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ABSTRACT 

 

The study of transient photoconductivity in semiconductors excited by 

femtosecond laser pulses is of fundamental importance for understanding of 

photocarrier dynamics on a subpicosecond time scale. These investigations are 

of great practical interest because the ultrafast electronic processes have a 

profound impact on operation of semiconductor devices operating on a 

subpicosecond time scale.  

The purpose of this work has been to study the influence of the optical 

alignment of photocarriers over momenta on the transient photoconductivity in 

cubic semiconductors excited by femtosecond laser pulses and to investigate 

how this effect is manifested in emission of THz radiation from the 

semiconductor surface.  

The transient photoconductivity in InAs excited by ultrashort laser pulses 

with different photon energy has been calculated with use of the transport 

equation for photocarriers in collisionless approximation. It has been found 

that the nonparabolicity of the electron dispersion law as well as the optical 

alignment of the photoexcited carrier momenta result in anisotropic 

photocurrent with a component perpendicular to the dc electric field even in 

semiconductors with a cubic symmetry. This component of the photocurrent is 

profoundly revealed on a ballistic stage of photocarrier movement that is 

during the first few hundreds of femtoseconds after the photoexcitation and 

causes the emission of terahertz radiation pulses with an amplitude dependent 

on the angle between the optical field and the crystallographic axes. In the case 

of InAs the contribution of this component in terahertz emission can be 

comparable to the contribution of the photocurrent component directed 

perpendicular to the crystal surface and explains experimental results of both 

the azimuthal anisotropy of the emitted terahertz pulse amplitude and its 

dependence on the exciting photon energy.  
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Monte Carlo simulations of the anisotropic transient photoconductivity in 

cubic semiconductors InGaAs and InAs excited by a femtosecond laser pulse 

have been performed. Calculations show that the degree of anisotropy of the 

transient photocurrent reaches its peak when the excess energy of the optically 

excited electrons approaches the threshold for the intervalley transfer. It has 

been also found that when the electrons are excited near the threshold energy 

for the intervalley transfer, the component of the transient photocurrent 

directed along dc field can become negative for a short time after 

photoexcitation. The anisotropy of the transient photoconductivity has been 

observed experimentally on (001) InGaAs sample by optical pump - terahertz-

probe technique. It has been found that in the first few picoseconds after 

excitation the optically induced change of THz transmission depends on the 

direction of THz field relative to polarization of the optical pump pulse and 

crystallographic axes of the semiconductor. On rotation of the sample around 

normal to the excited semiconductor surface the fourfold symmetry of THz 

transmission is observed. It has been established experimentally that the degree 

of photoconductivity anisotropy depends nonmonotonically on the exciting 

photon energy that is consistent with the results of the Monte Carlo simulation. 

6 
 



ACKNOWLEDGMENTS 

 

I am very grateful to Ramūnas Adomavičius for continuing support and 

inestimable help in planning and performing the experiments.  

I would like to thank Arūnas Krotkus whose ideas and expertise 

significantly influenced the direction of my research. 

I would also like to thank Vitaly Malevich from Institute of Physics 

National Academy of Sciences of Belarus (Minsk) for help with the Monte 

Carlo simulation and for the fruitful discussions. 

It is a great pleasure to acknowledge continuous support of Vaidas 

Pačebutas, who helped me a lot with experiment automation and shared a great 

experience of dealing with equipment. 

I have to thank Renata Butkutė, Jan Devenson and Vaidas Pačebutas for 

MBE fabrication of the semiconductor samples. 

I am also indebted to Vytautas Karpus, from whom I learned a great deal 

about solid state physics and physics of low-dimensional semiconductor 

structures. 

Many thanks to Juozas Adamonis, Andrius Bičiūnas, Andrius Arlauskas, 

Andžej Urbanovič, Polina Svidovsky, Gediminas Molis, Anton Koroliov and 

Andrejus Geižutis for continuous help and support. I would also like to thank 

all students and staff of Center for Physical Sciences and Technology, who 

helped me during my work. 

This research was supported by European Union Marie Curie ITN project 

MITEPHO (Grant No. PITN-GA-2009-238393). 
  

7 
 



TABLE OF CONTENTS 

 

ABSTRACT ............................................................................................................. 5 

ACKNOWLEDGMENTS ...................................................................................... 7 

TABLE OF CONTENTS ....................................................................................... 8 

INTRODUCTION ................................................................................................ 10 

CHAPTER 1: Picosecond photoconductivity in semiconductors..................... 17 

1.1 Mechanisms of photoconductivity in semiconductors .................................. 17 

1.2 Anisotropy of photoconductivity in cubic semiconductors .......................... 20 

1.3 Photoconductivity excited by ultrashort laser pulses .................................... 26 

CHAPTER 2: Therahertz spectroscopy of semiconductors ............................. 40 

2.1 Generation of terahertz electromagnetic pulses in semiconductors .............. 40 

2.2 Methods of THz radiation detection ............................................................. 50 

2.3 Principles of Terahertz Spectroscopy ........................................................... 54 

CHAPTER 3: Terahertz pulses emission from cubic semiconductor 

 induced by a transient anisotropic photocurrent ............................................. 61 

3.1 Mechanisms of transient anisotropic photoconductivity .............................. 62 

3.2 Model and calculation ................................................................................... 65 

3.3 THz emission: experiment ............................................................................ 70 

3.4 Results and discussion .................................................................................. 73 

3.5 Chapter summary .......................................................................................... 80 

CHAPTER 4: Anisotropic picosecond photoconductivity caused by  

optical alignment of electron momenta in cubic semiconductors .................... 82 

4.1 Monte Carlo simulation of the transient anisotropic  

photoconductivity ........................................................................................ 83 

4.2 Experimental details ...................................................................................... 87 

4.3 Results of simulation ..................................................................................... 88 

4.4 Experimental observation of anisotropic transient photoconductivity ......... 98 

4.5 Spectral dependence of anisotropy of the photoconductivity in  

InGaAs excited with femtosecond laser pulses ......................................... 100 

8 
 



4.6 Chapter summary ........................................................................................ 109 

MAIN RESULTS AND CONCLUSIONS ........................................................ 111 

REFERENCES .................................................................................................... 115 

LIST OF PUBLICATIONS ............................................................................... 128 
  

9 
 



 

INTRODUCTION 

 
Motivation 

As it is generally known, the main feature of semiconductors 

distinguishing them from metals is that the concentration of charge carriers in 

them can be changed by means of doping or under an external impact such as 

temperature, lighting, electric and magnetic field, etc. It is precisely the 

possibility to control the concentration of electrons and holes, and therefore, 

electric conductivity, that lies in the base of most of semiconductor technical 

applications. 

One of the most remarkable properties of semiconductors is the 

photoconductivity effect, i.e. its ability to change electrical conductivity under 

exposure to light. This phenomenon is always accompanied by absorption of 

radiation which leads to generation of additional electrons and holes in the 

bands or redistribution of the equilibrium carriers over the electronic states. 

Depending on the semiconductor type and its parameters (band gap, impurity 

ionization energy, etc.) this effect can be observed in the infrared, visible or 

ultraviolet range of the electromagnetic spectrum. The phenomenon of 

photoconductivity as well as closely related to it photoelectric effects have 

been studied for quite a long time and find application in semiconductor 

optoelectronics, laser technology, fiber-optic communication systems et al. 

Nevertheless, the interest in investigating these effects is not diminishing. First 

of all, there appear new objects of research, such as wide-band-gap 

semiconductors, quantum-well structures, graphene, etc. Besides, the 

availability of femtosecond laser systems has opened possibilities to 

investigate the dynamics of photoconductivity on a subpicosecond time scale. 

Such a research conduces to deeper understanding of physical mechanisms of 

the photoconductivity and stimulates development of new semiconductor 

optoelectronic devices. 
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The availability of femtosecond lasers has stimulated investigation of 

transient response of semiconductor conductivity and closely related to it 

phenomena, such as the electron velocity overshoot effect [1, 2], the 

picosecond photoconductivity [3-8], the electric field collapse due to a spatial 

separation of photoexcited electrons and holes [9-13], and the terahertz (THz) 

pulse emission [14-17]. With femtosecond optical pulses one can generate 

nonequilibrium electrons and holes, and investigate their transport and 

relaxation to a steady state on a subpicosecond time scale [18-20]. A 

fundamental understanding of the transient electrical response of 

semiconductors excited by femtosecond laser pulses is important for modern 

electronic devices because their operation is governed by the ultrafast carrier 

transport phenomena.  

The transient photoconductivity of semiconductors excited by 

subpicosecond laser pulses is determined by a microscopic dynamics of 

photoexcited carriers under dc electric field and their relaxation toward the 

steady state. These effects have been investigated experimentally with use of 

the optical femtosecond and THz spectroscopy methods. Theoretical 

investigations of electron transport in semiconductors are predominately based 

on the kinetic equation. This equation can be solved analytically for simple 

cases. However, the semiconductor excited by femtosecond optical pulses is 

not a simple system since the realistic band structure, variety of carrier 

scattering mechanisms, electron heating, photocarrier-induced screening, and 

other effects should be taken into account. Therefore, Monte Carlo technique 

[21] capable of taking into account these effects was advanced for numerical 

simulation of the transient electronic transport on a subpicosecond time scale. 

This simulation method allows to clear up the features of photocarrier transport 

within the first few hundreds of femtoseconds after photoexcitation and to 

carry out comprehensive analysis of the experimental data. The Monte Carlo 

technique was, e.g., applied for simulation of picosecond electrical response of 

photoexcited GaAs in uniform dc electric field [2, 5-6], and the ultrafast energy 

relaxation and dephasing of the photoexcited carriers [18-20]. It has been 
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established that the character of the transient response in semiconductors 

depends on the applied dc electric field and the initial photoelectron energy 

immediately after excitation which is determined by the photon energy of the 

exciting laser radiation and semiconductor band gap.  

In spite of the intensive study there remain a number of effects which 

have been ignored on consideration of the picosecond transient 

photoconductivity. One such effect is the optical alignment of photocarriers 

over momenta which results in the anisotropic distribution of photocarriers in 

momentum space. This anisotropy decays within a time scale of several 

hundreds of femtoseconds and therefore it is commonly supposed that the 

optical alignment affect slightly influences on the steady-state transport of 

photocarriers. However, one would expect that the anisotropy of the 

photocarrier momentum distribution will have an appreciable effect on the 

transient transport of photocarriers in semiconductors excited by femtosecond 

laser pulses. The transient photocurrent excited in semiconductors by 

femtosecond laser radiation results in generation of THz pulses. The principal 

part of THz pulse emerges immediately after photoexcitation within the period 

of time compared with relaxation time of the anisotropic distribution of 

photocarriers over momenta arising due to the optical alignment effect. 

Because of this it is of interest to clear up how this anisotropy impacts on THz 

generation mechanism caused by the transient photoconductivity induced in 

semiconductors under femtosecond laser irradiation.  

 

Objective and tasks of this work 

The objective of this work has been to study the influence of the optical 

alignment of photocarriers over momenta on the transient photoconductivity in 

cubic semiconductors excited by femtosecond laser pulses and to investigate 

how this effect is manifested in emission of THz radiation from the 

semiconductor surface. 

In correspondence with this objective, the following tasks were set: 
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1. To build optical pump – THz probe experimental setup with tunable 

wavelength of excitation femtosecond radiation for the investigation of 

anisotropy of photoconductivity. 

2. To investigate the contribution of anisotropic photoconductivity to 

azimuthal anisotropy of THz generation. 

3. To study the anisotropy of optically induced change of THz 

transmission through the sample using optical pump – THz probe 

technique.  

4. To investigate spectral dependence of the anisotropy of picosecond 

photoconductivity. 

 

Novelty and importance of this work 

This thesis focuses on investigation of anisotropic transient 

photoconductivity and THz generation in cubic semiconductor excited by 

femtosecond laser pulses. The dynamics of the transient photocurrent on a 

subpicosecond time scale, and its dependences on orientation and photon 

energy of the exciting femtosecond radiation were studied with use of THz 

spectroscopy methods and Monte Carlo simulation technique. 

Investigation of anisotropic picosecond photoconductivity in cubic 

semiconductors excited by femtosecond laser pulses caused by optical 

alignment of photocarriers over momenta was carried out for the first time. 

It has been shown that the anisotropic photoconductivity makes a 

significant contribution to azimuthal anisotropy of THz generation in narrow-

gap semiconductors. 

Spectral dependence of the anisotropy of picosecond photoconductivity 

was investigated with use of optical pump – THz probe technique for the first 

time. 

  The study of transient photoconductivity in semiconductors excited by 

femtosecond laser pulses is of fundamental importance for understanding of 

photocarrier dynamics on a subpicosecond time scale. These investigations are 

of great practical interest because the ultrafast electronic processes have a 
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profound impact on operation of semiconductor devices operating on a 

subpicosecond time scale. 

 

Statements for defence 

1. In cubic semiconductors excited by linearly polarized femtosecond laser 

radiation optical alignment of photoexcited electrons over momenta and 

nonparabolicity of the electron dispersion law result in anisotropic 

picosecond photoconductivity manifested in arising of the lateral 

photocurrent component.  

 

2. The lateral photocurrent component results in emission of THz pulses 

with the amplitude depending on the angle between the optical polarization 

vector and the crystallographic axes of the semiconductor and explains 

experimental results of both the azimuthal anisotropy of the emitted 

terahertz pulse amplitude and its dependence on the exciting photon energy.  

 

3. The anisotropy of picosecond photoconductivity depends 

nonmonotonically on the wavelength of the exciting femtosecond radiation 

and attains a maximum when the photoelectrons are excited in the states of 

conduction band with the energies near the threshold for the onset of their 

transitions to the subsidiary valleys.  

 

Dissertation layout 

The thesis consists of four chapters.  

In Chapter 1 the physical mechanisms of photoconductivity in 

semiconductors are considered. The origin of the anisotropic photocurrent in 

cubic semiconductors and direct relationship of this effect to the nonlinear 

character of the photoconductivity are discussed from a phenomenological 

point of view. The several microscopic mechanisms of the anisotropic 

photoconductivity in semiconductor under steady-state photoexcitation are 

14 
 



considered. Then the optical alignment effect and associated anisotropic 

photoconductivity are described in more detail. The current state of research on 

the transient photoconductivity in semiconductors excited by ultrashort laser 

pulses is reviewed. The experimental methods and theoretical approach used 

for studies of subpicosecond dynamics of photocarriers under electric field and 

their interband and intraband relaxation are presented.  

Currently THz spectroscopy methods have been widely used for studying 

the carrier transport with a subpicosecond time resolution. Chapter 2 describes 

in detail the mechanisms of THz pulse generation in semiconductors excited by 

femtosecond laser radiation. The methods of THz coherent detection based on 

photoconductive antenna and electro-optic sampling are considered. The 

principles of the THz time-domain spectroscopy and its application for studies 

of the ultrafast photocarrier transport in semiconductors under femtosecond 

laser excitation are described.  

In Chapter 3 the anisotropic photoconductivity in semiconductor excited 

by an ultrashort laser pulse is calculated with the use of the kinetic transport 

equation in collisionless approximation. The anisotropy photocurrent in cubic 

semiconductor arises due to nonparabolicity and nonsphericity of electron and 

hole dispersion laws, and anisotropic distribution of the photocarriers in 

momentum space caused by the optical alignment effect. The semiconductor 

band structure and the initial distribution of photoexcited carriers over 

momenta at the instant of their emergence in the band are calculated on the 

basis of kp-method. Azimuthal anisotropy of THz emission from InAs and 

InSb surfaces excited by femtosecond laser radiation of three different 

wavelengths is experimentally measured. The contribution of the anisotropic 

transient photocurrent into THz emission from semiconductor surfaces and its 

role in the azimuthal anisotropy are studied by comparing the obtained 

experimental data with the results of calculation.  

In Chapter 4 the transient anisotropic photoconductivity in narrow-gap 

semiconductors (InAs and InGaAs) excited by femtosecond laser pulses is 

simulated by using an ensemble Monte Carlo method taking into account the 
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optical alignment of photocarriers over momenta, high-field effects, and 

semiconductor band structure calculated by kp-method. The dependencies of 

the transient photocurrent on polarization direction and photon energy of the 

exciting femtosecond radiation are calculated and investigated experimentally 

by the optical pump – THz probe technique.  

In Summary the results obtained during this work are summarized and 

some suggestions for future research on the picosecond transient 

photoconductivity in semiconductors are presented. 

 

Contribution of the author 

While working on this thesis I assembled all experimental setups, 

performed all measurements and data processing. I took part in experimental 

data analysis, writing of scientific publications and presenting the results at 

conferences. Monte Carlo simulations were performed with use of program 

kindly provided by V. Malevich. First measurements of excitation wavelength 

dependences of THz emission from semiconductor surfaces were performed by 

A. Bičiūnas from Center for Physical Sciences and Technology in Vilnius. 
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CHAPTER 1 

PICOSECOND PHOTOCONDUCTIVITY IN  

SEMICONDUCTORS 
 

In this chapter the main ideas on the photoconductivity of semiconductors 

are set forth, the peculiarities of the photocurrent formation dynamics at 

excitation of semiconductors by femtosecond laser pulses are considered, the 

main methods used for studying the processes of generation, relaxation and 

transition of photoexcited charge carriers on a subpicosecond time scale are 

reviewed. 

 

1.1 Mechanisms of photoconductivity in semiconductors 

When a semiconductor is illuminated by light with quantum energy 

exceeding the band gap, the nonequilibrium electrons and holes are generated 

which are able to carry charge and, consequently, to contribute into electrical 

conductivity [22-24]. In this case, the change in the electrical conductivity can 

exceed the value of dark conductivity (in the absence of light) by many orders 

of magnitude. This phenomenon, known as the intrinsic photoconductivity, is 

determined by interband optical transitions when both the electrons and holes 

contribute to the change in conductivity. In the spectral range corresponding to 

the photons energy lower than the semiconductor band gap, the impurity 

photoconductivity is observed. Depending on the impurity type, the 

contribution to the photoconductivity comes from either electrons or holes 

generated due to impurity-band transitions.  

Charge carries mobility in semiconductors depends on their energy. This 

effect is determined by nonparabolicity of the electron and hole dispersion 

laws as well as by the energy dependence of their momentum relaxation times. 

That is why, in the general case, the contribution to the semiconductor 

photoconductivity comes from the change both in concentration of electrons 

and holes and in their mobility’s. The contribution of the latter effect into the 
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photoconductivity is determined by the fact that the electron and hole 

generated as a result of absorption of a photon with energy ω  possess the 

total energy ( )gω ε−  (where gε is the semiconductor band gap). As a result, 

the energy and, correspondingly, mobility of photoexcited and equilibrium 

carriers can differ significantly. Photoexcited electrons relax to the bottom of 

the conduction band and thermalize within a time comparable to the energy 

relaxation time eτ . That is why if the life time of nonequilibrium electrons in 

the band r eτ τ , then the photoelectrons manage to thermalize, i.e. attain the 

steady state in the conduction band which is characterized by the same 

distribution over energies and momenta as for the equilibrium electrons. In this 

case the relative contribution of the change in mobility into the 

photoconductivity will be minor ( ~ 1e rτ τ  ) and the photoconductivity will 

be mainly determined by changing the concentration of electrons and holes. On 

the other hand, at low temperatures or in specially grown semiconductors the 

condition r eτ τ≤  can be fulfilled. In this case, the contribution into the 

photoconductivity of the changes in both the concentration and mobility of the 

carriers should be taken into account. 

