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1 INTRODUCTION 

In recent years THz technology continues to rapidly develop and find 

applications in various fields of science and industry. One of the applicable 

techniques – THz time-domain spectroscopy could be used in systems for 

drugs and explosives detection [1], in a car manufacturing for assuring 

quality control and resource conservation of exterior painting [2], in the art 

for heritage conservation [3], as a non – invasive way for cancer detection in 

the medicine [4], and for the food quality control [5]. Also, such a system 

can be useful both for quality control of electrical and photonic components 

[6] as well as in fundamental research of semiconductor properties [7, 8].

Such a plethora of possible applications and proof of concept demonstrations

was allowed by the rapid development of THz radiation detection and

emission capabilities in previous few decades.

Ultrashort optical pulse, with photon energy higher than the bandgap of 

the semiconductor, generates photo-excited carriers at the illuminated 

surface. These carriers are separated by built-in electric field or due to 

different propagation velocities of holes and electrons towards the bulk of 

the material. That, in turn, creates a transient photocurrent at the surface, 

which results in emission of electromagnetic radiation in the THz frequency 

range. Material properties, the intrinsic surface electric fields, the excess 

energy of photoexcited carriers and the angle at which exciting pulse 

impinges the sample determine the efficiency of the THz pulse generation. 

Such dependencies and estimation of generation mechanisms can be used to 

determine important properties of the semiconductor band structure. 

Previously it was shown that using THz pulse excitation spectroscopy (TES) 

such semiconductor band structure parameters as the direct bandgap [9], 

subsidiary valley position [8, 9], intrinsic fields on the surface of the material 

[10] could be evaluated. Mostly, A3B5 semiconductors were investigated

and subsidiary valley positions in the conduction band were determined for

GaAs [9], InAs [8], InSb [8], InP [OP1], InGaAs [11].

Conduction and valence band offsets at the interface between two 

materials composing a heterojunction is an important parameter for 

engineering modern micro- and opto- electronic devices. Such parameters 

are widely investigated theoretically and experimentally [12]. There are 

already several established experimental techniques for band offset 

determination such as quantum well spectroscopy, X-ray photoemission 

spectroscopy, and ballistic electron emission. In this work, for the first time 

TES is used to evaluate the band offset of the heterojunction. This is 

achieved by employing the ballistic nature of carriers excited by 
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femtosecond laser pulse [13]. Dilute bismides containing heterojunctions – 

GaAsBi/GaAs and GaInAsBi/InP were investigated. Also, the 

photoconductive antenna was fabricated from GaInAsBi layer. It emitted 

THz pulse when excited with 2 μm wavelength optical pulses. Dilute 

bismides are of high interest lately due to their potential to be used as energy 

efficient near-infrared devices.  

Even though THz pulse emission spectroscopy has been applied for cubic 

A3B5 semiconductors, there is still a need to investigate other crystal 

structure materials. Recently layered materials have been widely investigated 

due to their unique properties when they are of a few layers, their electronic 

[14] and mechanical properties [15] are superior to their bulk counterparts.

Also a transition from indirect gap to direct band gap [16] could be

observed. In this work, THz emission spectroscopy was used for

investigation of layered Transition Metal Dichalcogenides (TMD) and GaSe

crystals.

Ultrathin bismuth layers are of high interest, due to their large Fermi 

wavelength (~30 nm), the quantum confinement effects in these layers 

appear quite early [17] that lead to a semimetal – semiconductor transition. 

Also, theoretical studies predict them to be topological insulators [18]. 

Therefore, the emission from crystalline polycrystalline ultrathin bismuth 

layers were investigated in this work. 

This work extends previous work performed at CPST on TES 

methodology development. Techniques versatility is shown by applying 

measurements to a wide range of materials. TES main advantage is the 

contactless measurement, with a possibility to directly determine 

semiconductor band structure parameters. 

1.1 Major Goal 

To investigate various bandgap and crystal structure semiconductors, and 

to determine semiconductor heterostructures band offset values using the 

THz excitation spectroscopy technique. 

1.2 Tasks of this Work 

• To develop a THz excitation spectroscopy methodology for the

determination of energy band offset values in semiconductor

heterostructures.
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• To determine the conduction band offset of GaAsBi/GaAs and 
GaInAsBi/InP heterojunctions using the developed THz excitation 
spectroscopy methodology.

