and 

their spectra (c) of row B CIGS samples.  

As it can be seen in Figure 38a, the THz amplitude distribution of different 

CIGS samples is random. This can be due to different sample properties caused 

by unequal growing and annealing conditions for such a large sample. THz 

pulse waveforms and spectra are similar. Samples with stronger THz emission 

produce a wider spectrum. 

The second technological step was undoped ZnO buffer deposition. A 50 - 60 

nm ZnO layer was deposited on top of the sample. After that, another THz 

(a) 
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emission from the surface of a sample scan was done. Results are shown in 

Figure 39. 

  

Figure 39. Peak Terahertz amplitude map of CIGS samples with an undoped 

ZnO layer (a). Ratio of peak THz amplitudes without (see Figure 38a) and with 

(see Figure 39a) undoped ZnO layer (b). Different colors represent THz 

amplitude values of individual CIGS sample segments. 

After the deposition of ZnO, THz emission of all CIGS samples decreased, but 

the amplitude map became more uniform. Such results can be attributed to a 

modification of internal electric fields near the surfaces of CIGS samples by 

deposition of undoped wide-gap ZnO layer. 

Finally, four 200 nm thick n-type doped ZnO:Al2O3 layers (standard 2% 

doping) were deposited on top of the sample. The influence of doped ZnO 

layer thickness on THz emission efficiency at different excitation energies was 

studied. The B2 element of CIGS array was chosen for further study. Before 

and after each doped ZnO layer deposition THz emission at different excitation 

beam energies was measured from this sample. Measurements were taken 

using a method described in reference [16]. The obtained results are presented 

in Figure 40. We can see the growth in the THz emission amplitude as photon 

energy is increased. This behavior is common to direct bandgap 

(a) (b) 
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semiconductors [16]. THz emission starts from 1.2 eV. Below that energy 

signal is weak. 1.2 eV is the expected bandgap energy of such composition 

CIGS sample. 

 

Figure 40. The B2 element of CIGS array THz excitation spectrum. 

Dependence of doped ZnO layer thickness on THz emission efficiency at 

different excitation beam energies. 

As one can see from the measurement results, doped ZnO layer improved THz 

emission of the CIGS sample for all excitation beam photon energies. This 

effect can be attributed to an increased electric field near the 

CIGS/ZnO/ZnO:Al2O3 junction. The CIGS layers are usually p-type, while 

ZnO:Al2O3 is n-type wide bandgap semiconductor. Due to doping of the 

ZnO:Al2O3 layer, the depleted area in such heterostructures should mostly 

extend into layers below. This means that 200 nm is a sufficient thickness to 

screen any DC electric fields within this layer. Due to the wide band-gap of 
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ZnO, it is also transparent for all photon energies in the investigated range and 

partially transparent in THz [132]. 

4.2.3 Conclusions 

The accomplished studies of CIS and CIGS samples lead to the following 

conclusions: 

1. The THz emission efficiency strongly depends on the stoichiometry of CIS 

films and shows the highest values when Cu/In ratio equal to 0.9. 

2. THz emission from the large area CIGS sample is rather irregular due to 

imperfections in the grown layers. 

3. The THz emission amplitude was reduced after undoped ZnO buffer layer 

deposition, but increased after n-type ZnO:Al2O3 layer deposition. 

4. The growth of the THz amplitude was observed above 1.2 eV excitation 

pulse energy, confirming the expected bandgap on such composition CIGS 

sample.  
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Main results 

1. Study of post growth annealing of GaAsBi layers leads to the following 

results: 

 The rapid thermal annealing at temperatures up to 700 ºC has a dual 

effect on the electron decay characteristics of GaAsBi layers. For 

samples with 4% of Bi atoms it has minor changes, however for 

samples with 6% of Bi atoms the non-equilibrium carries lifetime is 

reduced to less than 1 ps. 

 The PL peak position for sample with 6% of Bi atom annealed at 700 ºC 

has a blue-shift, which is in line with the results obtained from PT 

measurements showing that the bandgap energy increases at 80 K.  

 The recombination centers in GaAsBi are more likely to occur in the 

layers with a larger Bi composition, due to a bigger lattice mismatch 

with the substrate and their number shall grow during the high-

temperature annealing due to stress relaxation in the layer. 

2. The study on nonlinear effects in GaAs1-xBix samples with different 

compositions using the time-resolved optical pump – optical probe 

technique showed: 

 The optical absorption bleaching effect in GaAsBi layers has been 

observed over a wide wavelength range extending up to 1.6 μm. 

 The non-equilibrium carrier lifetimes of order of a few picoseconds and 

saturation fluencies comparable with their values to the best known 

semiconductor saturated absorbers make the investigated GaAsBi 

samples promising material for near and mid-IR range SESAM devices. 
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 The non-linear absorption measurements using the optical pump – 

optical probe technique are suitable for carrier lifetime measurements 

and semiconductor band gap determination. 

3. Study of THz emission from the surface of samples with GaAs nanowires 

leads to the following results: 

 The samples with GaAs nanowires emit THz radiation 2-3 times better 

than GaAs substrate, despite the small surface fill factor (0.07) of NWs.  

 Such behavior can be explained assuming enhanced light absorption due 

to localized surface plasmon resonances in GaAs nanowires. 

4. The accomplished studies of light absorbers based on CIS and GIGS 

samples show that THz emission from the surface of a semiconductor 

technique can be used for characterization of thin layer solar cell materials 

and lead to the following conclusions: 

 The THz emission efficiency strongly depends on the stoichiometry of 

CIS films and shows the highest values when Cu/In ratio equal to 0.9. 

 The THz emission amplitude of CIGS samples with multilayer ZnO 

structures on top is strongly depends on ZnO layers thickness and 

doping. 

 The growth of the THz amplitude was observed above 1.2 eV excitation 

pulse energy, confirming the expected bandgap on such composition 

CIGS sample. 
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