When a semiconductor is irradiated with far infrared radiation, a so-called 

intraband or µ-photoconductivity can be observed which is determined only by 

the change in the carriers mobility owing to their redistribution over electronic 

states at the intraband absorption of radiation [25-27]. It should be noted that 

the intraband photoconductivity can be both positive and negative depending 

on whether the carrier mobility increases or decreases with increase of its 

energy. 

Therefore, there are several mechanisms responsible for the 

photoconductivity in semiconductors. However, further we will confine 

ourselves to considering only the intrinsic photoconductivity determined by the 

interband optical transitions of electrons from the valence band to the 

conduction band. 
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At a quasistationary lighting (lighting duration is significantly longer than 

the characteristic time for intraband relaxation of photoexcited electrons) the 

intrinsic photoconductivity δσ is determined mainly by the change in the 

concentration of electrons nδ  and holes pδ  and equals to 

( )n pe n pδσ µ δ µ δ= +  (where nµ  and pµ  are electron and hole mobility). The 

kinetics of photoconductivity is usually described within the frames of 

diffusion-drift approximation using the continuity equations for electrons and 

holes taking into account the optical generation processes, the Poisson equation 

for the electric field and expressions for the drift and diffusion current of the 

electrons and holes. Under the conditions of uniform generation of electron-

hole pairs the following equation describing the kinetics of the intrinsic 

photoconductivity can be obtained [22]: 

 

( )n p
ph

d e g
dt
δσ δσµ µ

τ
= + − ,                               (1.1)  

 

where phτ  is the photoconductivity relaxation time depending on the life time, 

concentration and mobility of electrons and holes, g Iκν=  is the charge 

carrier optical generation rate, κ  is the coefficient of interband optical 

absorption, ν  is the quantum yield of intrinsic photoeffect, I is the photon flux 

density.  

The simulation of the photoconductivity kinetics basing on Eq. (1.1) with 

the unified relaxation time phτ  is quite a rough approximation as a 

recombination of nonequilibrium carriers occurs through the several channels 

with different relaxation times. However, when considering time phτ  as an 

adjustable parameter, equation (1.1) can be used for obtaining semi-

quantitative estimations. 

It follows from Eq. (1.1) that in the constant relaxation time 

approximation the photoconductivity growth is described by the following 

expression  
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( )( ) 1 exps pht tδσ δσ τ = − −  ,                           (1.2)  

 

where ( )s n p phe gδσ µ µ τ= +  is the photoconductivity value in the steady state. 

After the illumination  is turned off, the photoconductivity decreases 

exponentially 

 

( )( ) exps pht tδσ δσ τ= − .                              (1.3) 

 

It follows from Eqs. (1.2) and (1.3) that under quasistationary excitation the 

photoconductivity and, consequently, the photoconductor sensitivity are 

proportional to the relaxation time phτ . However, the response time of the 

photoconductor will increase with increase of the time phτ . 

 

1.2 Anisotropy of photoconductivity in cubic semiconductors 

In a homogeneous semiconductor the photocurrent is linear in the dc 

electric field and quadratic with respect to the amplitude of the electric field 

radiation. Therefore, the photoconductivity can be considered as a third order 

non-linear effect and the photocurrent density j can be presented as follows 

[28, 29] 

 

,i ijkl j k lj F E Eσ=                                           (1.4) 

 

where iF  and iE  are the components of the dc electric field and the electric 

field of the light, ijklσ  is the photoconductivity tensor. It follows from Eq. (1.4) 

that this tensor is symmetrical with respect to the two last indexes.  

Further we will consider the anisotropic effect in cubic crystals for which 

the electrical conductivity and linear optical properties are isotropic. In this 
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case, xxxxσ , xxyyσ , and xyxyσ  will be the nonvanishing photoconductivity tensor 

components. Besides, in an isotropic medium the condition 

2 0xxxx xxyy xyxyσ σ σ− − = should be fulfilled. 

If follows from Eq. (1.4) that in the general case the photocurrent and dc 

electric field do not necessarily coincide in directions. In the samples opened in 

the transverse direction (perpendicular to the dc field) this will result in the 

transverse photovoltage. Another effect occurring due to anisotropy of the 

photoconductivity is the dependence of the photocurrent along the dc field on 

the polarization direction of the electromagnetic wave field relative to the dc 

field and the semiconductor crystallographic axes. 

There are several known physical mechanisms of anisotropic 

photoconductivity in cubic semiconductors. One of them is realized in many-

valley semiconductors and is determined by a non-uniform population of the 

valleys by electrons excited from the impurity levels by polarized light [28]. 

The anisotropy of electron mobility in an individual ellipsoidal valley results in 

anisotropic contribution of photoelectrons from all the valleys into the 

electrical conductivity. In this case, non-uniform distribution of electrons 

between the valleys is caused by the dependence of the probability of an 

electron optical transfer from the impurity level to the valley on the orientation 

of the latter relative to the radiation polarization vector. The calculations show 

[28] that in this case the transverse photovoltage is proportional to the small 

parameter iv rτ τ  (where ivτ is the time of the intervalley transfers of electrons) 

and can be observed only at low temperatures.  

It is known that at photoionization of an impurity center, the electrons are 

mainly emitted in the direction of the light wave electric field and as a result 

their momentum distribution in the conduction band becomes anisotropic. The 

electrons, the momentum of which constitutes an acute angle with the dc 

electric field direction will slow down and lose their energy under this field 

whereas the electrons with the opposite momenta will accelerate and their 

energy will grow. In Ref. [29] it was shown that under such conditions the 
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energy dependence of the momentum relaxation time of electrons results in the 

appearance of a photocurrent component transversal to the dc field. 

The photoconductivity anisotropy can also result from the anisotropy of 

momentum distribution of electrons and holes generated by interband optical 

transitions [30]. In this case, the reason for the anisotropic distribution is a tight 

relation between the angular moment and momentum of carriers in the valence 

band as well as the selection rules for interband optical transitions. This 

phenomenon, named as the optical alignment of electrons over momenta, leads 

to polarized hot-electron photoluminescence in semiconductors [31, 32]. 

We will consider the case of the optical transitions of electrons from the 

heavy hole subband to the conduction band under exposure to linearly 

polarized electromagnetic radiation. For heavy holes the projection of the total 

angular momentum on the momentum direction can take the value of 

3 / 2M = ± . In the coordinate system with z-axis directed along the 

momentum, these two states correspond to the Bloch functions ( )X iY+ ↑  and 

( )X iY− ↓ , where X and Y are the functions transforming as the corresponding 

coordinates, the arrows characterize the spin direction. Probability W of the 

direct optical transition of an electron to the conduction band with the 

momentum along z-axis is proportional to the square of the dipole moment 

matrix element 

 

( )
2

~W X iY S± de ,                                  (1.5) 

 

where S is the Bloch function of electrons in the conduction band, e is the 

polarization vector of radiation, d is the dipole moment operator. In the dipole 

approximation it is apparent that only matrix elements 

x y zX d S Y d S Z d S= =  are nonvanishing. So, as follows from Eq. 

(1.5), the probability of excitation of an electron with the momentum parallel 

to the radiation polarization vector (along z-axis) vanishes. On the other hand, 

the probability of excitation of electrons with the momenta lying in the plane 
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perpendicular to the radiation electric field will be maximum. Similarly, it can 

be shown that for transition from the light hole subband the momenta of the 

generated electrons and holes are directed predominantly along vector e. 

In the general case, with the use of the wave functions of the states with 

arbitrary direction of momentum p (they are connected by the finite rotation 

matrices with functions for the states with ozp  ), it can be shown that at 

interband absorption of linearly polarized radiation the electrons distribution 

function at the instant of generation takes the form of [31, 32] 

 

0 2( ) ~ 1 (cos )f Pα θ+p ,                                   (1.6)  

 

where θ  is the angle between the radiation electric field vector and the 

electron momentum, 2
2 ( ) (3 1) / 2P x x= −  is the second order Legendre 

polynomial. Parameter 0 1α = − , +1 and 0 correspond to the transitions from 

the heavy, light and spin-orbit split-off holes subbands. Eq. (1.6) describes the 

electron distribution in the spherical approximation when the corrugation of 

constant-energy surfaces of the valence band is neglected. Fig. 1.1 illustrates 

the pattern of Eq. (1.6) for transitions from the heavy- and light-hole subbands.  

In Ref. [30] it was shown that the optical alignment of photoexcited electrons 

over their momenta and the energy dependence of their momentum relaxation 

time results in the anisotropic photoconductivity. The mechanism of the 

anisotropy at interband transitions does not fundamentally differ from the 

mechanism suggested in Ref. [29]. Just as in the case of impurity-band 

transitions, the electrons having at the instance of generation the momentum 

component directed along and opposite to the dc field will lose and, 

correspondingly, gain energy. As the photoelectrons have the velocity 

component perpendicular to the dc electric field, it is apparent that due to the 

energy dependence of the electron scattering rate the contributions of these two 

groups of electrons into the current are no longer compensating each other. As 

a result the photocurrent component perpendicular to the field F will appear.  
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Fig. 1.1. Distribution over the momentum directions of photoelectrons excited from the 

heavy- (a) and light- (b) hole subbands by radiation linearly polarized along vector e. The 

population of state with the corresponding momentum direction is proportional to the length 

of the vector. Spatial distribution is obtained as a result of rotation of the shown distribution 

around the polarization vector. 

 
In the isotropic case the photocurrent can be expressed as  

 

( ) ( )ph α β= +j F EE E FE ,                                (1.7) 

 

where E is an amplitude of the light wave electric field, coefficients α  and β  

can be expressed in terms of the photoconductivity tensor components ijklσ . It 

follows from Eq. (1.7) that the transverse component of the photocurrent which 

is perpendicular to field F is proportional to sin 2β ϑ  (where ϑ  is the angle 

between vectors F and E) and reaches its maximum at 45ϑ =  . At stationary 

photoexcitation the following expression was obtained for coefficient β  

determining the anisotropic part of the photocurrent [30] 
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where m is the effective mass of the electron in the conduction band, κ  is the 

absorption coefficient of optical radiation with frequency ω , pτ  and 2τ  are the 

relaxation times of the first and the second spherical harmonics of the electron 

distribution function depending on its energy ε , 0 gε ω ε= −  is the 

photoelectron kinetic energy at the instance of generation.  As it follows from 

Eq. (1.8) the ratio of the anisotropic part of the conductivity to the ordinary 

photoconductivity is determined by parameter 2 rτ τ . The relaxation time 2τ  of 

anisotropic part of the distribution function (1.6), as a rule, is considerably 

smaller than the carrier life time in the conduction band. That is why under 

stationary excitation and at room temperatures the anisotropic 

photoconductivity is usually minor.  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.2. The mechanism of the surface ballistic photoeffect caused by the optical alignment 

of the photoexcited electrons over momenta and their diffuse surface scattering. 

 

θ 

e 

e

x 

z 

25 
 



Optical alignment of photoexcited carriers over momenta can also result 

in a so-called surface ballistic photoeffect [33] which manifests itself in the 

appearance (under no dc electric field) of the lateral photocurrent parallel to the 

illuminated semiconductor surface. The mechanism of this effect is illustrated 

in Fig. 1.2. Let the radiation linearly polarized in the plane of incidence with 

quantum energy exceeding the band gap impinges on the semiconductor 

surface (z=0) at angle θ . As a result of interband optical transitions, the 

electrons with anisotropic momentum distribution are generated (Fig. 1.2. 

illustrates only the distribution for transitions from the heavy-hole subband).  

Electrons from the upper lobe moving towards the surface will experience 

the surface scattering in contrast to the electrons from the lower lobe. If the 

scattering at the surface is partially diffuse, the electrons flowing to the left will 

lose their momentum more intensively than the electrons flowing to the right. 

In this case the electrons flows to the left and to the right will no longer 

compensate each other and the resulting lateral flow of electrons to the right 

will appear. It is not difficult to understand that the contribution to the lateral 

photocurrent will mainly come from the photoelectrons that reached the 

surface without experiencing volume scattering. That is why the value of the 

surface photocurrent to a great extent depends on the relation between the 

mean free path of electrons in volume Λ  and the length of optical absorption 
1κ − . Under the condition 1κΛ   the surface photocurrent is proportional to 

( )P eIη ωΛ  , where ( ) ( )21η  = − ne ne , n is the normal vector to the 

surface, P is the diffuse reflection factor for electron surface scattering. At a 

normal incidence the surface photocurrent vanishes. 

 

1.3 Photoconductivity excited by ultrashort laser pulses 

The kinetics of intrinsic photoconductivity is determined by the processes 

of intraband and interband relaxation of nonequilibrium electrons and holes 

excited in the course of direct interband optical transitions. The processes of 

the electron-electron scattering as well as interaction of electrons with the 
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lattice result in momentum relaxation of nonequilibrium carriers that manifests 

itself in decay of the anisotropic momentum distribution of photoelectrons. The 

typical time of the intraband momentum relaxation of electrons usually 

constitutes several hundreds of femtoseconds and depends on the density and 

energy of electrons, temperature and the semiconductor parameters. Intraband 

energy relaxation of photoexcited electrons resulting in their losing the 

excessive energy when interacting with the lattice and gaining the same 

distribution over energy as the equilibrium ones, occurs a little slower than the 

momentum relaxation. The point is that an electron momentum relaxation 

usually occurs within one scattering act whereas as a rule several such acts are 

needed for thermalization of photoelectrons. Intraband electron relaxation over 

energy usually occurs as a result of their interaction with optical phonons. 

Certainly, the total time of photoelectrons thermalization will depend on their 

initial energy which is determined by the band structure of the semiconductor 

and the photon energy of the exciting optical radiation. 

At stationary irradiation, part of the photocarriers of the order /p rτ τ  is 

anisotropically distributed over their momentа, whereas the fraction of the hot 

photocarriers distributed isotropically in a momentum space but having 

nonequilibrium energy distribution is proportional to parameter /e rτ τ . At 

room temperature the typical intraband relaxation times of the carriers are 

usually considerably smaller than their life time, and hence the influence of the 

nonequilibrium energy and momentum distribution of photocarriers on the 

photoconductivity are minor. Thus, such effects, like, for example, anisotropic 

photoconductivity, can be observed only at low temperatures. 

Appearance of laser systems generating femtosecond optical pulses 

allows to investigate the dynamics of intraband relaxation of photoexcited 

carriers and the photocurrent in semiconductors with subpicosecond time 

resolution. Ultrafast relaxation of the distribution function of charge carriers 

generated by a femtosecond pulse is usually studied by probing the 

semiconductor with a probe wide-band femtosecond pulse and by measuring 
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the dependence of the transmittance spectrum change on the delay time of the 

probe pulse relative to the pump pulse [34-37]. In this case, the change in the 

optical transmittance of the probe radiation is connected with the effect of 

population of the states in the conduction band and valence band by 

photoexcited carriers, transfers between which result in absorption of the probe 

optical radiation. 

For investigation of intraband relaxation of photoexcited carriers the hot 

photoluminescence spectroscopy technique [31, 38-39] is applied. This effect 

manifests itself in the presence of high-frequency tail of the edge luminescence 

and is determined by the contribution into luminescence of photoexcited 

carriers which recombine before they manage to thermalize. The hot 

luminescence spectrum gives a kind of a time scan of the process of the carrier 

intraband relaxation over energy. The studies of the hot luminescence 

polarization determined by the effect of optical alignment of photocarriers over 

momenta as well as of depolarization of recombined radiation in the magnetic 

field allow measuring both the time of energy relaxation and the time of 

momentum anisotropy relaxation. In Ref. [40] the method of 

photoluminescence with subpicosecond time resolution was applied for 

investigating the dynamics of hot photocarriers relaxation.  

In the general case, the electrons can be excited from three valence 

subbands, including the subbands of the heavy, light and spin-split-off holes. 

Therefore, if the photon energy exceeds the threshold energy for transition 

from the spin-orbit split-off subband, at the instant of photoexcitation the 

energy distribution of electrons in the conduction band takes the form of three 

peaks. Initial width of these peaks is determined by the spectral width of the 

pump femtosecond pulse as well as by the bands corrugation. If the energy of 

the photons is smaller than the threshold value, two peaks will be observed in 

the distribution of photoelectrons which correspond to the transitions from the 

heavy and light-hole subbands. 

At direct optical transitions, the energies of the states being populated 

with photoexcited carriers, are almost uniquely determined by the exciting 

28 
 



photon energy. Therefore, the evolution of the distribution of photoexcited 

carriers over energy can be defined out of the measurement of the spectral 

dependence of the probe radiation transmittance change on the delay time. For 

interpretation and analysis of results of the measurements the Monte Carlo 

simulation is usually used 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1.3. GaAs band structure. 

 

[37, 19] which allows to take into account the actual band spectrum, the variety 

of carrier scattering mechanisms and other effects which are difficult to take 

into account within the frames of an analytical approach. The authors of Ref. 

[37] with the use of the femtosecond pump-continuum-probe method and the 

Monte Carlo simulation have studied the subpicosecond dynamics of 

photocarriers in the Al0.1Ga0.9As semiconductor. It was shown that 

considerable impact on dynamics of intraband photocarrier relaxation comes 

from the intervalley transfers of photoelectrons which occur when they are 

excited towards the conduction band states with the energy higher than the 

bottom of the lateral valleys. In this case, the intraband relaxation process 

occurs in the following way. Photoexcited electrons being excited by light 
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from the valence band towards the states of the central Г-valley, very quickly 

(within less than 100 fs) are scattered to the lateral L- and X-valleys where 

they relax to their bottom. Then within approximately several picoseconds they 

return back to the central valley and then, by scattering predominantly on the 

optical phonons, go down to the bottom of this valley where they reach the 

state of local intraband equilibrium state. Comparatively long time of the 

electrons transfer from the lateral valleys to the central valley results from high 

density of the electron states in the lateral valleys comparing to the central 

valley. 

The dynamics of the intervalley transfers of electrons was studied in 

GaAs with the use of the optical pump – terahertz probe method. The 

dependence of the reflection [3] and transmittance [41] of a probing THz pulse 

on the delay time of this pulse relative to the optical pump pulse was measured. 

The time dependence of mobility of photoexcited electrons and the time of 

intervalley L-Г transfers were calculated out of the transmittance and reflection 

spectra on the basis of the Drude model. 

In Ref. [40] the dynamics of intervalley transfers in GaAs was 

investigated using the photoluminescence method with subpicosecond time 

resolution. It was found that the photoluminescence signal was considerably 

delayed relative to the pump pulse and reached its maximum only in 10 ps after 

the pump pulse. Such a long delay time is explained by the low rate of 

photoelectron transfer from the L-valley to the central Г-valley. 

At the initial stage when the interband recombination processes are still 

minor the distribution function of photoexcited electrons and holes is usually 

formed as a result of the generation and intraband relaxation processes. The 

dynamics of these processes is usually described using the semiclassical 

approach wherein the Boltzmann equations for electron and hole distribution 

function are solved. This approximation, however, does not take into account 

the phase coherence between photoexcited electrons and holes and hence it is 

justified when the pump optical pulse duration is longer than the phase 

coherence relaxation time. For shorter pulses the semiconductor excitation 
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should be analyzed on the basis of the system of semiconductor Bloch 

equations [42] containing the equations both for the distribution function of the 

carries within the bands and the interband polarization induced by an optical 

pulse. In this case the photoexcitation process occurs in two stages: first, under 

the exposure to the optical pulse the coherent interband polarization is excited, 

then, as a result of interaction of this polarization with the electric field of the 

pulse the electrons and holes are generated. In a number of Refs. it was shown 

theoretically [20, 43-45] and experimentally [39] that the coherence effects 

become essential at pulse durations less than 100 fs and result in faster energy 

relaxation of photoexcited carriers. 