• To investigate indirect bandgap and layered hexagonal crystal 
structure semiconductors using THz excitation spectroscopy.

• To  determine   band   structure parameters of Transition Metal 
Dichalcogenides and GaSe crystals.

• To investigate THz generation from ultrathin monoelemental bismuth 
layers. 

1.3 Scientific Novelty 

• THz pulse excitation spectroscopy methodology was used for the first

time to determine energy band offsets in semiconductor

heterojunctions.

• Photoconductive antenna based on GaInAsBi layer grown on InP

substrate showed the most efficient THz pulse generation when

illuminated by 2 μm wavelength laser pulses.

• Terahertz pulse excitation spectra were used to determine the electron

energy band structure of layered materials - GaSe and transition

metal chalcogenides (MoSe2, MoS2, and WSe2).

• It was shown that germanium crystals can intensively emit THz

pulses after being illuminated with femtosecond 1.55 µm laser pulses.

• THz emission from thin electrodeposited polycrystalline bismuth

layers was linked to rapid photoelectron thermalisation and the

photo-Dember effect.

• The emission of THz pulses observed in thin crystalline layers of

bismuth grown by MBE on silicon substrates testified to the

semimetal-to-semiconductor transitio.

• Azimuthal angle-dependent THz emission observed in nanometer-

thick MBE-grown Bi layers is explained by anisotropic lateral

photocurrents.

9



1.4 Statements of Defense 

• The ballistic motion of electrons excited by femtosecond optical

pulses in a semiconductor heterostructure results in the distinct

changes of the THz pulse excitation spectrum at photon energies

corresponding to electron transitions from the valence band of the

narrow-band semiconductor to the conduction band of the wide-band

semiconductor layers. This allows to determine the energy band line-

ups in semiconductor heterostructures directly from THz excitation

spectrum.

• The conduction band offset of GaAsBi-GaAs heterojunction has

about 45% ± 5% energy gap difference between these materials;

while, for another heterojunction containing dilute bismide,

GaInAsBi-InP, this value is equal to 34% ± 3 %.

• The THz emission mechanism in thin polycrystalline Bi layers

obtained by electrodeposition on noble metal substrates is due to

faster electron diffusion from the surface than the hole diffusion –

photo-Dember effect. While in crystalline layers grown on Si (111)

substrates by molecular beam epitaxy the THz emission is due to

lateral photocurrent arising from ballistic propagation of charge

carriers.

1.5 Author Contribution 

Author was responsible for assembling the experimental setups and most 

of the measurements of THz pulse emission, azimuthal angle dependence 

and optical pump – THz probe. He was also involved in discussions, 

preparation and writing of manuscripts. He presented the results in 16 

international and national conferences both in oral and poster format. 

The sample growth using MBE and the characterisation were done in the 

optoelectronics department of the Centre for Physical Sciences and 

Technology based in Vilnius, while TMD samples were grown in the 

Institute of Physics of the Moldovan Academy of Sciences in Chisinau. 
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2 LITERATURE OVERVIEW 

2.1 THz frequency range: technology and its applications 

The terahertz (THz) electromagnetic wave region is typically defined by 

a range from 0.1 THz up to 10 THz [19]. This denotation is common in 

electronics, while the wavelength and photon energy are common in the 

optical region. In the latter, the THz region is defined by the wavelengths 

ranging from 3 mm to 30 μm or photon energies from 0.4 meV to 41 meV. 

The THz spectral region lies between microwave and infrared (Fig. 2.1). 

Previously, this region was referred to as the submillimetre or far-infrared 

electromagnetic waves as well as the “THz gap” [20] due to low brightness 

of available THz emitters and limited sensitivity of the detectors, strong 

atmospheric absorption [21], and because of fundamental problems arising 

when coming from the electronic and photonic sides of the spectra. In the 

first case, this limit was originates from the relatively low speed of the 

electronic components and a rapid attenuation of the signal at higher 

frequencies. The use of photonic approaches impairs by the scarcity of 

materials in which the electron population inversion could be possible, 

because the photon energy of a large part of the THz region is lower than 

thermal energy of 25 meV at room temperature (293 K). 