Relaxation of anisotropy of photocarrier momentum distribution occurs 

within one or two collisions. It is evident that particularly this time will 

determine the time of the phase coherence relaxation of photoexcited electrons 

and holes. For the first time the decay dynamics of anisotropy of photoelectron 

momentum distribution was studied in Ge [46] using the technique of the probe 

optical pulse diffraction on the lattice of the electrons anisotropically 

distributed in a momentum space. Such a lattice was formed by an optical field 

with polarization periodically changing in space. The anisotropy of absorption 

saturation of a probe optical pulse in GaAs pre-excited by an intensive linearly 

polarized laser pulse was studied in Ref. [47]. The quantum energy of the 

exciting radiation was chosen so that the excessive energy of photoelectrons in 

the band was lower than the threshold of the optical phonon emission and the 

main contribution into the momentum relaxation would come from the 

electron-electron interaction. The dependence of absorption anisotropy on the 

delay time between the probe and pump pulses was measured. It was found 

that at the density of electron-hole pairs of 6·1017 cm-3, the decay time of 

momentum distribution anisotropy was about 190 fs. 

The intraband relaxation time of photoexcited carriers depends on the 

band structure of the semiconductor, photon energy of the exciting radiation, 

dc electric field strength and density of the electron-hole plasma. At the 

intraband relaxation stage which usually ranges from several hundreds of 
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femtoseconds to several tens of picoseconds, the effects connected with 

ballistic transport, heating and intervalley transfers of electrons can emerge. 

Peculiarities of the hot carriers dynamics in the electric field connected with 

these effects manifest themselves on subpicosecond and picosecond time 

scales and lead to the so-called transient photoconductivity. 

In a weak electric field not resulting in the charge carrier heating, the 

transient photoconductivity is defined by the dynamics of the photoexcited 

carrier intraband relaxation depending on the initial energy of photoelectrons in 

the conduction band, which, in turn, is defined by the photon energy of the 

exciting radiation and the semiconductor band structure parameters. At room 

temperatures the main mechanism of energy relaxation of hot photoelectrons is 

the emission and absorption of optical phonons. In the low temperature region 

0 / BT kω<   (where 0ω is the frequency of optical phonons, Bk  is the 

Boltzmann constant) the main relaxation process is the spontaneous emission 

of optical phonons. When an electron reaches the passive region where its 

energy ε  becomes lower than 0ω , this process is prohibited and the acoustic 

phonon scattering can contribute into the energy relaxation. The total time of 

energy relaxation of photoelectrons to the bottom of the conduction band 

increases with growth of the photoelectron initial energy and in А3В5 

semiconductors usually constitutes from several hundreds of femtoseconds to 

several picoseconds [48]. Electron-electron scattering can also impact on the 

energy relaxation of photoexcited electrons. Though these processes do not 

result in the change of the total energy of the electron subsystem they may 

cause re-distribution of electrons over their energies so that some electrons 

from the passive region can jump to the active region ( 0ε ω>  ) and pass the 

energy to the lattice by emitting an optical phonon.  

Under the condition when the main mechanism of energy relaxation of 

photoexcited electrons is the cascade emission of polar optical phonons, the 

transient photoconductivity can manifest a nontrivial dependence on time in 

the first few picoseconds after excitation by a subpicosecond laser pulse [7, 49-
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50]. Thus, if the initial energy of photoexcited electrons counted from the 

bottom of the conduction band is close to a multiple of the polar optical 

phonon energy, the photoconductivity on a picosecond timescale can become 

negative. This effect was theoretically considered in GaAs on the basis of the 

transport Boltzman equation [7, 49-50]. The analysis was made on the 

assumption that the density of the electron-hole plasma is low and the impact 

of the carrier-carrier interaction on the energy relaxation of electrons can be 

neglected. It was also assumed that photoelectrons were excited towards the 

states lying lower than the bottom of overlying subsidiary valleys and so their 

intervalley scattering can be neglected. Here it should be noted that such a 

mechanism of absolute negative photoconductivity under stationary 

photoexcitation was for the first time considered in Refs. [51, 52].  

In Ref. [53] the linear high-frequency conductivity of hot electrons in 

GaAs was theoretically studied. It was shown that in the first few picoseconds 

after subpicosecond excitation the conductivity behaves in a non-trivial way 

and cannot be described using the Drude expression. When the initial energy of 

photoelectrons is a multiple of the polar optical phonon energy, the real part of 

the high-frequency transient conductivity manifests a peak in the terahertz 

frequency range which shifts to the low-frequency region with time increase. 

The imaginary part of the photoconductivity in this case shows an oscillating 

dependence on the frequency. 

When the initial energy of photoelectrons is close to or higher than the 

threshold energy of intervalley transfers, the energy relaxation time can 

considerably increase. Slowing-down of relaxation rate is connected here with 

longer time of photoelectron scattering from the lateral valleys to the central 

valley. This effect was observed in GaAs [3] in which the dynamics of 

transient mobility of electrons excited by femtosecond pulses with the photon 

energy of 2 eV was measured with subpicosecond time resolution. 

Ballistic lateral transport of photoexcited electrons in the electric field 

was experimentally studied in GaAs quantum well structure [54, 10]. 

Femtosecond laser radiation excites electrons in the states close to the bottom 
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of the conduction band. The distribution function of the excited photoelectrons 

and its evolution over time were found basing on the dependence of the change 

in transmittance spectrum of a probe femtosecond pulse on the delay time of 

this pulse relative to the pump pulse. It was shown that in the structure under 

investigation the photoexcited electrons are ballistically accelerated by the 

field within approximately 150 fs. 

When the electric field is strong enough to result in heating of 

photoexcited electrons, a so-called velocity overshoot effect can appear [55]. 

This effect lies in the fact that in the first several hundreds of femtoseconds 

after photoexcitation, so far the photoelectrons still move in the quasi-ballistic 

mode, their drift velocity can several times exceed the value of the stationary 

velocity. In semiconductors like GaAs the velocity overshoot effect results 

from the intervalley transfer of hot photoelectrons from the central valley to the 

lateral valleys characterized by a larger effective mass. The electrons excited 

by optical radiation to the central valley accelerate in electric field F and 

within time t that is of the order of their momentum relaxation time achieve 

velocity ( ) /v t eFt m=  and energy 2 2 2( ) 2it e F t mε ε= +  (where m is the 

effective mass of the electrons in the central valley, iε  is the initial energy of a 

photoelectron). When the electrons reach the threshold energy they are 

transferred to the lateral heavy valleys of the conduction band where they slow 

down. If the electric field is strong enough, the velocity of electrons in the 

central valley ( )v t  can reach the value exceeding the average stationary 

velocity which is determined by the electron velocities in the central and lateral 

valleys and the population degree of the latter. 

In Ref. [1] it was experimentally established that in the first several 

picoseconds after the femtosecond optical excitation the drift velocity of 

photoelectrons in GaAs is approximately twofold bigger than the value of the 

steady velocity. The velocity of electrons was found basing on the dynamics of 

the electric field change owing to the screening effect determined by spatial 

separation of photoexcited electrons and holes. The electric field was measured 
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from the change in absorption of the probe radiation in the spectral range near 

the band gap edge which was determined by the transient Franz-Keldysh 

electro-optical effect. 

The transient carrier response in electric fields with strengths up to 130 

V/cm was studied in GaAs and InP by the use of the THz emission 

spectroscopy technique with time resolution of 20 fs [56, 16]. The 

contributions of coherent lattice oscillations and of the free charge carriers into 

THz generation were investigated separately. It was found that as a 

consequence of the velocity overshoot effect the peak velocity of electrons 

reached 8·107 cm/s in InP and 6·107 cm/s in GaAs. 

The transient electrical response of GaAs, excited by a subpicosecond 

laser pulse, in a homogeneous electric field has been simulated by using the 

ensemble Monte Carlo method [5]. For calculation of the band structure and 

matrix elements of direct optical transitions of electrons from three valence 

subbands to the conduction band, the kp-method was used. In the Monte Carlo 

simulation of the electron transport a three-valley conduction band model was 

used. The electrons scattering by acoustic, optical and intervalley phonons was 

taken into account. On calculating the initial distribution function of the 

photoelectrons over energies the broadening of the electron states due to the 

electron scattering and their drift in the electric field was taken into account. 

The results of the simulation show that the threshold strength of the electric 

field resulting in the velocity overshoot effect increases with increase of the 

exciting photon energy. For example, in the electric field of 5 kV/cm the effect 

occurs under excitation by photons with 1.5 eV energy but is absent under 

excitation by 1.7 eV photons. It has been shown that the velocity overshoot 

effect appears under the condition that the average steady energy of 

photoelectrons in the electric field exceeds their energy at the instant of 

excitation. 

As the Monte Carlo simulations show [5], at excitation of GaAs by 

femtosecond radiation with the photon energy of 2 eV, the velocity overshoot 

effect is absent in the electric field with strength less than 20 kV/cm. However, 
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this conclusion contradicts to the experimental results, as this effect was 

observed at lower fields [57]. Besides, it was determined that the measured 

duration of the photocurrent surge several-fold exceeded the calculated value. 

The authors of Ref. [9] assumed that the experimentally observed photocurrent 

surge in GaAs at 2 eV femtosecond excitation is conditioned not by the 

velocity overshoot effect but occurs as a result of screening of the applied 

electric field due to a spatial separation of photoexcited electrons and holes. To 

confirm this conclusion the Monte Carlo simulation of photocarriers transport 

taking into account the electric field screening effect was carried out. The 

calculations show that at 2 eV excitation the effect of the electric field collapse 

due to the screening results in the photocurrent surge in GaAs with a 

characteristic decay time determined by the dielectric relaxation time 

depending on the density of the photoexcited electron-hole plasma. When the 

density of the photoexcited plasma is of 1017 cm-3 the threshold value of the 

electric field strength resulting in this effect constitutes about 3 kV/cm whereas 

the duration of the photocurrent pulse is of several picoseconds. Decrease of 

the excitation intensity results in increase of the photocurrent pulse duration 

and threshold value of the electric field.  

The peculiarities of the transient photoresponse of GaAs excited by a 

subpicosecond laser pulse with quantum energy of 2 eV have been studied with 

the use of the electro-optical method and Monte Carlo simulation [6, 58]. The 

calculations show that on exciting the electrons towards the states of the 

conduction band lying above the bottom of the lateral L-valley, the major 

contribution into the velocity overshoot effect comes from the electrons which 

at the instant of excitation have a velocity component along the electric field. 

Under the electric field these electrons slow down and their energy becomes 

lower than the threshold energy of  transfer to the lateral valleys. As a result, 

particularly these electrons remain in the central valley and result in the 

velocity overshoot effect. It is noted that the photocurrent growth begins not 

immediately after the pump pulse but within some time delay depending on the 

electric field strength. This delay is defined by the time required to accelerate 
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the electrons moving at the instant of photoexcitation along the field and 

transfer them in the states with the velocity component directed against the 

electric field. The velocity overshoot effect and the delay depending on the 

electric field strength were observed in GaAs at 2 eV photoexcitation. The 

threshold electric field for the velocity overshoot effect considerably depends 

on the deformation potential constant for the Γ-L intervalley transfers. In Ref. 

[6] it is shown that the value of this constant can be defined by comparing the 

calculated and experimentally measured values of the threshold electric field 

resulting in the velocity overshoot effect. 

At high intensities of optical excitation when the density of photoexcited 

electron-hole pairs exceeds 1017 cm-3 it is necessary to take into account the 

impact of the electron-hole interaction on the picosecond photoresponse. In 

Ref. [2] the photoresponse of GaAs excited by 1.55 eV femtosecond pulse in a 

strong electric field was simulated by Monte Carlo method taking into account 

the electron-hole scattering. It has been found that at the excitation intensity 

corresponding to the density of electron-hole pairs of 1018 cm-3, the energy and 

momentum transfer from the electron- to the hole-subsystem due to the 

electron-hole interaction results in the decrease of fraction of electrons in the 

lateral valleys and of the average electron velocity. 

As a result of the carriers capture by the surface states a space charge 

region can be formed in a semiconductor near its surface. For typical 

semiconductors the thickness of this region depends on the doping level and 

constitutes from 10-6 to 10-3 cm, i.e. it can be comparable with the absorption 

depth of light. In highly doped semiconductors the strength of electric field 

induced by such a space charge can achieve the value of several megavolts per 

centimeter. When a semiconductor surface is excited by femtosecond laser 

radiation, the photoexcited electrons and holes are spatially separated by the 

space charge field. The occurring polarization results in the screening of the 

surface electric field, the dynamics of which is determined by the photocarrier 

transport. Therefore, by means of exciting the electrons and holes close to the 
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semiconductor surface by femtosecond laser pulses it is possible to investigate 

subpicosecond dynamics of the electric field and photocarriers. 

In Ref. [11] the subpicosecond dynamics of screening of the built-in 

surface field close to a GaAs surface excited by femtosecond laser pulses was 

experimentally and theoretically studied. The field dynamics was defined from 

the change of the reflectivity from the photoexcited semiconductor surface 

which is caused by the electro-optical effect in the space charge field. The 

dependence of the reflection coefficient of the probe femtosecond pulse on its 

delay time relative to the pump pulse generating electrons and holes was 

measured. The dynamics of the charge carriers and surface electric field 

screening was calculated self-consistently with the use of the diffuse-drift 

approximation. The time of the built-in electric field screening which was 

measured using the electro-optic method was consistent with the calculation 

results and ranged from several hundreds of femtoseconds at high density of 

electron-hole pairs (~5·1018 cm-3) to several picoseconds at low density 

(~5·1016 cm-3). 

The subpicosecond dynamics of the surface electric field screening in 

GaAs was also studied using the time-resolved photoluminescence method 

[12]. As in the previous work [11] the analysis and interpretation of the 

measured kinetics of photoluminescence decay was carried out by comparing 

experimental data with the results of simulation of the electric field and 

photocarrier dynamics which were obtained as a result of self-consistent 

solution of the continuity equations for electrons and holes and the Poisson 

equation for the electric field. 

The steady-state photoconductivity is usually analyzed within the frames 

of a simplified model when the processes of the carrier generation by light and 

their intraband transport under dc electric field are considered separately, i.e. 

not taking into account the quantum coherence effects determined by the 

interference of intraband and interband electron transitions in dc and light 

wave electric fields. Such a semi-classical approach, however, can be unjust 

when considering the subpicosecond photoconductivity dynamics. That is why 
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the rigorous theory of photoresponse of semiconductors excited by 

femtosecond laser pulses should be developed basing on the quantum-

mechanical approach. The most general expression of the third order nonlinear 

conductivity tensor ijklσ  (see (1.4)) determining photoconductivity was 

obtained by Genkin and Mednis [59]. The obtained expression describes the 

photoresponse of a semiconductor excited by optical radiation with photons 

energy both higher and lower than the band gap. In the former case the 

radiation generates real carriers which contribute into the photocurrent. In the 

latter case, when the photon energy is lower than the fundamental absorption 

edge of semiconductor, the expression for the non-linear conductivity describes 

the so-called virtual photoconductivity [60-65]. This effect implies that the 

low-frequency polarization occurs and it can be considered as the inverse 

Franz-Keldysh effect. Contrary to the real photoconductivity, the virtual 

photoconductivity is almost instantaneous as in this case there is no generation 

of real electrons and holes in the bands. 
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CHAPTER 2 

TERAHERTZ SPECTROSCOPY OF 

SEMICONDICTORS 
 

In this chapter the mechanisms of generation of terahertz electromagnetic 

pulses in semiconductors excited by femtosecond laser radiation are 

considered. The methods of coherent detection of terahertz radiation using 

photoconducting antennas and the electro-optical effect are described. The 

basic principles of terahertz spectroscopy and peculiarities of its application for 

investigation of ultrafast electron transport in semiconductors excited by 

ultrashort laser pulses are presented. 

 

2.1 Generation of terahertz electromagnetic pulses in semiconductors 

A photocurrent surge excited in a semiconductor by femtosecond laser 

radiation can be a source of terahertz electromagnetic radiation. This 

phenomenon in the basis of the operation of photoconductive semiconductor 

antennas used for generation of wide-band pulses of terahertz radiation [66-

68]. The radiating antenna represents a stripline, formed at the surface of a 

photosensitive semiconductor material, to which the constant bias is applied 

(Fig. 2.1). When the gap between the stripline electrodes is irradiated by an 

ultrafast laser pulse, in the semiconductor a photocurrent surge is generated 

which excites the antenna. The amplitude of the THz electric field in the far 

field region is determined by acceleration of photocarriers, i.e. it is 

proportional to the derivative of the photocurrent with respect to time. When 

the excitation level is low the amplitude of a terahertz pulse is proportional to 

the energy of the pump laser pulse and the strength of the bias. In a real 

situation the energy of a terahertz pulse experiences saturation with increase of 

the laser pulse energy. It is related to the screening of the interstrip electric 

field by photoexcited carriers and the reaction of the generated terahertz 

radiation. Increase of the bias field also encounters limitations related to the 
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possible electric breakdown of the substrate. A possible thermal breakdown 

caused by decrease of the semiconductor resistance owing to its heating under 

photocurrent and laser radiation also restricts the amplitude of generated THz 

field. That is why for obtaining efficient THz generation in a photoantenna it is 

necessary to use semiconductor materials with high enough photocarrier 

mobility and high breakdown voltage.  

At present the highest efficiency of THz generation is achieved at GaAs 

photoconductive antennas excited by the radiation of femtosecond titanium-

sapphire lasers. At the best samples of such antennas the conversion efficiency 

(over energy) is achieved at a level of 10-4. In such antennas layers of so-called 

LTG-GaAs (gallium arsenide obtained by the method of molecular beam 

epitaxy to a cold substrate) are usually  used as a photoconductive  material. 

 
Fig. 2.1. THz pulses emission with a photoconductive antenna. 

 
This semiconductor material is characterized by a high enough breakdown 

voltage and high mobility of the current carriers. However, its main peculiarity 

is the very short life time of nonequilibrium photocarriers which allows to use 
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less than 200fs have been obtained using the method of low-temperature 

molecular beam epitaxy; the photoconductive antennas made from this 

semiconductor are able to generate and detect THz radiation within the 

frequency range of 0.1 – 5THz. 

Recently relatively cheap and compact femtosecond laser systems 

generating radiation within the range of 1 – 1.5µm have been developed. In 

this spectral range the GaAs-based photoconductive antennas prove to be 

inefficient as the photosensitivity of this semiconductor is very low. Therefore 

photoconductive antennas based on more narrow-gap InGaAs [69, 70] and 

GaBiAs [71] semiconductors which can be excited in the wavelength range of 

1 – 1.5µm were developed and made. 

Recently it has been shown that under excitation of a semiconductor 

surface with femtosecond laser pulses a large enough THz radiation can be 

generated [14-15, 72]. This effect was observed at femtosecond irradiation of 

different semiconductor materials, including those having quite long 

photocarriers life time. It was shown that the highest efficiency of THz 

generation was achieved in narrow-gap semiconductors, like InAs, which had 

the optical absorption edge in the middle infrared spectrum range.  

The effect of THz generation by surfaces of semiconductors irradiated by 

femtosecond laser pulses has quite a universal character and can be of interest 

for THz spectroscopy of semiconductors. It should be noted that in comparison 

with a photoconductive antenna the irradiated surface of a semiconductor 

generates a wider and less divergent far field THz beam which might appear 

significant for applications in THz imaging systems. The ease of making the 

surface THz emitters is also an important advantage. Unlike photoconductive 

antennas, their fabrication does not require expensive technological techniques 

like, for example, molecular beam epitaxy or ion implantation. In this case, the 

requirements to the semiconductor material parameters, in particular to the life 

time of nonequilibrium carriers, are not that strict as in the case of THz 

emitters based on the photoconductive antennas. 
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We will consider in more detail the main mechanisms of THz pulses 

generation by the surfaces of semiconductors excited by femtosecond laser 

radiation. THz radiation from a photoexcited surface of a semiconductor is 

caused by a dynamic dipole which is induced near its surface when excited by 

a femtosecond laser pulses. The contributions to the formation of this dipole 

come from a photocurrent surge and non-linear polarization at the frequency of 

the envelope of the pump laser pulse. Relative contributions of these 

mechanisms to THz pulses generation depends on the type and parameters of 

the semiconductor as well as on the intensity of the exciting optical radiation. 

In the dipole approximation the electric field of THz radiation in the far 

field region can be expressed in the following form [72, 73]: 

 

2

2 2
0

THz
S j PE dz

c R t t

∞  ∂ ∂
= − + ∂ ∂ 

∫ ,                              (2.1) 

 

where c is the speed of light in vacuum, R is the distance from the observation 

point to the emitting region, S is area of the illuminated zone at the 

semiconductor surface, j and P are the projections of the photocurrent density 

and non-linear polarization on the polarization direction of THz field. 

Integration in expression (2.1) is performed over the sample depth, the z-

axis is directed into the bulk of the semiconductor. Expression (2.1) is non-

applicable when the diameter of the illuminated area becomes larger than the 

wavelength of the generated THz radiation. In this case the THz field should be 

calculated taking into account the diffraction effect, i.e. by adding up the 

contributions of the separate emitting regions to the field taking into account 

the phase shift between them. 

In semiconductors with strong surface band bending, such as, for 

example, GaAs and InP [14, 74-76], THz radiation is induced by a 

subpicosecond photocurrent j(t) appearing as a result of the interband 
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excitation of electrons and holes under femtosecond laser radiation and their 

following spatial separation in the built-in electric field (Figure 2.2). The 

opposite polarity of the THz field generated in GaAs with n- and p-type of 

conductivity that is explained by different polarity of the depletion electric 

field in these samples [74] also counts in favor of this mechanism. The 

photocarrier transport in the depletion layer is accompanied by the spatial 

redistribution of charge and the electric field screening effect. When the 

photoexcitation level is low and the concentration of photocarriers is quite 

small, the screening effect can be neglected. However, since the intensive laser 

radiation is usually used to excite THz radiation, the photocarrier density can 

considerably exceeds the concentration of the equilibrium carriers. Therefore, 

when investigating the dynamics of photocurrent surge and emitted THz 

electric field in photoexcited semiconductors, the photocarrier transport and the 

dynamics of the built-in field screening should be considered self-consistently. 

 

 
 

Fig. 2.2. THz pulse generation from semiconductor surface under femtosecond laser 

radiation. 
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The dynamics of photocarriers and depletion electric field was analyzed 

basing on self-consistent solution of the transport equations for electrons and 

holes in the diffusion-drift approximation and Poisson’s equation for the field 

[11]. However, the diffusion-drift approximation does not take into account a 

wide range of effects such as the carrier heating by the depletion field and 

radiation, velocity overshoot effect, reactive current component, etc. Strictly 

speaking, this approximation is not quite correct when considering THz 

generation because the processes determining the dynamics of this effect occur 

at the times of ~10-13 s which are comparable with the momentum relaxation 

time of the carriers in the semiconductor. 

For the most complete description of subpicosecond dynamics of the 

photocurrent surge and THz field emitted from the semiconductor surface the 

ensemble Monte Carlo method [77] should be used, wherein the carrier motion 

in a fast-varying non-uniform electric field calculated self-consistently from 

Poisson’s equation is scholastically simulated. Using this approach it is 

possible to take into account the influence of ballistic and heating effects on 

the photocarrier transport as well as variety of carrier scattering mechanisms, 

and real electronic structure of semiconductor considering such effects as 

corrugation of the valence band, nonparabolicity and multi-valley character of 

the electron spectrum, and et al. 

As follows from the experimental data, the shape of a THz pulse can be 

both bipolar and oscillating. In Refs. [78, 79] the oscillating waveform of the 

THz field generated in the p-i-n structures and at the GaAs surface when 

excited by femtosecond radiation was associated with plasma oscillations of 

electrons. This mechanism of THz generation is usually considered as an 

independent one. However, in the reality it does not fundamentally differ from 

the mechanism caused by the photocurrent surge, because the plasma 

oscillations appear as a result of collisionless transport of carriers in a self-

consistent electric field. In Ref. [77] on the basis of the ensemble Monte Carlo 

method the self-consistent dynamics of the depletion electric field and 

photoexcited carriers was simulated and the THz pulses generation from GaAs 
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surface was investigated. It was shown that in the hydrodynamic regime 

wherein the scattering rate of electrons exceeds the plasma frequency, the THz 

pulse has a bipolar shape. In the collisionless mode wherein the plasma 

frequency exceeds the frequency of electrons scattering , screening of the 

surface field is accompanied by plasma oscillations which results in the 

oscillating shape of a THz pulse. 

Recently, the THz pulses emission from the surfaces of narrow-band 

semiconductors, like InAs and InSb excited by femtosecond laser radiation 

have been intensively studied. In these semiconductors the surface band 

bending is small and so the mechanism of THz generation realized in them 

differs from that in GaAs and InP. The photocurrent surge generating THz 

radiation in narrow-gap semiconductors appears as a result of the Dember 

effect [22-24], which is caused by the spatial separation of photoexcited 

electrons and holes generated near the irradiated surface and moving with 

different velocities inward the sample. This mechanism of THz generation is 

supported by the experimental data from which it follows that in narrow-band 

semiconductors the polarity of a THz signal does not depend on the type of 

conductivity [80-82]. 

The Dember effect was investigated at quasistationary photoexcitation 

and was analyzed using mainly the diffusion-drift approximation. However, 

this approach is quite rough as it does not take into account the effects of 

ballistic transport and carrier heating by light. The dynamics of photo-emf at 

the initial time after photoexcitation was considered basing on the kinetic 

approach [83, 84]. It was determined that in this case the photo-emf and 

photocurrent reach maximum values at the ballistic stage of movement of 

photoexcited electrons and holes reflected from the irradiated surface and 

moving with different velocities inward the semiconductor. The Monte Carlo 

simulation shows [84] that in InAs excited by femtosecond pulses the photo-

emf in the maximum reaches 1 V and the photocurrent surge resulting from the 

spatial separation of electrons and holes makes a considerable contribution to 

the generation of THz pulses. 
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The dependences of amplitudes of THz field generated from InAs and 

InSb surfaces on the quantum energy of the exciting femtosecond laser 

radiation were studied [85, 86]. It was found that the efficiency of THz 

generation nonmonotonically depends on the quantum energy of the exciting 

radiation. At first, it grows with increasing the photon energy and reaches the 

maximum in the vicinity of the threshold for photoelectron transfers to the 

lateral valleys. At higher photon energy the intervalley transfers result in a 

considerable reduction of generated THz field. In InAs the maximal efficiency 

of THz generation is reached at excitation by 800nm radiation of titanium-

sapphire lasers. Under excitation by a fiber erbium lasers generating at 1560nm 

wavelength high efficiency of THz generation can be obtained in InSb. 

Efficiency of THz generation in some semiconductors can be 

significantly increased by applying magnetic field in parallel to the irradiated 

surface [87-92]. The magnetic field leads to appearance of the photocurrent 

Hall component generating radiation in the direction perpendicular to the 

semiconductor surface. This radiation does not essentially undergo total 

internal reflection and hence it can efficiently escape from the semiconductor. 

Increase of THz generation efficiency approximately by one order of 

magnitude was observed in GaAs and InAs under exposure to a magnetic field. 

In semiconductors excited by femtosecond laser radiation the non-linear 

polarization can be generated at the frequency of the laser pulse envelope. This 

effect, known as a non-linear optical rectification, can substantially contribute 

into generation of THz pulses [93-100] (Figure 2.3). In cubic crystals without 

the inversion center (including the semiconductors of group А3В5) both the 

second and the third order optical nonlinearities can contribute into the low-

frequency non-linear polarization; in so doing the third order contribution is 

proportional to the strength of the surface electric field. The most important 

peculiarity of THz generation caused by the effect of optical rectification is its 

azimuthal anisotropy, i.e. dependence of efficiency of THz generation on 

orientation of the polarization vector of the exciting radiation relative to 

crystallographic axes of the semiconductor. The type of the azimuthal 
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anisotropy depends on the crystallographic orientation of the semiconductor 

surface plane; nonlinearities of the second and the third orders can result in 

different azimuthal dependences of the THz signal. It allows to separate the 

contributions of the volume and electric field induced mechanisms to the 

optical rectification effect and THz generation [99]. The experimental and 

theoretical investigations [99] of the azimuthal anisotropy of THz generation 

from different crystallographic planes in InAs show that the volume 

contribution is negligible while the mechanism of THz generation caused by 

the third order optical rectification effect prevails. 

 

Fig. 2.3. THz pulse generation due to optical rectification effect. 

 
At present the highest efficiency of THz generation is obtained at 

excitation of (111) surface of p-InAs by femtosecond laser radiation of a 

titanium-sapphire laser [98]. Usually it is assumed that the main contribution to 

generation of THz pulses in this semiconductor comes from the Dember effect 

[80-82]. However, experimentally observed azimuthal dependence of THz 

generation [98, 101] witnesses that in this semiconductor a considerable 

contribution to THz generation is made by the optical rectification effect. At 
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high excitation level when the Dember effect is saturated the contribution of 

the optical rectification effect to THz generation can become dominant. 

The mechanism of THz generation in InAs stems from the third order 

non-linear optical rectification effect in the electric field induced by the spatial 

separation of photoexcited electrons and holes moving in the quasiballistic 

mode from the illuminated surface into the bulk of the semiconductor [102]. 

This mechanism allows to explain the main peculiarities of THz generation in 

this material, including azimuthal anisotropy as well as dependence of the THz 

field on the magnetic field and quantum energy of the exciting radiation. 

Polarization induced by polar optical phonons generated at femtosecond 

laser excitation of some semiconductors can also be the source of THz 

radiation. This mechanism of THz emission is presumably realized at 

femtosecond excitation of Te surface [103]. In this semiconductor the coherent 

generation of optical phonons results from interaction of the Dember electric 

field caused by a spatial separation of photogenerated electrons and holes with 

the lattice polarization. 

It should be noted that in the spectral range higher than the fundamental 

absorption edge of semiconductor the photoconductivity can be considered in 

terms of a non-linear third order optical rectification effect and so the 

difference between the mechanisms of THz generation caused by the third 

order optical rectification effect and photoconductivity is conditional enough. 

Azimuthal anisotropy of THz generation and presence of the s-polarized 

component in the THz field, the effects which usually serve as an evidence of 

contribution of the third order optical rectification effect to THz generation, 

can also be explained in terms of the anisotropic picosecond 

photoconductivity. The effect of THz field enhancement in the magnetic field 

[104] as well as its non-monotonic dependence on the quantum energy of the 

exciting radiation [85] witness in favor of the fact that the considerable 

contribution to THz generation from semiconductor surfaces is made by the 

real electrons and holes in the bands. The latter effect is related to intervalley 

scattering of photoexcited electrons. 
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It should be noted that studying THz emission by the semiconductors 

surface allows to investigate photoconductivity, ballistic transport, dynamics of 

electric fields screening by photocarriers on a subpicosecond time scale, and to 

get information about the band structure of semiconductors, carrier scattering 

mechanisms, etc. 

 

 

2.2 Methods of THz radiation detection 

There exist two fundamentally different methods of THz radiation 

detection – the coherent and non-coherent ones. The coherent method of 

detection implies obtaining temporal profile of the electric field of THz pulse 

while the basis of the non-coherent method is the measurement of the absolute 

value of this pulse energy. For non-coherent registration of THz radiation the 

IR radiation detectors are used such as bolometers cooled down to the 

temperature of liquid helium, pyroelectric detectors, Golay cells, etc. The 

principal advantage of this method is the possibility to register radiation within 

a wide frequency range – from far IR to visible spectrum. But, unfortunately, 

this detection technique is not free from shortcomings. One of them is the low 

signal/noise ratio constituting about 300:1 (50dB) [105]. On the contrary, when 

using the coherent detection method the signal/noise ratio can reach the values 

of about 10000:1 (100dB), though the spectral range of the detector sensitivity 

is limited only to the far IR [105]. 

The coherent methods of THz detection is based on the optical gating 

technique [66-67, 106]. The essence of this method is that the electric field of a 

THz pulse is measured at the instance of arrival of the sample optical 

femtosecond pulse at the detector. The temporal profile of the electric field of 

the THz pulse can be obtained by shifting the time of the sample pulse arrival 

at the THz detector. Thus, this method provides information on the amplitude 

and phase of the THz pulse. Moreover, the coherent detection method allows to 

suppress background noise and to considerably increase the signal/noise ratio 
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(up to 105). Unfortunately, this method has shortcomings as well, in particular 

the spectral range of sensitivity is limited from the side of higher frequencies 

and usually does not exceed 10THz. 

In THz time-domain spectroscopy two detection techniques are generally used 

– free space electro-optic sampling and photoconductive antenna detection. 

The main idea of the electro-optic sampling lies in registration of the change of 

polarization ellipticity of the probe femtosecond beam going through an 

electro-optical crystal. The change of ellipticity stems here from the 

birefringence caused by the electric field of THz pulse. The typical scheme 

realizing the electro-optic sampling technique is shown in Figure 2.4. The 

probe pulse of laser radiation having passed the polarizer P and having been 

reflected from the beam splitter BS hits the ZnTe electro-optical crystal. The 

phase shift is usually registered with the use of the balanced detection method. 

For this purpose a quarter-wave plate changing the state of probe beam 

polarization to circular is installed after the electro-optic crystal. Then an 

analyzer (usually a Wollaston prism WP is used) splits the probe beam into 

two orthogonal components whose intensities are measured using two low-

noise photodiodes PD1 and PD2. The difference in the photodiode currents is 

registered by a synchronous detector C. If the THz field is absent both the 

polarizations have the same intensity and the signal at the balance detector 

equals zero. In the presence of the THz field, the birefringence is induced in 

the electro optic crystal and the optical pulse becomes elliptically polarized. In 

this case photodiodes PD1 and PD2 measure the intensity difference between 

the two orthogonal components of the probe pulse, which is proportional to the 

applied THz field amplitude. The balance detection method allows to suppress 

laser noise and therefore the detecting capability of this method is mainly 

limited by the photodiode noise.  

Zinc-blende semiconductors are usually used as electro optic crystals for 

electro-optic sampling since they possess strong electro-optic nonlinearity and 

weak absorption at the wavelength of probe radiation and in the THz range. 

The phase matching condition determines the frequency band in which the 
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electric field of THz pulses can be coherently registered. It means that those 

spectral components of the THz pulse will be detected for which the phase 

velocity is close to the group velocity of the sample pulse. The presence of 

phonon resonances in electro-optic crystals considerably limits the operating 

frequency range of detectors. In electro-optical THz detectors two crystals are 

most often used– ZnTe and GaP. The former crystal provides the phase 

matching condition for laser radiation at wavelength of 800nm while the latter 

– for ytterbium-based lasers generating near 1030 nm. The most optimum 

configuration is realized when (110) cut crystal is used, the THz electric field 

is directed along axis [001] and the probe pulse is polarized perpendicularly to 

this axis. It should also be noted that the [110] oriented plates of the electro-

optic crystals can be comparatively easily produced because the (110) crystal 

plane is the cleavage plane of ZnTe and GaP.  

 

  
 

Fig. 2.4. Scheme of the electro-optic sampling technique. 

 
The design of a dipole photoconductive antenna intended for coherent 

detection of THz radiation is shown in Fig. 2.5. In contrast to the generating 

antenna for which the bias is applied, in this case the detector electrodes are 
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connected to the lock-in amplifier which measures the current excited in 

antenna. 

 

 
Fig. 2.5. THz pulse detection with a photoconductive antenna. 

 
The principle of operation of the photoconductive  antenna as THz 

detector is as follows. A femtosecond pulse with quantum energy exceeding 

the semiconductor band gap is focused into the gap between the stripline 

electrodes at the photoconductor surface. Under exposure to light 

nonequilibrium carriers are generated in the photoconductive layer which make 

contribution to the photocurrent proportional to the THz electric field at the 

instance of the excitation of photoconductive antenna by the sample 

femtosecond optical pulse. Successively varying the delay time of femtosecond 

pulse relative to the THz pulse by means of the optical delay line allows to 

measure the temporal dependence of the THz field with subpicosecond time 

resolution (see Figure 2.6). It is very substantial that this detection method is 

sensitive to the polarity of the THz electric field and, consequently, allows 

phase measurement. The spectrum of THz radiation is obtained as a result of 
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Fourier transformation of the registered temporal dependence of the 

photocurrent. 

The highest possible frequency of the registered THz radiation is determined 

by the response time of the photoconductive antenna which is limited by the 

life time of photocarriers in the semiconductor. That is why for producing the 

photoconductive antennas capable of detecting THz radiation it is  necessary  

to use specially grown semiconductor layers having subpicosecond life times 

of photocarriers. 

 

 

 
Fig. 2.6. Schematic representation of gaiting method during THz pulse detection using 

photoconductive antenna. 

 
 

2.3 Principles of Terahertz Spectroscopy 

The THz time-domain spectroscopy method is based on measuring the 

time dependence of the electric field of THz radiation ( )E t  passing through the 

sample investigated [66, 106]. Fourier transform of the temporal shape allows 

to obtain the spectrum ( )E ω  of the THz electric field: 
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where ( )A ω  and ( )ϕ ω  correspond to the amplitude and the phase spectra of 

the pulse. 

THz pulse usually contains barely several field oscillations, and hence its 

spectral width is comparable to the center frequency of the pulse and usually 

lies within the range from 0.1THz to 10THz. By measuring the THz pulse 

shape with high time resolution and by calculating its spectrum it is possible to 

find spectral characteristics of the object within a wide frequencies range. 

Accuracy of the spectrum reconstruction, i.e. the spectral resolution of the 

spectrometer δν , is determined by the scanning interval T  as 1Tδν −= . Thus, 

to increase the spectral resolution it is necessary to use the delay lines with as 

large scanning length as possible. 

For measuring the spectral characteristics of the investigated sample it is 

necessary to register the temporal shape of the pulse that have passed through 

the medium with known spectral characteristics  and then to measure the shape 

of the pulse that have passed through the investigated object. The absorption 

coefficient α  and the refraction index n  of the sample are calculated as 

follows: 

 

[ ]1 0
0
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( )
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ωα ω ω ϕ ω ϕ ω
ω ω

−= = + − ,         (2.3)  

 

where d  is the thickness of the sample, c  is the speed of light in vacuum. The 

amplitude ( )A ω  and the phase ( )ϕ ω  correspond to the signal that has passed 

through the sample; these values for the reference signal are marked with the 

index 0. To avoid influence of the Fresnel reflection at the edges for obtaining 
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the reference signal, the same sample but having a different thickness is 

usually used. 

Thus, in the THz time-domain spectroscopy the dependence of the 

electric field of the THz pulse on time is measured giving the information both 

on the amplitude and phase. Using these data the spectral dependences of the 

refractive index and absorption coefficient can be determined in a wide 

frequency range without using the Kramers-Kronig relations. It should be 

noted that the Fourier transform of the detector signal is the product of the 

Fourier transform of three functions: the shape of the sample pulse envelope, 

the instrument function of the detector determining its response to the δ -pulse, 

and the shape of the THz pulse ( )E t . The form of the first two functions is 

insignificant as they are cancelled and will not be included into expressions 

(2.3) determining the spectral characteristics of the investigated specimen.  

THz spectroscopy can be used for measuring kinetic and relaxation 

characteristics of different media and objects. For these purposes the so-called 

optical pump-THz probe method is widely used [66]. In this method the 

transmission (and/or reflection) of the probe THz pulse through the 

investigated object which has been preliminarily excited by an ultrashort 

optical pulse is measured. By varying the delay time between the optical and 

THz pulses, the dynamics of change in the properties of the photoexcited 

object can be measured with subpicosecond time resolution. The typical 

scheme of the experimental setup is shown in Figure 2.7. Femtosecond laser 

beam is divided into three, one of which being more powerful excites the 

sample while the remaining two are used for exciting the emitter of THz pulses 

and sampling the THz detector. In the setup two delay lines are used, one of 

which changes the delay time of the probe THz pulse relative to the pump 

optical pulse while the other one changes the arrival time of the optical pulse 

exciting the THz emitter. To provide a homogeneous optical excitation across 

the THz beam cross-section the diameter of the excited area at the sample shall 

be at least twice as large as the diameter of the probe THz beam. By using THz 

optical elements, the THz radiation can be focused into a spot with the 
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characteristic size of about several millimeters and, consequently, the optical 

excitation spot size of about 0.5–1cm is desirable. Therefore the setups for 

optical pump-THz probe spectroscopy usually use femtosecond laser systems 

with regenerative amplifier which provides sufficiently high energy density of 

radiation in order to observe the change in the sample properties within THz 

frequencies range. 

In semiconductors the THz radiation efficiently interacts with the plasma 

of free charge carriers. That is why the optical pump-THz probe method is very 

efficient for studying a subpicosecond dynamics of photoexcited electrons and 

holes. The thickness of photoexcited electron-hole plasma layer is determined 

by the absorption length of the exciting optical radiation and usually is several 

orders of magnitude less than the wavelength of THz radiation. For 

interpretation of the experimental results of THz pulses interaction with 

photocarriers, the approximation of thin layer electrodynamics is usually used. 

In this approach the photoexcited electron-hole plasma is considered as a two-

dimensional layer. The optical pump-THz probe method was used for 

measuring subpicosecond life times of nonequilibrium carriers in 

semiconductors. Using this method the dynamics of intervalley transfers and 

interband relaxation of photoexcited charge carriers in GaAs [8] and Ge [107] 

was studied. 

Femtosecond laser radiation with the photon energy exceeding the 

semiconductor band gap excites a picosecond photocurrent pulse which can be 

a source of THz radiation. As is known, in the far field region the THz electric 

field is proportional to the derivative of the photocurrent over time, i.e. 

essentially is determined by acceleration of charge carriers. Thus, the dynamics 

of electrons and holes in semiconductors on a subpicosecond time scale can be 

investigated by analyzing the temporal shape of the generated THz pulse and 

its dependence on parameters of semiconductor and exciting radiation. This 

principle lies in the base of the method of the so-called terahertz emission 

spectroscopy.  
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Fig. 2.7. Typical scheme of optical pump – THz probe experimental setup. 

 
The dynamics of the photocurrent generating THz radiation in 

semiconductors under femtosecond laser excitation is determined by 

acceleration of the photoexcited carriers in the electric field and their scattering 

by phonons, impurities and due to the carrier-carrier interaction. Therefore the 

THz emission spectroscopy method turns to be useful for studying the carrier 

transport (including ballistic phenomena) with a subpicosecond time 

resolution, electronic band structure and carrier scattering mechanisms in 

semiconductors. It is significant that this method enables to study the dynamics 

of hot photocarriers with energy considerably exceeding the thermal one. In 

particular, by using THz emission spectroscopy method the dynamics of 

intervalley transfers of photoelectrons in GaAs and Ge was studied [8, 107]. 

The energy gaps between the lateral valleys and the central valley of the 

conduction band in InAs, InGaAs and InSb were estimated from the measured 
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dependencies of the efficiency of THz pulse emission on the photon energy of 

the femtosecond radiation [85, 108]. The screening of the electric field caused 

by a spatial separation of photoexcited electrons and holes substantially 

impacts on the photocurrent dynamics and hence the data obtained by THz 

emission spectroscopy method should be analyzed taking into account the 

dynamics of screening the electric field by photocarriers. 

In some semiconductors considerable contribution to generation of THz 

pulses comes from polarization appearing as a result of non-linear optical 

rectification of femtosecond laser radiation. In this case the efficiency of THz 

generation considerably depends on the orientation of polarization of the 

exciting radiation relative to crystallographic axes of the non-linear crystal. By 

studying the polarization and orientation dependences of THz radiation one can 

establish the peculiarities of the optical rectification effect and separate its 

contribution to the THz emission from the contribution of the photocurrent 

surge. 

Using THz emission spectroscopy the dependences of picosecond 

photoconductivity in GaAs [56, 16, 109, 110] on temperature, electric field, 

wavelength and power of femtosecond optical radiation were investigated; the 

influence of the magnetic field on this effect was also studied. By analyzing the 

temporal shape of THz pulses emitted from the narrow-band A3B5 

semiconductors it was found that in these semiconductors the ballistic stage of 

the photocarrier transport is crucial in Dember effect at femtosecond laser 

excitation [84]. Investigation of the temperature dependence of the shape and 

polarity of THz pulses generated by the surface of InP allowed to separate the 

contributions to THz emission of the photocurrents caused by Dember effect 

and by built-in electric field of depletion surface layer [111, 112]. Using THz 

emission spectroscopy the coherent plasma oscillations in GaAs excited by 

femtosecond laser radiation were also investigated [78]. 

Recently THz pump-THz probe spectroscopy method has been offered. In 

contrast to the optical pump-THz probe spectroscopy in this case for excitation 

of the investigated sample a high-power THz pulses with the electric field 
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amplitude reaching up to 0.1–1 MV/cm is used. At such a high field the 

changes in the sample properties occur which can be registered by probing it 

with a weaker probe THz pulse. Using this method the dynamics of energy 

relaxation of electrons in GaAs [113], impact ionization in InSb [113] were 

studied. In contrast to the optical pump-THz probe spectroscopy in this method 

there is no interband generation of nonequilibrium carriers which can 

complicate interpretation of the experimental data on carrier transport.  
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CHAPTER 3 

TERAHERTZ PULSES EMISSION FROM CUBIC 

SEMICONDUCTOR INDUCED BY A TRANSIENT 

ANISOTROPIC PHOTOCURRENT 

 

Transient photoconductivity can contribute significantly to emission of 

THz radiation from semiconductor surfaces excited by femtosecond laser 

pulses. Since the amplitude of generated THz electric field depends on the 

photocurrent direction it would appear reasonable that the anisotropy of the 

photocurrent will impact on THz emission. By this means the transient 

anisotropic photoconductivity in semiconductors can be investigated on a 

subpicosecond time scale using THz emission spectroscopy method.  

In this chapter we present a calculation of the anisotropic 

photoconductivity caused by optical alignment of photocarriers momenta in 

cubic semiconductor excited by an ultrashort laser pulse. We assume that the 

effect considered is caused by nonparabolicity and nonsphericity of electron 

and hole dispersion laws rather than by the energy dependence of carrier 

momentum relaxation time [30]. Specific numerical calculations will be 

performed for InAs – narrow gap semiconductor that is the most effective THz 

emitter at 800 nm laser excitation. The band structure and the anisotropic 

initial momentum distribution of photoexcited carriers calculated on the basis 

of kp-method were used. The contribution of the lateral photocurrent 

component to the THz pulse generation in this semiconductor is considered. 

Azimuthal anisotropy of THz signals generated from InAs and InSb surfaces 

excited by femtosecond laser radiation of three different wavelengths is studied 

experimentally. Finally, we compare the obtained experimental data with the 

results of calculation. Our results demonstrate that the anisotropic 

photoconductivity effect should be taken into account when considering the 

THz emission from semiconductor surfaces and that experimentally observed 
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azimuthal anisotropy of this emission [80, 98-100, 114] might, at least in part, 

be ascribed to this effect. 

 

3.1 Mechanisms of transient anisotropic photoconductivity  

Excitation of semiconductors by light with the photon energy exceeding 

forbidden band gap leads to the appearance of nonequilibrium electrons and 

holes, which can create a dc current. This phenomenon known as 

photoconductivity has been studied for a long time and finds applications in a 

variety of areas [24]. Commonly at not too high excitation levels the 

photocurrent is linear in dc bias electric field and quadratic with respect to the 

electric field of the light wave, thus basically the photoconductivity can be 

conceived as a nonlinear effect of the third order [59]. Consequently, the 

photocurrent density j  in a homogeneous semiconductor can be represented as 

i ijkl j k lj F E Eσ= , where iE  and iF  are the components of the electric field of 

the light with the frequency Ω  and the dc electric field, respectively. 

Symmetrical over two last indexes tensor ijklσ  can be, in general, associated 

with the third order optical nonlinear susceptibility (0;0, , )ijklχ Ω −Ω , which 

determines the so-called electric field induced optical rectification effect 

(EFIOR) implying that electromagnetic field generates in the semiconductor a 

low-frequency nonlinear polarization proportional to the applied dc electric 

field [115]. If semiconductor is optically excited below the fundamental 

absorption edge, no real photocarriers appear, and in this case EFIOR effect 

can be considered in terms of “virtual photoconductivity” implying that the 

virtual electron-hole pairs are polarized under dc electric field and, as a result, 

displacement photocurrent arises [60-62, 64]. Here it is important to note that 

in zinc-blend semiconductors excited above the band gap the quadratic in light 

field photocurrent can arise even without dc electric field. This effect results in 

the second order optical rectification effect that, in the case when femtosecond 

optical pulses are used for the excitation, gives rise to THz emission from 

semiconductor surface. The second order nonlinear susceptibility determining 
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this effect was calculated [116-118] and it was shown that it was resonantly 

enhanced over two orders of magnitude when the semiconductor was excited 

above the band gap. 

From the symmetry reasons the photocurrent in cubic semiconductors like 

A3B5 can be represented in the coordinate system of the crystal as follows 

 

( )2 2 2 2ˆ ˆ ˆ( ) x x y y z zE F E F E F Eα β γ= + + + +j F E FE x y z ,            (3.1) 

 

where ˆ ˆ,   x y and ẑ  are the basic vectors directed along the principal 

crystallographic axes and the coefficients ,α  β , and γ  are expressed in terms 

of three nonvanishing tensor components ,  ,  zzzz zzxx zxxzσ σ σ  as zzxxα σ= , 

2 zxxzβ σ= , 2zzzz zzxx zxxzγ σ σ σ= − − . In the case of isotropic symmetry the 

condition 0γ =  is fulfilled and the photocurrent depends on the angle between 

dc and light wave electric fields while not depending on the orientation of 

these fields with respect to the crystallographic axes. As it follows from Eq. 

(3.1), even in the isotropic case the photocurrent and dc electric field do not 

necessarily coincide in directions and hence the photocurrent component 

perpendicular to the dc electric field can appear. It means that, in general, the 

photoconductivity by being inherently nonlinear effect is anisotropic and is 

characterized by the same dependence on the electric field orientation as the 

EFIOR effect.  

Several microscopic mechanisms responsible for anisotropy of 

photoconductivity were suggested. It has been known that anisotropic 

photoconductivity can be caused by the hot carrier effect. In many-valley 

semiconductors this could happen due to the effective mass anisotropy and 

different populations of separate conduction band valleys oriented at different 

angles with respect to the bias electric field [28].  

Peculiar mechanism of anisotropic photoconductivity can originate from 

the optical alignment of photoexcited electron momenta [119, 120]. The optical 

momentum alignment effect in semiconductors results from the selection rules 

63 
 



for interband electron transitions and manifests itself in the anisotropic 

momentum distribution of photocarriers excited by linearly polarized light. For 

example, in cubic semiconductors an absorption of linearly polarized radiation 

with the photon energy near the band gap results in the momenta of electrons 

excited from the heavy hole valence subband lie mainly in the plane 

perpendicular to the electric field of light wave, while the momenta of 

electrons excited from the light hole subband are predominantly aligned along 

the vector of polarization. The effect of optical alignment of electron momenta 

can cause such effects as polarized hot-electron photoluminescence [119] and 

surface ballistic photogalvanic effect [33]. It was also shown that, if the 

momentum relaxation time of carriers depends on their energy, optical 

alignment of photocarriers over momenta can result in the anisotropic 

photoconductivity [30]. For a stationary excitation this effect is small because 

the anisotropic part of the photocarrier distribution function over momenta is 

damped on a short time scale (at about 10-12 - 10-13 s) determined by the carrier 

momentum relaxation rate. Because of this, in order to suppress the carrier 

momenta disorientation polarized hot-electron photoluminescence and surface 

ballistic photogalvanic effect have been usually observed at cryogenic 

temperatures. However in semiconductors excited by femtosecond laser pulses 

photocurrent achieves peak value on a time scale smaller or comparable to the 

carrier momentum relaxation time, and hence the optical momentum alignment 

effect will be more noticeable and will result in anisotropy of the transient 

photoconductivity even at the room temperature. 

As it is well-known, the transient photocurrent arising near semiconductor 

surface illuminated with femtosecond laser pulses can generate terahertz 

radiation [14]. When analysing this effect it is generally assumed that the 

transient photocurrent is directed perpendicular to the illuminated 

semiconductor surface, along the direction of surface electric field that is built 

in [15] or can be induced by a spatial separation of photoexcited electrons and 

holes [17, 82]. However, from what was said above it follows that the optical 

alignment of electron momenta can result also in the appearance of a lateral 
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(parallel to the illuminated semiconductor surface) component of the transient 

photocurrent. THz radiation induced by this photocurrent component is 

predominantly directed perpendicular to the illuminated surface and hence it 

will be more efficiently out-coupled from the semiconductor.  

The main part of the THz pulse is generated during the first 100 – 200 fs 

after the photoexcitation, that is at the ballistic stage of photocarriers 

movement. At this stage the dependence of the carrier relaxation time on 

energy will most probably be of minor importance for the magnitude of the 

anisotropic photocurrent. Thus, it may be assumed that the energy dependence 

of carrier effective masses caused by the nonparabolicity and nonsphericity of 

conduction and valence bands will be of a considerable importance to the 

anisotropy of the transient photocurrent. The mechanism of the transverse 

photocurrent component can be explained in the following manner. 

Photoexcited electrons having momenta p aligned mainly along the dc electric 

field (right petal) will slow down and lose their energy, whereas the energy of 

photoelectrons with the opposite momenta (left petal) will grow (Fig. 3.1). Due 

to the nonparabolicity of electron dispersion law the effective masses of these 

two groups of photoelectrons will become different. As a result, the flows of 

photoelectrons aligned along x-axis and opposite to it are no longer 

compensating each other resulting in the appearance of the net photocurrent 

component in the direction perpendicular to the dc electric field. 

 

3.2 Model and calculation 

We consider a direct band gap cubic semiconductor excited by ultrashort 

laser pulses with quantum energies exceeding the forbidden gap. Interband 

optical transitions will give rise to nonequilibrium carriers that are accelerated 

by a homogeneous dc electric field. The coefficients ,  , α β γ  in Eq. (3.1) 

determining the photocurrent value are calculated by using the Boltzmann 

transport equations for distribution functions of optically generated electrons 
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( , )cf tp  and holes ( , )i
vf tp  in three valence subbands ( 1,2,3i =  correspond to 

the heavy (1), light (2), and spin-orbit split-off holes (3)):  

 
3

,
1

( , ) ( , ) ( ),c c
i

i

f t f te G t
t

δ
=

∂ ∂
− =

∂ ∂ ∑ p
p pF

p
                      (3.2) 

 

,
( , ) ( , ) ( ),   1,2,3

i i
v v

i
f t f te G t i

t
δ∂ ∂

+ = =
∂ ∂ p
p pF

p
,                (3.3) 

 

where e−  is the electron charge, p  is the carrier momentum, the terms in the 

right side of Eqs. (3.2) and (3.3) determine the rate of photocarrier generation 

by laser pulse the temporal shape of which is approximated by a delta-function.  

 

 
 

Fig. 3.1. The optical momentum alignment of electrons excited from the heavy hole subband 

by linearly polarized light with electric field Ei impinging on semiconductor (z>0); ϑ  is the 

refraction angle, E is the light electrical field in the semiconductor, ET  is THz electric field 

radiated in the quasi-reflection direction. 

 

Since the generation of THz pulses is mainly determined by the movement of 

photocarriers on an early ballistic stage, we shall restrict ourselves to the 

simplest approximation and neglect the relaxation terms in Eqs. (3.2) and (3.3). 
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The terms ,iG p  determining the rate of photocarrier generation are defined by 

the matrix elements for direct optical transitions of electrons from the valence 

subbands to the conduction band.  

By solving Eqs. (3.2) and (3.3), one can obtain the electron and hole 

distribution functions at 0t > :  

 
3

,
1

( , )c i e t
i

f t G +
=

= ∑ p Fp , ,( , )i
v i e tf t G −= p Fp .                    (3.4) 

 

The density of photocurrent can be written as  

 

3
, ,3

3 3
1

( ) ( , ) ( , )
4

i
c v i

c v
i

et d f t f t
ε ε

π =

 ∂ ∂−
= − 

∂ ∂  
∑∫ p pj p p p

p p

,           (3.5) 

 

where ,cε p  and ,
i
vε p  are the electron and hole dispersion laws.  

After substituting the distribution functions given by expressions (3.4) 

into Eq. (3.5), the photocurrent density can be represented as  

 

 

( )3
, ,3

,3 3
1

( )
4

i
c e t v e t

i
i

et d G
ε ε

π
− +

=

∂ −−
=

∂∑∫
p F p F

pj p
p

.                  (3.6)  

 

The rates of photocarrier generation are obtained in the dipole approximation 

by using Fermi’s golden rule as  

 
2 2 2

, , , ,2 2
0

16 ( ) ( )i i
i c v c v

e WG M
cn m

π δ ε ε= + − Ω
Ωp p pp 



,                  (3.7) 

 

where W is the laser pulse fluence, c is the light velocity, n  is the refractive 

index, , ( )i
c vM p  are the momentum matrix elements for interband transitions of 
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electrons, 0m  is the free electron mass, and Ω  is the center frequency of the 

laser pulse. 

By substituting (3.7) in (3.6) one obtains  

 

( )

3 3 23
,4 2 2

10

, ,
, ,

4( ) ( )

      ( )

i
c v

i

i
c e t v e t i

c v

e Wt d M
cnmπ

ε ε
δ ε ε

=

− +

−
= ×

Ω

∂ −
× + − Ω

∂

∑∫

p F p F
p p

j p p

p





.                  (3.8) 

 

After integration in spherical coordinate system over p in expression (3.8) 

we get 

 

( )

3

4 2 2
0

2 23 1 2 , ,,

1 0
1 ,
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( )
       sin

ii
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ε ε
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=

−
= ×
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∂ −
×
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p F p F

p p p

j

p
pv



, (3.9) 

 

where the direction of the vector ∗p  in a spherical coordinate system is 

determined by the angles θ  and ϕ . For orientation specified by the angles θ  

and ϕ  the length of vector ∗p  depends on the valence subband number and is 

determined as the root of the equation , , 0i
c vε ε+ − Ω =p p  . The velocity ,i ∗pv  

appearing in Eq. (3.9) is given by  

 

, ,
,

( )i
c v

i

ε ε
∗

∗=

∂ +
=

∂
p p

p

p p

v
p

.                                  (3.10) 

 

In a linear approach with respect to F from Eq. (3.9) one can obtain  
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.   (3.11) 

 

The optical transition matrix elements, electron and hole velocities 

entering in (3.11) are calculated by the eight-band kp method [122]. In this 

approximation four double degenerate bands including conduction band and 

three valence subbands are taken into account. The Hamiltonian-matrix in 

Luttinger representation was diagonalized by Jacobi method. Previously the 

Hermitian matrix is represented as a real matrix with format 16x16. The 

eigenvalues resulting from diagonalization of this matrix are fourfold 

degenerate due to spin degeneracy and time-reversal symmetry.  

The coefficients ,  ,   α β and γ  are found by numerical integration in 

(3.11) for two orientations of the electric field of laser radiation E  with respect 

to the semiconductor crystallographic axes. At first, z-component of the 

photocurrent is calculated in the case when the vectors F  and E  are aligned 

parallel to oz-axis directed along crystallographic axis [001]. As it follows 

from Eq. (3.1), in this case 2( )zj FEα β γ= + + . Then x-and z-components of 

the photocurrent are calculated for the fields oriented as [ ]001ozF   , 

[ ]101E  . From Eq. (3.1) it follows that in this case [ ] 2( ) / 2zj FEα β γ= + + , 

2 / 2xj FEβ= . A comparison of the obtained relations with the corresponding 

photocurrent components resulting by numerical integration in Eq. (3.11) gives 

the values of the coefficients ,  α β , and γ   As it follows from (3.11) in the 

framework of the used collisionless approximation the photocurrent grows 

linearly with time. It is clear that the inclusion of photocarrier relaxation will 

result in the exponential decay of the photocurrent after reaching its peak value 

at times defined by the momentum relaxation time.  
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Numerical calculations were performed for InAs excited by laser pulses 

with four different photon energies: 1.55, 1.2, 0.8 and 0.4 eV. Parameters of 

InAs given in Ref. 121 were used. 

 

3.3 THz emission: experiment 

Terahertz pulse emission was investigated experimentally by 

photoexciting (111) crystallographic planes of p-type InAs (p=2·1016 cm-3) and 

InSb (intrinsic conductivity at the room temperature) single crystals. The first 

and second harmonics pulses of femtosecond Er-doped fiber laser (Toptica) 

with the wave- 

lengths of 1560 nm and 780 nm and the pulse durations of 80 fs and 88 fs,  res- 

pectively, were used for the sample excitation. P-polarized optical beams were 

impinging on the crystal surfaces at the angle of 45o (see Fig. 3.1); the radiated 

in the quasi-reflection direction p-polarized THz signal was separated by a 

polyethylene polarizer and its power was measured by a Golay cell (Tydex) 

(Fig. 3.2).  

Fig. 3.3 shows the radiated THz power dependences on the azimuthal angle φ

for both crystals excited by femtosecond pulses at 1560-nm wavelength 

demon- strating clear cos(3 )φ  type periodicity. Fig. 3.4 (a) presents the 

dependences of average radiated THz power on the average optical power at 

this wavelength. Over the most of the investigated optical power range these 

dependences are quadratic, which allowed us to compare the efficiencies of the 

optical-to-THz power conversion in both crystals at different laser wavelengths 

(Fig. 3.4 (b)). Although at 1560 nm wavelength the average THz power 

radiated at p-InAs and InSb surfaces is of a similar order of magnitude, at 

shorter laser wavelengths the emission from InSb becomes much weaker than 

that from p-type InAs. Hereafter we will present only the results of the 

experimental investigation of the later semiconductor. 
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Fig. 3.2. Experimental setup for investigation of azimuthal dependencies of THz pulses 

generation from semiconductor surfaces.  
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Fig. 3.3. Dependences of average p-polarized THz power on the azimuthal angle for p-InAs 

(A) and InSb (B) crystals excited by femtosecond pulses with 1560 nm central wavelength. 
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Fig. 3.4. (a) Dependences of radiated average THz power (PTHz) on the average optical power 

(Popt) at 1560nm wavelength; the straight lines correspond to quadratic slope. (b) Efficiencies 

of the optical-to-THz power conversion in both crystals at different laser wavelengths. 

 

Azimuthal angle dependences of p-polarized THz power emitted from p-type 

InAs surface illuminated by femtosecond laser pulses having two different 

central wavelengths are presented on Fig. 3.5. THz power values in this graph 

are normalized to the number of light quanta absorbed in the semiconductor. It 
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is seen from Fig. 3.5 that the increase of wavelength in the exciting laser pulses 

leads to a significant reduction of the angle dependent component in the 

radiated THz pulse power. In the following, this effect will serve as the main 

proof of the physical model proposed in this work. 
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Fig. 3.5. Azimuthal angle dependences of p-polarized THz power emitted from p-type InAs 

surface illuminated by femtosecond laser pulses with 780nm (A) and 1560nm (B) central 

wavelengths. THz power values are normalized to the number of light quanta absorbed in the 

semiconductor. 

 

3.4 Results and discussion 

The calculated dependences of the probabilities for optical transitions of 

electrons from the heavy and light hole subbands to the conduction band on the 

direction of electron momentum are shown in Figs. 3.6 and 3.7 for two photon 

energies. The polar and azimuthal angles θ  and φ  specify the directions of the 

electron momentum in a spherical coordinate system with polar axis directed 
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along the electric field of radiation. It can be seen from Fig. 3.6 that at the 

excitation near the semiconductor band gap ( 0.4 eVΩ = ) the momenta of 

 
 

Fig. 3.6. Calculated distributions over momenta directions of photoelectrons excited by 

linearly polarized light with the photon energy 0.4 eV from the heavy (a) and light (b) hole 

valence subbands in InAs. The angles θ  and ϕ  determine the direction of electron 

momentum in spherical coordinate system with polar axis along (001) crystallographic 

direction, azimuthal angle ϕ  are measured from axis (100). The light wave electric field is 

directed along (001) axis ( 0θ = ). 

 

(a)

θ
θ

(b)
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electrons generated from the heavy and light hole subbands are oriented 

differently - mainly normally, for the heavy-hole band excitation, and in 

parallel to the radiation electric field, for the light-hole band excitation. 

 
 

Fig. 3.7. Calculated distributions of photoelectrons over momenta directions as described in 

Fig. 3.6, for excitation with the photon energy 1.55 eV. 
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The different orientation of photocarriers excited from two valence subbands 

results in opposite signs of their contributions to the transverse photocurrent. 

On the other hand, when the photon energy ( 1.55 eV)Ω =  significantly 

exceeds the energy gap of InAs the interband kp-interaction becomes essential. 

As a result, the wave functions of photoelectrons are modified in such a way 

that the momenta of those carriers excited from the both valence subbands are 

aligned much the same – in the plane that is perpendicular to the light 

polarization vector (Fig. 3.7). Also, it is following from these calculations that 

the anisotropy of the optical transition probabilities becomes larger with 

increasing photon energy. 

The calculated contributions of electrons and holes excited from three 

valence subbands to coefficients ,    α β and γ  are listed separately in Table I; 

in the lowest row of this table the total values of these coefficients obtained by 

summing up the partial contributions are presented. As it follows from 

calculations (see Table I) at the photon energy slightly exceeding the energy 

gap of semiconductor dimensional-less parameters /  and /β α γ α  

determining the extent of the anisotropic photoconductivity is small. However 

with the increase of the light frequency these parameters grow substantially 

becoming at the photon energy of 1.55 eV more than one order larger than in 

the case of the excitation near the fundamental absorption edge of 

semiconductor ( 0.4 eVΩ = ). 

The calculated photocurrent components were used for estimation of the 

azimuthal dependences of THz electric field emitted from (111) and (110) 

InAs surfaces, which is excited by femtosecond laser pulse polarized in the 

incident plane and impinging at the angle of 45o. The photocurrent components 

are initially calculated in the crystallographic coordinate system and then are 

transformed in the laboratory system with z- and x-axis which for (111) surface 

are oriented along [111] and [11 2 ] directions, respectively. THz electric field 

components 
T

pE and 
T

sE  of p and s polarization are given by projections of the  
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TABLE I. The partial and total coefficients ,    α β and γ  calculated for three values of the 

photon energy. The contributions of three types of holes and electrons excited from heavy-

hole (hh), light-hole (lh) and spin-orbital split-off (sh) valence subbands are represented 

separately for electrons and holes. The empty cells denote that the calculated value of the 

corresponding coefficient is negligible (<0.01). In the bottom line the total values of the 

coefficients derived as a sum of the partial contributions are presented. 

 

The type of 

transitions 

Ω =1.55 eV Ω =1.2 eV Ω =0.8 eV Ω =0.4 eV 

α  β  γ  α  β  γ  α  β  γ  α  β  γ  

Electrons (hh)  2.2 1.31 -1.05 1.05 0.52 -0.36 1.14 0.42 -0.21 0.22 0.02 -0.01 

Heavy holes 1.13  0.7 -0.87 0.42 0.19 -0.27 0.3 0.09 -0.17 0.02  -0.01 

Electrons (lh) 1.11  0.4 -0.16 0.43 0.15 -0.05 0.25 0.05 -0.01 0.04   

Light holes 0.61  0.2 -0.35 0.13 0.01 -0.01 0.05 0.06 -0.01 0.03   

Electrons (sh) 0.05 -0.02 0.01 0.04   0.03      

Spin-orbit split 

off holes 
0.06  -0.01 0.04   0.01      

Total 5.16 2.53 -2.43 2.11 0.87 -0.69 1.78 0.62 -0.4 0.31 0.02 -0.02 

 

 

photocurrent on the corresponding field direction and after some little 

manipulations one can obtain for (111) surface 

 

2 2 sin  sin cos
3

2  sin  cos  cos3
3 3 2

T

pE γα β ϑ ϑ ϑ

γβ γ ϑ ϑ φ

 ∝ + + − × 
 

 × + +    

,               (3.12) 

2 cos  sin 3
3 2

s
TE γ ϑ φ∝ ,                               (3.13) 

where ϑ  is the angle of refraction for optical radiation, which is determined by 

the relation sin 45 sinn ϑ= , φ  is the azimuthal angle between incidence plane 

of radiation and [11 2 ] axis.  

 

For (110) semiconductor surface THz electric field components are 

deduced analogously and given by  
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4T

sE γ ϑ φ∝ − ,                            (3.15) 

 

where the azimuthal angle is measured from [ 1 10].  
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Fig. 3.8. Calculated azimuthal angle dependences of p-polarized (solid curve) and s-polarized 

(dash-and-dot curve) THz electric fields emitted from InAs (111) surface excited by 1.55 eV 

energy photons. The dashed and dotted lines correspond to the contributions of the lateral and 

normal photocurrent components into p-polarized THz radiation, respectively. 

 

In derivation of Eqs. (3.12) – (3.15) we neglected the dispersion of 

refractive index. THz radiation is supposed to be detected in the direction of 

the reflected optical beam that is at the angle of 450. For InAs excited by 

photons with the energy of 1.55 eV 3.9n   and we find 10.4ϑ ≈  , 

cos 0.98ϑ ≈ , sin 0.18ϑ ≈ . In Fig. 3.8 the calculated contributions of the 

normal and the lateral photocurrent components into THz electric field are 
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presented in dependence on the azimuthal angle for (111) surface. It is seen 

that the lateral photocurrent essentially contributes to p-polarized THz electric 

field and entirely determines the s-polarized THz emission. 

As it follows from (3.12)–(3.15), THz electric fields can be represented as 

1 1 1 cos3 ,   sin 3p s
T TE a b E cφ φ∝ + ∝  for (111) surface and as 

2 2 2 cos 2 ,   sin 2p s
T TE a b E cφ φ∝ + ∝  for (110) surface. For InAs surface 

excited by 1.55 eV radiation using the calculated coefficients presented in 

Table I, one can get 1 1 10.64,  0.54,  0.53a b c≈ ≈ ≈ −  and 

2 2 20.6,  0.1,  0.19a b c≈ ≈ − ≈ −  for (111) and (110) surfaces, respectively. From 

the obtained expressions it follows that the depths of azimuthal oscillations of 

THz field are defined by the relations 1 1/b a  and 2 2/b a  and tend to diminish 

with decreasing the excitation photon energy; at 0.4 eV excitation their values 

decrease approximately one order as compared with 1.55 eV excitation. This 

conclusion is confirmed by results of experimental studies of spectral 

dependence of azimuthal anisotropy of THz generation in InAs (Fig. 3.5).  

As can be seen at the excitation of InAs (111) surface with 780 nm laser 

pulses the quantity of azimuthal anisotropy is about 0.86 that is in a good 

agreement with our calculated results ( 1 1/ 0.84b a  ). With twofold increasing 

the wavelength of excitation (~1560 nm) the quantity describing the anisotropy 

of the radiated THz field amplitude becomes equal to 0.19 (Fig. 3.5) that is less 

than the theoretical value (~0.37) by a factor of 2. It is conceivable that this 

discrepancy results from the decay of anisotropic momentum distribution of 

photoelectrons due to their scattering. This effect is more noticeable at lower 

photon energy because the rate of scattering by polar optical phonons grows 

with decrease of the photoelectron energy. 

It is appropriate here to note, that since quasiballistic regime is considered 

here our main implications are valid if the intervalley electron scattering is not 

essential. It means that our approach can be used for laser excitation with the 

photon energy lower than the threshold for transition of photoelectrons into L-

valleys of conduction band (the threshold energy for InAs is about 1.6 eV) 
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[85].  At the higher photon energy (>1.6 eV) the electrons are intensively 

scattered in the lateral valleys and the optical alignment will slightly affect on 

photoconductivity and THz generation induced by the transient photocurrent. 

At high excitation level electron-electron scattering will also essentially reduce 

the anisotropy of photocurrent. However, since the cross-section of Coulomb 

scattering drops quadratically with increase of electron energy one would 

expect that in InAs excited high above forbidden energy gap this scattering 

mechanism will have a small effect on the lateral photocurrent and its 

contribution in THz emission at least at the photocarrier density lower than 

1018 cm-3. At last it should be pointed out that a closer consideration of 

photocarrier relaxation is unlikely to essentially change the obtained results 

concerning the contribution of the optical alignment effect in THz emission 

because the dominant part of THz pulse is mainly generated at the ballistic 

stage of photocarriers movement when their scattering is not manifested yet. 

 

3.5 Chapter summary 

 

In conclusion, we calculated the photocurrent in InAs excited by ultrashort 

laser pulse with different photon energy taking into account optical alignment 

of photoexcited electrons and holes over momenta. At the ballistic stage of 

photocarrier movement anisotropic momentum distribution of photocarriers 

results in anisotropy of photoconductivity that is manifested in the appearance 

of perpendicular to the dc electric field photocurrent component depending on 

orientation of electric and optical field relative to crystallographic axes of 

semiconductor. At the excitation of semiconductor surface with femtosecond 

laser pulses optical alignment of electrons over momenta results in the lateral 

transient photocurrent which like a normal photocurrent component induces 

THz emission. The relative contribution of the lateral photocurrent into THz 

emission from InAs surface grows with increase of the photon energy and at 

800 nm excitation it compares with the contribution of the photocurrent 

directed perpendicular to the irradiated semiconductor surface. Experimentally 
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observed azimuthal anisotropy of THz signal generated from InAs surface 

under femtosecond laser excitation may be attributed to anisotropic transient 

photoconductivity caused by the anisotropic distribution of photocarriers 

excited by polarized femtosecond radiation over momenta.  
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CHAPTER 4 

ANISOTROPIC PICOSECOND PHOTOCONDUCTIVITY 

CAUSED BY OPTICAL ALIGNMENT OF ELECTRON 

MOMENTA IN CUBIC SEMICONDUCTORS 
 

In the preceding chapter the transient anisotropic photoconductivity in 

cubic semiconductors excited by an ultrashort laser pulse was calculated in the 

simplified approach based on the Boltzmann transport equations for optically 

generated electrons and holes in collisionless approximation. It was shown that 

the transient photocurrent component perpendicular to the dc electric field 

grows with increase of the photon energy and causes the emission of terahertz 

radiation pulses from semiconductor surface with amplitude dependent on the 

angle between the optical field and the crystallographic axes.  

In this chapter the transient anisotropic photoconductivity caused by 

optical alignment of photocarriers momenta in narrow-gap semiconductors 

(InAs and InGaAs) excited by femtosecond laser pulses is simulated by using 

an ensemble Monte Carlo method. As compared to the analytical approach 

Monte Carlo simulation technique allows to take into account the real band 

structure of semiconductor, various mechanisms of carrier scattering, high-

field effects and so to carry out the most comprehensive analysis of transport 

phenomena. The dynamics of the photocurrent components directed 

perpendicular and parallel to the dc electric field on a subpicosecond time scale 

and their dependencies on polarization direction and photon energy of the 

femtosecond pulse are calculated. The transient anisotropic photoconductivity 

is also studied experimentally by the optical pump – THz probe technique [8]. 

By measuring the time-dependent change in the amplitude of THz-probe pulses 

passing through the semiconductor one can evaluate the contribution of 

photoexcited carriers in the sample’s conductivity. We observed that during the 

first 1-2 ps after excitation the change of THz absorption induced by optically 
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generated carriers depends on polarizations of THz and optical fields relative 

to each other and to the crystallographic axes of semiconductor. 

The spectral dependence of anisotropic transient photoconductivity in 

InGaAs excited by femtosecond laser pulses is measured using the optical 

pump–terahertz probe technique [8]. The results of Monte Carlo simulation of 

THz pulse interaction with a photoexcited electron–hole plasma support the 

obtained experimental data. 

 

 

 

4.1 Monte Carlo simulation of the transient anisotropic 

photoconductivity  

We consider a direct band gap cubic semiconductor excited by a linearly 

polarized ultrashort laser pulse with the electric field amplitude E and the 

photon energy exceeding the energy band gap. Due to the selection rules for 

optical interband transitions nonequilibrium electrons and holes are distributed 

anisotropically in a momentum space. For example, in cubic semiconductors 

excited by radiation with the photon energy near the band gap, the momentum 

distribution function of the photoelectrons is proportional to ( )21 cosPη θ+ , 

where 2 ( )P x  is the second order Legendre polynomial, θ  is the angle between 

the electron momentum and the electric field of the light wave, η  is equal 

to -1, +1, and 0 for the transitions from the heavy-hole, light-hole, and spin-

orbit split-off valence subbands, respectively [119]. However, in narrow-gap 

semiconductors like InAs the preceding expression for the angle distribution of 

photocarriers becomes improper because electrons can be excited far deep into 

the central Γ-valley of the conduction band with the energy exceeding in 

several times the band gap. In this case, when calculating the momentum 

matrix elements determining the optical transitions and initial distribution of 

photocarriers the interband kp interaction and corrugation of conduction and 

valence bands should be taken into account.  
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The momentum matrix elements, energy dispersion relations for electrons 

and holes, and their velocities are calculated by the eight-band kp perturbation 

method [121, 122]. In this approximation four double degenerate bands 

including conduction band and three valence subbands are taken into account. 

The Hamiltonian-matrix in Luttinger-Kohn representation was diagonalized by 

Jacobi method for the range of carrier momenta specified in a spherical 

coordinate system on a mesh of 100 100 180× ×  points. Previously the 

Hermitian matrix is represented as real matrix with format 16x16. The 

eigenvalues obtained by diagonalization of this matrix define the dispersion 

relations for electrons in the central Γ-valley of conduction band and holes in 

three valence subbands; due to spin degeneracy and time-reversal symmetry 

these eigenvalues are fourfold degenerate. The higher energy L- and X-valleys 

of the conduction band are treated on the basis of isotropic Kane model. The 

electron and hole wave functions used for calculation of the momentum matrix 

elements are represented as expansions over Luttinger-Kohn basis states with 

the coefficients determined by the components of the calculated eigenvectors 

of the Hamiltonian-matrix. The probabilities of optical transitions of electrons 

from a valence subband state to a conduction band state were calculated in the 

dipole approximation with the use of Fermi’s golden rule. 

For simulation of the transient photocurrent we use an ensemble Monte 

Carlo method. The dynamics of electrons and holes under dc electric field is 

treated classically with the use of the calculated dispersion relations; Kane 

dispersion law is used for electrons in L- and X-valleys. Electron and hole 

scattering by acoustical and optical (polar and deformational) phonons, and 

(for the electrons) intervalley phonons were taken into account; the carrier 

scattering rates were calculated in an isotropic approximation. The role of the 

carrier-carrier scattering was neglected, because in the situation under 

investigation the photoexcited electrons have high kinetic energy (~1 eV). As 

the cross-section of Coulomb interaction drops quadratically with increasing 

electron energy, one would expect that the carrier-carrier scattering will have a 

small effect on the optical alignment effect at photocarrier densities lower than 
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~1018 cm-3. When simulating carrier transport, the mean free-flight time, the 

scattering mechanisms, and the final state of the carrier after scattering are 

chosen using Monte Carlo procedure. 

We used the ensemble of particles, each representing many real carriers. 

The state of the individual particle is characterized by its momentum and the 

type of the conduction band valley or valence subband, which the particle 

represents. The particle’s charge is defined by the number of electrons or holes 

comprised and is found from the charge conservation condition. In the 

calculations we use approach in which the number of the particles remains 

unchanged, while the charge of the particle varies in time due to the optical 

generation of nonequilibrium electrons and holes.  

The simulation begins with the calculation of the carrier scattering rates, 

the band structure, and the tables for electron and hole velocities as well as the 

probabilities for interband optical transitions at the mesh points in momentum 

space. We start simulation from the ensemble of particles representing 

thermally equilibrium electrons and holes. The sampling of the initial momenta 

of the particles having Maxwell distribution follows the method based on the 

central limit theorem. Then, after 5 ps (the time it takes for the establishment of 

the steady-state distribution of carriers in the dc electric field) a femtosecond 

optical pulse is turned on, and at this stage a part of the equilibrium particles is 

substituted by the particles representing the photoexcited carriers. The fraction 

of the photoexcited particles in the ensemble is determined by the ratio of the 

photocarrier density to the total carrier concentration. It increases with time 

during the photoexcitation and it achieves a steady state value depending on 

the excitation intensity after ending of the laser pulse. The momentum 

distribution of the particles at the instant of their photoexcitation is found by 

Monte Carlo procedure with the use of the calculated probabilities for the 

optical transitions of electrons.  

Simulations were performed for two n-type semiconductors InAs and 

In0.53Ga0.47As excited by femtosecond laser pulse with different photon 

energies in the vicinity of the threshold energy for intervalley electron transfer 
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in the conduction band. The density of the photoexcited electrons is taken to be 

1017 cm-3 for both semiconductors. The full width at half maximum (FWHM) 

of the laser pulse is taken 150 fs. The applied dc electric field is aligned 

parallel to the z-axis coincident with the [001] crystallographic direction. The 

electric field of the light wave lies in the plane xz (see Fig. 4.1) and forms the 

angle Θ  with the dc field F. In the calculation we choose 45Θ = °  because that 

particular angle provides a maximal anisotropy effect. The equilibrium carrier 

densities for the first and the second materials are assumed to be 1.6∙1016 cm-3 

and 1015 cm-3, respectively. We use 2
0sech ( / )t τ  temporal shape of the laser 

pulse intensity with 0 85τ =  fs (here FWHM is defined as 01.76τ ).  

 

 
 

 

 

 

 

 

 

 

 
 
 
Fig. 4.1. Illustration of the anisotropic photoconductivity appearing due to the optical 

alignment of electrons excited from the heavy-hole subband. 

 

The parameters used for kp calculation of the semiconductor band 

structure are presented in Table II. The coefficients for the nonparabolicity and 

effective masses of electrons in L- and X-valleys of the conduction band, 

p 
 

x 

z 

F 

Θ 

E 
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acoustical and optical deformation potentials, intervalley coupling constants 

and phonon energies, and other material parameters required for calculation of 

the carrier scattering rates for both semiconductors were taken from Refs. 121, 

123-124. We used the intervalley separation energies in the conduction band 

which were recently measured by using the THz excitation spectroscopy 

technique [85, 108].  

TABLE II. Band-structure parameters of InAs and In0.53Ga0.47As used for kp-calculation and 

energy separations between conduction band valleys.  

 

Parameter InAs In0.53Ga0.47As 
Band-gap energy (eV) 0.36a 0.75b 

Spin-orbit splitting (eV) 0.41a 0.15b 

Electron effective mass in Γ valley: 0.023m0
a  0.041m0

b 

Luttinger parameters: 
1γ   

2γ  

3γ  

 
20.0c 

8.5c 

9.2c 

 
11.01c 

4.18c 

4.84c 

Subsidiary valleys separations from Γ valley 
in conduction band (eV): 

L 
X  

 
 

1.08d 

1.12d 

 
 

0.78d 

0.83d 

aRef. 123. 
bRef. 124. 
cRef. 121 
dRefs. 85, 108 
 

 
4.2. Experimental details 

The transient anisotropic photoconductivity in In0.53Ga0.47As excited by 

femtosecond laser pulses has been studied by the optical pump – THz probe 

technique. Ti:sapphire laser (MIRA Coherent) used in the experiment 

generates pulses having a central wavelength of 780 nm, the duration of 150 fs, 

and the repetition rate of 76 MHz. The laser beam is split into three parts, two 

of which are used for THz probe pulse generation and detection by dipole 
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LTG-GaAs antennas, and the third part is used for the photocarrier excitation 

in the sample. The average optical power focused on the gaps of the generating 

and receiving dipole antennas was about 50 and 30 mW, respectively. The 

pump beam with a power of about 200 mW was focused on the samples 

surface in about 2 mm diameter spot. Two Teflon lenses placed before and 

after the sample were used to collimate the THz probe beam. The direction of 

pump beam polarization was changed by a half wave plate. 

The sample investigated was epitaxial (001) In0.53Ga0.47As film of 1.08 

µm thickness grown on InP substrate. The sample surface is irradiated by the 

optical pump and THz probe beams at normal incidence. The experiment was 

carried out at room temperature. We measured the dependence of the optically 

induced change in the amplitude of THz probe pulse transmitted through the 

sample on its polarization and the time delay of this pulse relative to the pump 

pulse. The azimuthal symmetry of the optically induced change in THz 

transmission through InGaAs was also investigated by rotating the sample 

around its surface normal.  

 

4.3. Results of simulation 

On excitation of direct gap semiconductor by femtosecond laser pulses 

with the photon energy exceeding the band gap in several times the electrons 

are generated high in the central Γ valley of the conduction band. The wave 

functions of these electrons are significantly modified due to the interband kp 

interaction, and as a result their momentum distribution is very different from 

the distribution of electrons excited near the edge of the conduction band. This 

is illustrated on Fig. 4.2, where the distribution functions of electrons over the 

directions of their momenta are presented. The polar and azimuthal angles θ   

and ϕ   specify  the directions of the electron momentum in a spherical 

coordinate system with the polar axis directed along the electric field of 

radiation. It is seen from Fig. 4.2 that the momenta of electrons generated from 

both valence subbands are aligned much the same – in the plane that is 
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perpendicular to the light polarization vector. Contrary to that, at the excitation 

with the photon energy close to the semiconductor band gap, the electrons 

generated from the light-hole subband are aligned mainly along the radiation 

electric field [120]. Calculations also show that the azimuthal anisotropy of the 

optical transition probabilities caused by the valence band corrugation becomes 

larger with increasing the photon energy. 

Photocurrent transients calculated for InGaAs excited by femtosecond 

pulses with the photon energies of 1.5, 1.6, and 1.7 eV for dc fields of 1 and 10 

kV/cm are presented in Fig. 4.3 and Fig. 4.4, respectively. In addition to the 

usual (longitudinal) photocurrent component Jz directed along the dc field, a 

transversal photocurrent component Jx perpendicular to F appears on a 

picosecond time scale. This photocurrent component reaches its peak 

immediately after photoexcitation and decays later during 1–2 ps. For F=10 

kV/cm within a 0.5 ps wide time window after excitation both photocurrent 

components are comparable in magnitude. For electric field of 1 kV/cm Jx  can 

even exceed Jz. If the electric field of the optical beam is parallel or 

perpendicular to the field F, the transverse photocurrent vanishes entirely. Note 

that the amplitude of the photocurrent component Jx nonlinearly depends on 

the dc field; a tenfold increase of this field enlarges the photocurrent roughly 5 

times.  

Simulations show that the transversal photocurrent is a nonmonotonic 

function of the photon energy and reaches its maximum at hν=1.6 eV  which 

corresponds to the threshold energy for intervalley transfer of the photoexcited 

electrons. This result is confirmed by theoretical calculations [30], from which 

it follows that the transverse photocurrent component is proportional to the 

derivative of the electron mobility with respect to the energy. Near the 

threshold of intervalley transfer the electron mobility changes sharply, thus this 

derivative becomes large. From a physical point of view it means that the total 
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Fig. 4.2. Calculated distributions over momenta directions of photoelectrons excited by 

linearly polarized light with the photon energy 1.55 eV from the heavy (a) and light (b) hole 

valence subbands in In0.53Ga0.47As. The angles θ  and ϕ  determine the direction of electron 

momentum in spherical coordinate system with polar axis along [001] crystallographic 

direction, azimuthal angle ϕ  are measured from axis [100]. The light wave electric field is 

directed along [001] axis ( 0θ = ). 

 

photocurrent component Jx, which is determined by the disbalance of 

photoelectron flows in both directions of the x-axis significantly increases if 
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the electrons from the left petal (Fig. 4.1) remain in the central valley, whereas 

the electrons from the right petal are transferred to the low-mobility L- and X-

valleys. Exactly such a condition is realized in InGaAs under the 1.6 eV 

excitation. 

 

 
Fig. 4.3. Calculated transversal (a) and longitudinal (b) components of the photocurrent 

excited in InGaAs by a 150 fs laser pulses with three photon energies at dc field of 1 kV/cm. 

The shape of 150 fs laser pulse is shown. 
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Fig. 4.4. Calculated transversal (a) and longitudinal (b) components of the photocurrent in 

InGaAs at dc field of 10 kV/cm. The specifications of the curves are the same as in Fig. 4.3. 

 

In Fig. 4.5 the temporal dependencies of the fraction of photoelectrons in 

the central Γ valley of conduction band are shown. For a field F=1 kV/cm the 

electrons excited at the photon energy in excess of 1.6 eV transfer from the Γ 

valley to the upper L- and X-valleys for a short time (<100 fs). On the other 
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hand, electrons return to the central valley time is much longer, of the order of 

10 ps. Returned to the Γ valley electrons are cooled down through the cascade 

emission of polar optical phonons; their mobility increases due to decreasing  

 

 

Fig. 4.5. The temporal dependencies of the Γ valley filling with photoexcited electrons 

in InGaAs for three photon energies and at dc field of 1 kV/cm (a) and 10 kV/cm (b). The 

specifications of the curves are the same as in Fig. 4.3. 
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effective mass in the nonparabolic conduction band. As a result (Fig. 4.3) the 

longitudinal photocurrent component monotonically grows in time and 

achieves the steady state value in about 10 ps. 
For F=10 kV/cm a considerable fraction of the electrons occupies the 

subsidiary L and X valleys in the conduction band (Fig. 4.5), and clearly 

defined velocity overshoot effect takes place at the photon energies of 1.5 and 

1.6 eV (Fig. 4.4(b)). However, no velocity overshoot effect was observed for 

1.7 eV excitation, because in that case the initial energy of the photoexcited 

electrons is already larger than the threshold for the intervalley transfer.  

It can be seen from Figs. 4.3 and 4.4 that the longitudinal photocurrent 

component Jz decreases with increasing photon energy and at hν=1.7 eV even 

becomes negative for a short time. With increasing dc field, this effect 

becomes smaller. The mechanism of negative photoconductivity can be 

explained as follows. The electrons moving against dc field acquire more 

energy from it and start to be transferred to the upper valleys. Due to the 

intense intervalley scattering these electrons lose almost all their resultant 

momentum, therefore the main contribution to the photocurrent comes from 

the electrons remaining in the central valley. It is clear that this contribution 

will be negative because these electrons move along the electric field. It should 

be noted that a similar effect can be observed in semiconductors if the initial 

energy of the photoexcited electrons is close to a multiple of the optical 

phonon energy [49-52]. 

The transient photocurrent components calculated for InAs excited by 

femtosecond laser pulse with different photon energies are shown in Figs. 4.6 

and 4.7 for the cases of dc field equal to 1 and 10 kV/cm, respectively. As in 

the case of InGaAs, the transversal photocurrent reaches its peak value at the 

photon energy close to the threshold energy for the intervalley transfer of 

electrons, which is about 1.55 eV for InAs. For the 1.75 eV excitation the 

longitudinal component of the transient photocurrent becomes negative for 

about 1 ps long time window after the laser pulse. 

94 
 



 
Fig. 4.6. Calculated transversal (a) and longitudinal (b) components of the photocurrent 

excited in InAs by a 150 fs laser pulses with four photon energies at dc field of 1 kV/cm.   

 

As it follows from Eq. (3.1), in cubic semiconductors the transversal 

photocurrent component depends on orientation of dc and light-wave electric 

fields relative to crystallographic axis of semiconductor. In the case of InAs,  
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Fig. 4.7. Calculated transversal (a) and longitudinal (b) components of the photocurrent in 

InAs at dc field of 10 kV/cm. The specifications of the curves are the same as in Fig. 4.6. 
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Fig. 4.8. Temporal dependencies of the coefficients α, β, and γ   calculated for InGaAs at the 

1.6 eV excitation (a), and for InAs at the 1.55 eV excitation (b) for two values of dc electric 

field of 1 kV/cm (solid lines) and 10 kV/cm (dash lines). 

 

the contribution of this component explains experimental results of both the 

azimuthal anisotropy of the emitted terahertz pulse amplitude [81, 82, 98-100] 

and its dependence on the exciting photon energy [125, 85, 108]. For (111) 

surface the dependence of p-polarized THz field on the rotation angle φ  of the 
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sample about the surface normal is given by 1 cos3a φ+ , where the parameter a 

can be approximated as ( )/ 3 2 / 3 sin ra γ α β γ θ ≈ − −  , rθ  denotes the 

angle of refraction for the exciting optical radiation [125]. The calculated 

temporal dependencies of the coefficients α,  β, and  γ  are given in Fig. 4.8 for 

both semiconductors excited by radiation with the photon energies 

corresponding to maximal transverse photocurrents. These coefficients were 

found from Eq. (3.1) with the use of three calculated photocurrent components: 

Jx, Jz at 45Θ = ° , and Jz at 0Θ = ° . It can be seen that the coefficients 

α, β,  and γ  are comparable in magnitude in the course of about 1 ps after 

photoexcitation. The estimations carried out with the use of the calculated 

coefficients α, β,  and γ  show that the contribution of the transversal 

photocurrent into THz emission from (111) InAs excited at hν=1.55 eV results 

in azimuthal anisotropy approaching the experimentally observed value (a ~ 1). 

 

 

4.4. Experimental observation of anisotropic transient 

photoconductivity  

The optically induced change T∆  of THz probe pulse amplitude is 

proportional to (jF)/F2, where j  is the transient photocurrent induced by THz 

field F. From Eq. (3.1) one can obtain 

 

( ) ( ) ( )2~ cos / 2 sin 2 sin 2T α β γ ϑ ψ γ ϑ ψ∆ + + − − ,                (4.1) 

where ϑ  and ψ  are the respective azimuthal angles of the optical and THz 

fields measured from [100] crystallographic axis. If both fields are parallel to 

each other  

(ϑ ψ= ), the change of THz field amplitude takes the form 

( )~ 3 / 4 / 4 cos 4T α β γ γ ψ∆ + + + . For perpendicular orientation of the fields 

( / 2ϑ ψ π− = ) we obtain ( )~ / 4 / 4 cos 4T α γ γ ψ∆ + − . The difference 

between T∆  for THz field polarized in parallel and perpendicular to the 
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electric field of radiation is given by the expression ( )( )/ 2 1 cos 4β γ ψ+ +  and 

is governed by the anisotropic part of the transient photoconductivity 

determined by the coefficients β  and γ . The measured dependence of the  

difference  in  transmission of  THz pulses polarized along and perpendicular 

to the electric field of femtosecond optical radiation is presented in Fig. 4.9 in 

dependence on delay time between THz and pump pulses. It is apparent that 

for about 1-2 ps after optical excitation the change in transmission of THz 

pulses depends on the orientation of THz field relative to the polarization of 

the optical pump radiation. The fourfold rotational symmetry of THz 

transmission which follows from Eq. (3.1) is supported by our experimental 

results shown in Fig. 4.10.  

 

 
Fig. 4.9. Difference between optically induced changes in transmission of THz probe pulses 

polarized in parallel and perpendicular to the electric field of radiation as function of delay 

time between pump and probe pulses. 
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Fig. 4.10. Azimuthal dependencies of the optically induced THz transmissions measured at 

the delay time of 1.23 ps after photoexcitation for parallel (solid line) and perpendicular 

polarizations (dash line) of the optical pump and THz-probe pulses. 

 

 

4.5. Spectral dependence of anisotropy of the photoconductivity in 

InGaAs excited with femtosecond laser pulses 

The photocurrent excited by a femtosecond laser pulse in 

semiconductors InAs and InGaAs in a static electric field was calculated by the 

Monte Carlo method in [126]. It was found that, when the photon energy of 

radiation that excites the semiconductor is close to the threshold for the onset 

of intervalley transitions of electrons in the conduction band (for InAs and 

InGaAs, this approximately corresponds to the wavelength of the Ti:sapphire 

laser), the transverse component of the photocurrent in the first 50–100 fs after 

excitation can exceed the component along the electric field. Anisotropic 

photoconductivity can be studied experimentally using the “optical pump–
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terahertz probe” technique. This technique is based on measuring the optically 

induced change in the transmission and/or reflection of probe THz radiation 

through the sample under study as a function of the delay time between the 

optical pump pulse and the THz pulse. The main contribution to the change in 

the transmission of probe THz radiation originates from the Drude absorption 

by photoexcited electrons and holes, which is determined by the photocurrent 

induced by the electric field of the THz pulse. Obviously, only the 

photocurrent component parallel to the THz electric field will contribute to the 

absorption. The dependence of the photocurrent on the orientation of the THz 

electric field with respect to the crystallographic axes of the semiconductor and 

the direction of the polarization of the optical radiation will evidently lead to 

anisotropy in the absorption of probe THz radiation. This effect was observed 

experimentally in an InGaAs sample excited by femtosecond laser pulses at a 

wavelength of 800 nm [126]. 

Here, using the optical pump–terahertz probe technique [106], we 

investigate the spectral dependence of anisotropy in the photoconductivity of 

InGaAs excited with femtosecond laser pulses. We establish experimentally 

that the degree of photoconductivity anisotropy depends nonmonotonically on 

the excitation photon energy. The results of Monte Carlo simulation of the 

interaction of THz pulses with a photoexcited electron–hole plasma are in 

fairly good agreement with the experimental results. 

The sample under study was a 1.08 μm thick n-In0.53Ga0.47As single 

crystal film with the (001) orientation grown by molecular-beam epitaxy on an 

InP substrate. Radiation emitted by a femtosecond laser (Pharos, Light 

Conversion) with a wavelength of 1.03 μm was split into three beams. Two of 

them were used for the excitation of a THz emitter and gating of a GaBiAs 

photoconducting antenna (Teravil) that served to detect the THz radiation. The 

third and most intense beam was used to pump a parametric converter 

(Orpheus, Light Conversion) serving as a source of wavelength-tunable 

femtosecond radiation pulses that excited nonequilibrium electron–hole pairs 

in the semiconductor. The repetition rate and duration of the femtosecond 
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excitation pulses were 200 kHz and about 150 fs (FWHM), respectively. A p-

InAs (111) oriented semiconductor wafer served as the emitter of THz pulses. 

The use of this type of emitter instead of commonly employed 

photoconducting antennas provided for a better quality of the THz beam. 

Wavelength-tunable femtosecond radiation from the parametric converter with 

an average power of 200 mW was focused onto the sample under study in a 2 

mm diameter spot. The polarization direction of the excitation beam with 

respect to that of the THz radiation pulse was rotated using a half-wave plate. 

Terahertz radiation incident on and transmitted through the sample was 

focused by two Teflon lenses placed in front of and behind the sample, 

respectively. The optically induced change in the amplitude of the THz pulse 

transmitted by the sample was measured as a function of the time delay 

between the THz pulse and the femtosecond excitation pulse. The wavelength 

of the excitation radiation was varied in the range of 0.69–1.0 μm. The 

measurements were carried out at room temperature for the polarization of the 

optical excitation oriented parallel and perpendicularly to the electric field of 

the THz pulse. 

The thickness of the layer of the photoexcited electron–hole plasma is 

determined by the optical radiation absorption length, which is much shorter 

than the THz radiation wavelength. For this reason, the photoexcited plasma 

layer may be considered infinitely thin. Then, the optically induced change in 

the transmitted THz field is ΔF = –4πI/c(n + 1), where c is the speed of light in 

free space, n is the refractive index of the substrate in the THz spectral range, 

and I is the component of the surface photocurrent parallel to the electric field 

of the THz pulse. It should be noted that the surface photocurrent is determined 

by the effective electric field, which, generally speaking, does not coincide 

with the incident THz pulse field. However, taking into account that the 

incident THz field differs from the effective field by a small value proportional 

to the surface photocurrent, the distinction between them may be disregarded.  

The surface photocurrent induced by the THz field was calculated by 

the Monte Carlo method. The electron spectrum in the L and X valleys of the 
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conduction band was described using the isotropic Kane model. The scattering 

of charge carriers by acoustic, optical (polar and deformation), and intervalley 

(for the case of electrons) phonons was analyzed in the isotropic 

approximation. The dispersion relations and wave functions of electrons in the 

central valley of the conduction band and holes in the three valence subbands, 

as well as the matrix elements of the momentum operator for direct band-to-

band transitions, were calculated numerically using an eight-band Hamiltonian 

matrix in the Luttinger–Kohn representation. This approximation makes it 

possible to take into account the real cubic symmetry of the crystal, which 

causes band warping, and the effects of band coupling, which play an 

important role in narrow gap semiconductors. The computed optical transition 

probabilities were then used to calculate the initial electron and hole 

momentum distribution functions. The calculations show that the distribution 

function of photoelectrons excited to the states of the conduction band with 

energies comparable to the semiconductor band gap or exceeding it differs 

considerably from the distribution function of electrons generated near the 

bottom of the conduction band. In particular, the momenta of electrons excited 

from the heavy- and light-hole subbands high into the conduction band align 

predominantly within the plane perpendicular to the radiation polarization 

vector. 

We used a Monte Carlo simulation algorithm in which the number of 

particles in the ensemble is considered constant. The appearance of real 

electrons and holes in the bands as a result of optical excitation was taken into 

account by varying the effective charge of the simulated particles. The electric 

field F of the THz probe pulse was approximated by the function 

( ) ( ) ( )2 ~ 1 –  5 / 3 –5F t t t exp t  (where t is time in picoseconds), which 

describes the actual pulse shape fairly well. 

The calculations demonstrate (see Fig. 4.11) that the component of the 

surface photocurrent I parallel to the THz electric field depends on the 

direction of the polarization vector of the optical radiation. Immediately after  
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Fig. 4.11. Time dependences of the parallel component of the surface photocurrent I induced 

by the THz electric field in photoexcited InGaAs calculated for different delays of the THz 

pulse with respect to the optical pulse for two orientations of its polarization. The delay time 

is determined according to the peak positions of the THz and optical pulses. The optical 

excitation pulses are polarized along the [110] direction. 

 

the end of the excitation pulse (see curves for a delay time of 0.05 ps, Fig. 

4.11), the difference between the photocurrents for the parallel and 

perpendicular orientations of the polarization vector of the optical radiation 

with respect to the THz field is comparable to the magnitude of the 

photocurrent at this moment. As the delay of the THz pulse with respect to the 

optical pulse increases, the difference between the photocurrents decreases 

with a characteristic relaxation time of 1 ps. A small, on the order of 100 fs, 

delay of the photocurrent with respect to the electric field of the THz pulse 

seen in Fig. 4.11 is related to finite electron relaxation time. The calculations 

also indicate that the photocurrent amplitude increases with the delay of the 

THz pulse with respect to the optical pulse. It is reasonable to attribute this 
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behavior of the photocurrent to an increase in the mobility of photoexcited 

electrons upon their relaxation toward the bottom of the conduction band. 

The physical mechanism of the anisotropy can be most readily 

understood if we consider the ballistic phase of the transport of photoexcited 

electrons in a constant electric field in a band with a nonparabolic dispersion 

relation. Consider a pair of photoelectrons with equal but oppositely directed 

momenta. Under the action of an electric field F, the energy of the 

photoelectron whose initial momentum component along the field is positive 

will decrease, while the electron with oppositely directed momentum will 

accelerate and its energy will increase. Owing to nonparabolicity, the effective 

mass of the first electron will decrease and that of the second electron will 

increase. During the ballistic phase of the transport, i.e., in the first few 

hundred femtoseconds after the excitation, the contribution from this pair of 

electrons to the photocurrent component parallel to the field F will be 

determined by the expression 

 

( ) ( ) ( ) ( ), ,p p eFt p p eFtj e p eFt m p eFt mε ε
⊥ ⊥− +

 = − − − +  

 

.          (4.2) 

 

Here, m(εp) is the effective mass of the electron depending on the energy εp 

and p|| and p⊥ are the absolute values of the components of the initial electron 

momentum after photoexcitation parallel and perpendicular to the electric field, 

respectively. In the approximation linear with respect to the electric field, we 

obtain from Eq. (4.2) 

 

22 ln1 pde Ft d mj p
m dp d

ε
ε

 
= − 

  p




.                                   (4.3) 

 

The effective mass and its derivative with respect to energy in Eq. (4.3) 

are taken at the initial electron energy at the moment of excitation. The first 
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term in Eq. (4.3) is independent of the initial momentum of photoexcited 

electrons and describes the ordinary contribution to the photocurrent 

originating from the asymmetry of their momentum distribution caused by the 

electric field F. The second term depends on the orientation of the initial 

photoelectron momentum and describes the contribution to the photocurrent 

owing to nonparabolicity, which results in a nonlinear dependence of the 

velocity of the electron on its momentum. Evidently, averaging over the 

momenta of photoexcited electrons with an anisotropic distribution function 

will lead to the dependence of this term on the orientation of the polarization 

vector of the excitation radiation with respect to the pulling electric field. 

During the next phase, in which the transport of photoexcited charge carriers is 

determined by scattering processes, another contribution to the photocurrent 

anisotropy will also arise owing to the energy dependence of the electron 

momentum relaxation rate. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.12. Photoinduced change in the THz transmission ΔT versus the delay time of the THz 

pulse with respect to the optical pulse measured for two directions of its polarization. The 

excitation radiation wavelength is 780 nm. 
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Fig. 4.12 shows the typical experimental dependences of the 

photoinduced change ΔT in the THz transmission on the time delay between 

the THz and optical  

pulses. The THz transmission decreases with increasing delay. This is 

explained by the energy relaxation of photoexcited electrons, which leads to an 

increase in their mobility and, thus, in the photocurrent induced by the THz 

electric field (see Fig. 4.11). Fig. 4.12 also clearly demonstrates that, in the 

first two picoseconds after the excitation, the change in the THz transmission 

depends on the orientation of the polarization vector of the optical radiation 

with respect to the electric field of the THz pulse. It can be concluded that the 

observed polarization dependence of the photoinduced change in the THz 

transmission is caused by the effect of the anisotropic photoconductivity. 

According to Eq. (4.3), the anisotropic contribution to the 

photoconductivity depends on the initial energy of photoexcited electrons. 

Thus, it should depend on the photon energy of the excitation radiation. This 

conclusion is illustrated by Fig. 4.13, which shows the dependence of the 

anisotropy of the photoinduced change in the THz transmission in InGaAs on 

the wavelength of femtosecond excitation pulses. Both the experimentally 

determined dependence and the one obtained by the Monte Carlo calculations 

are plotted. One can see that the degree of anisotropy attains a maximum for an 

excitation wavelength of 780 nm, which approximately corresponds to a 

photon energy of 1.6 eV. In InGaAs, radiation with this wavelength generates 

electrons in the central valley of the conduction band with energies near the 

threshold for the onset of their transitions to the subsidiary valleys. Thus, it is 

reasonable to assume that the occurrence of a spectral maximum in the 

anisotropic photoconductivity is caused by intervalley transfer of photoexcited 

electrons. Indeed, those photoelectrons whose momentum component along the 

electric field direction is positive decelerate and remain in the central valley, 

where the electron mobility is high. In contrast, the energy of electrons with 

oppositely directed momenta will increase and they will experience rapid 

scattering to the subsidiary valleys of the conduction band, where the mobility 
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Fig. 4.13. Spectral dependence of the anisotropy in the change of the THz transmission of 

InGaAs excited by linearly polarized femtosecond pulses. The vertical axis represents the 

difference in the amplitudes of THz pulses transmitted by the sample that are polarized along 

and across the excitation optical pulses. The average power of the excitation radiation was 

normalized to maintain a constant photon flux upon the variation of the wavelength. 

 

is low. Consequently, the main contribution to the anisotropic part of the 

photocurrent will come from the electrons in the central valley that move at 

acute angles with respect to the field. The contribution of these electrons to the 

anisotropic part of the photoconductivity will lead to a reduction in the 

photocurrent component along the THz field and, thus, to an increase in the 

THz transmission. This effect will be most prominent for electrons whose 

momenta are oriented along the THz field F. Since photoelectrons in the case 

under study are mainly aligned in the plane perpendicular to the vector E, this 

condition is satisfied for the field orientation F ⊥ E (see Fig. 4.12). It is worth 

noting that the warping of the energy bands, originating from the cubic 

symmetry of the semiconductor, will lead to the dependence of the anisotropic 
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photoconductivity on the orientation of the polarization of the excitation 

radiation with respect to the crystallographic axes of the semiconductor. 

Here it should be  mentioned that, according to earlier measurements, the 

degree of azimuthal anisotropy in the THz signal generated at the surface of 

InAs excited by femtosecond laser pulses depends nonmonotonically on the 

excitation wavelength. It attains a maximum for a photon energy of 1.55 eV 

[85], which approximately corresponds to the threshold energy for the onset of 

electron transitions to the L subsidiary valleys of the conduction band. 

Apparently, the observed spectral maximum in the degree of azimuthal 

anisotropy is caused by the contribution to the THz generation from the lateral 

component of the photocurrent. This component appears owing to the 

photoconductivity anisotropy, which also attains a maximum for the photon 

energy corresponding to the threshold for intervalley transitions. 

 

4.6. Chapter summary 

The transient photoconductivity in cubic semiconductors InGaAs and 

InAs excited by linearly polarized femtosecond laser pulses in the presence of 

a dc uniform electric field has been investigated by Monte Carlo simulation. It 

has been found that the optical alignment of photoexcited electrons over 

momenta and the dependence of electron mobility on its energy results in 

anisotropy of photoconductivity, when except for the customary longitudinal 

photocurrent along dc field, the transversal photocurrent component directed 

perpendicular to this field occurs over the course of 1-2 ps after optical 

excitation. This transient photocurrent depends on orientation of the dc and 

light wave electrical field relative to crystallographic axes of semiconductor 

and is a non-monotonic function of the photon energy of the exciting 

femtosecond radiation.  

The transient anisotropic photoconductivity results in the polarization 

dependence of THz pulse transmission through the semiconductor excited by 

femtosecond laser radiation. We have used optical pump – THz probe 

technique for studying this effect in (001) oriented n-type InGaAs sample. It 
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has been found that in the first few picoseconds after excitation the optically 

induced change of THz transmission depends on the direction of THz field 

relative to polarization of the optical pump pulse and crystallographic axes of 

the semiconductor. On rotation of the sample around normal to the excited 

semiconductor surface the fourfold symmetry of THz transmission is observed. 

The obtained experimental data correlate with the results of Monte Carlo 

simulation and is explained in terms of the transient anisotropic 

photoconductivity.  

On the basis of both Monte Carlo simulations and experimental studies, it 

has been demonstrated that intervalley transitions of photoexcited electrons 

may affect considerably the anisotropy of the picoseconds photoconductivity in 

cubic semiconductors excited by ultrashort laser pulses. We have established 

that the anisotropy of the photoconductivity is maximal when photoelectrons 

are produced by radiation with a photon energy near the threshold for the onset 

of electron transitions to the subsidiary valleys in the conduction band. 

Simulations also show that at the femtosecond excitation with the photon 

energy near the threshold for intervalley electron transfers the longitudinal 

photocurrent can become negative in the subpicosecond time domain after 

optical excitation. 
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MAIN RESULTS AND CONCLUSIONS 

 
The purpose of work presented in this thesis was to study the transient 

anisotropic photoconductivity in cubic semiconductors excited by femtosecond 

laser pulses and to investigate how this effect is manifested in emission of THz 

radiation from the semiconductor surface. The existing notion of the transient 

picosecond photoconductivity is far from complete in spite of the intensive 

study of this phenomenon. Thus, the influence of the optical alignment of 

photocarriers over momenta on the transient photoconductivity has not been 

properly investigated. Meanwhile, as shown in this work the anisotropic 

momentum distribution of photocarriers can have a dramatic effect on the 

photocarrier dynamics during the first few hundred femtoseconds after 

photoexcitation. 

The following results were obtained in this work. 

1. The terahertz power radiated by the femtosecond laser excited 

semiconductor surfaces was measured by the Golay cell. Intrinsic InSb 

crystals as well as p-type InAs were investigated by using three different 

wavelengths: 780 nm, 1030 nm, and 1550 nm, femtosecond lasers. It 

has been shown that p-type InAs crystal is the most efficient THz 

emitter for all three laser wavelengths with a nearly constant optical-to-

THz power conversion efficiency of approximately 10-6. 

2. The photocurrent in InAs excited by femtosecond laser pulse with 

different photon energy taking into account optical alignment effect has 

been calculated with use of the transport equation for photoexcited 

electrons and holes in collisionless approximation. It has been found 

that the nonparabolicity of the electron dispersion law as well as the 

optical alignment of the photoexcited carrier momenta result in 

anisotropic photocurrent with a lateral component perpendicular to the 

surface dc electric field even in semiconductors with a cubic symmetry.  
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3. The lateral transient photocurrent component is the strongest during the 

first few hundreds of femtoseconds after the photoexcitation and causes 

the emission of terahertz radiation pulses with an amplitude dependent 

on the angle between the optical field and the crystallographic axes. In 

the case of InAs the contribution of this component in terahertz 

emission can be comparable to the contribution of the photocurrent 

component directed perpendicular to the crystal surface and explains 

experimental results of both the azimuthal anisotropy of the emitted 

terahertz pulse amplitude and its dependence on the exciting photon 

energy.  

4. Transient photoconductivity in cubic semiconductors InGaAs and InAs 

excited by a femtosecond laser pulse in the presence of an uniform dc 

electric field has been studied with the use of a Monte Carlo simulation 

by taking into account optical alignment of photoexcited electrons over 

their momenta. Simulations show that due to the optical alignment 

effect and energy dependence of the electron mobility, the transient 

photoconductivity in cubic semiconductors becomes anisotropic during 

the first few picoseconds after optical excitation. The magnitude of this 

anisotropy reaches its peak when the excess energy of the optically 

excited electrons approaches the threshold for the intervalley transfer. It 

has been also found that when the electrons are excited near the 

threshold energy for the intervalley transfer, the component of the 

transient photocurrent directed along dc field for a short time after the 

end of the femtosecond optical pulse can become negative.  

5. The anisotropy of the transient photoconductivity has been investigated 

experimentally on (001) InGaAs sample by optical pump – terahertz 

probe technique. It has been found that in the first few picoseconds after 

excitation the optically induced change of THz transmission depends on 

the direction of THz field relative to polarization of the optical pump 

pulse and crystallographic axes of the semiconductor. On rotation of the 

sample around normal to the excited semiconductor surface the fourfold 
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symmetry of THz transmission is observed. Experimental data are 

explained in terms of the transient anisotropic photoconductivity and are 

correlating with the results of the Monte Carlo simulation.  

6. Using the optical pump–terahertz probe technique, the spectral 

dependence of anisotropy in the photoconductivity of InGaAs excited 

with femtosecond laser pulses has been investigated. An optical pump–

terahertz probe setup using parametric converter as a source of 

wavelength-tunable femtosecond pump radiation has been assembled. It 

has been experimentally established that the degree of 

photoconductivity anisotropy depends nonmonotonically on the exciting 

photon energy. It grows with increasing the photon energy and reaches 

the maximum in the vicinity of the threshold for photoelectron 

transitions to the lateral valleys. The results of performed Monte Carlo 

simulation of the interaction of THz pulses with photoexcited electron–

hole plasma are in fairly good agreement with the experimental data. 

Thus, it has been shown in this work that the anisotropic transient 

photoconductivity in cubic semiconductors excited by femtosecond laser 

pulses is determined by photocarrier dynamics on a subpicosecond time scale 

and plays a significant role in THz emission from semiconductors. The study 

of this phenomenon gives us a better insight into ultrafast electronic processes 

which are of fundamental importance to the operation of high-speed 

semiconductor devices having a picosecond response time. In the future it 

might be desirable to investigate the transient anisotropic photoconductivity in 

more details. Basing on the results obtained in this work we allow oneself to 

state some problems relating to the anisotropic transient photoconductivity 

which are of most interest in our opinion.  

a) To extend the study of the transient anisotropic photoconductivity to 

other semiconductor materials.  

b) To investigate anisotropy of the transient photocurrent under high 

electric field. This experiment can be performed using optical pump–terahertz 
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probe technique and intense THz pulses obtained for instance by tilted-pulse-

front excitation. 

c) It would be interesting to carry out experiment at higher level of 

photoexcitation. It allows to increase the density of electron-hole plasma in 

semiconductor sample and thus to investigate the influence of carrier-carrier 

scattering and absorption saturation on the transient anisotropic 

photoconductivity. 

d) It makes sense to perform experiment at low temperature and thus to 

study the influence of carrier scattering processes on the degree of anisotropy 

of the transient photoconductivity.  

e) The anisotropic transient photoconductivity considered in this work is 

characterized by a subpicosecond response time. Therefore, it would be 

interesting to consider utility of this effect in fast semiconductor 

optoelectronic. 
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