Fig. 2.1 Electromagnetic spectrum and THz region. Adapted from [22] 

The photonics side offers several high power THz lasers as a source. The 

THz quantum cascade laser (QCL) [23] contains several quantum wells 
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coupled into a superlattice where certain levels are created in the conduction 

band and are structured in such a way that an electron undergoes several 

lasing transitions by emitting THz photons multiple times while passing 

through a device [24]. Such a device was shown to operate in the 1 - 5 THz 

range with power in the range of tens of mW; it has narrow bandwidth while 

working in pulsed or CW regimes. Cryogenic temperatures are required, but 

the devices’ operation temperature is rapidly increasing with the latest 

research showing a maximum operating temperature of 250 K [25]. The 

main advantages of QCLs would be their portability and relatively high 

output power. Another solid-state device – the p-Ge laser [26] also 

demonstrated a high output power and tunable THz wavelength [27]. In this 

device, the population inversion is achieved between the light and the heavy 

hole valence bands or due to the Landau splitting of the light hole band in 

crossed or parallel magnetic and electric fields [28]. This source allows to 

tune of the THz frequency from 1 THz to 4 THz, its achievable power can 

reach several watts, but the operating temperature is below 40 K. Photonic 

instrumentation also employs non-linear optical effect - optical rectification 

[29], in this case, lower power, but extremely broadband THz pulses can be 

achieved. While employing difference frequency generation together with an 

infrared range QCL, in such a way monolithic emitter is demonstrated [30]. 

The electronic THz equipment uses high-speed transistors and diodes as 

well as mixers for frequency up-conversion. GaAs Schottky diodes are used 

for detection and generation of THz radiation, state of the art devices achieve 

frequencies up to 3 THz [31]. The average power of the silicon-based 

emitters increased substantially and the range is starting to extend beyond 1 

THz [32]. In recent years silicon-based integrated technology systems 

achieved output power reaching up to 100 μW at 1 THz [33]. Meanwhile, 

the THz signal detection is achieved using electronic components such as 

bolometers, Golay cells, and pyroelectric diodes[19]. 

Rapid development both in the electronics and photonics field, as well as 

novel optoelectronic methods appearing in the 1980s, started to fill the THz 

gap quite rapidly. The number of scientific publications with the term 

“Terahertz” had exponential growth in the following decades [34]. The main 

catalysts for such a rapid development were the introduction of ultrashort 

lasers in the laboratories across the globe. The methods of generation and 

detection of THz radiation based on such lasers were found to have a great 

potential for numerous applications: security [35]; quality control of 

integrated circuits [36], non-destructive testing of biological macromolecules 

[37], as well as in medical imaging and diagnostics [38]. A higher than in the 
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case of radio waves frequency opens up the possibility for faster next-

generation communications [39]. 

It is also worth mentioning numerous physical characteristics of 

semiconductors that can be determined when using pulsed THz 

measurements. For example, electrical conductivity measurement in 

nanowires using classical Hall-effect is not efficient due to the need for 

contacts. A noncontact alternative could be offered by THz conductivity 

spectroscopy [40]. Another powerful tool to investigate dynamical 

parameters of semiconductors is time-resolved THz spectroscopy (TRTS) 

[41]. Parameters such as charge carrier lifetimes, their mobilities, dopant 

concentrations, and surface recombination velocities can be measured with 

high accuracy [42]. E.g., TRTS was used to characterize the onset of 

Coulomb screening and plasmon scattering after photogeneration of 

electron-hole plasma in GaAs on a 10–100 fs time scale [43]. 

Overall, even with recent advances in THz field the research to improve 

sources, detectors and components is ongoing. 

2.2 THz time-domain spectroscopy 

In the 1970s, when the first ultrafast laser systems became available, the 

optical pulses were three orders of magnitude shorter than the electrical 

pulses generated by traditional electronic equipment. So developing a system 

that could use optical pulses for the gating of electrical signals became an 

important issue. Such a system was proposed in D.H. Auston’s [44] 

pioneering work. In this work, electrical pulses with picosecond rise times 

were generated in a silicon-based transmission-line structure with a gap 

illuminated by the second-harmonics of a few ps duration Nd:glass laser 

pulse. Short electrical pulse switch-off times were achieved by short-

circuiting the transmission line using the first harmonic laser pulses. Such an 

approach became to be known as the Auston switch. The main issues for 

getting shorter electrical pulses with Auston switches were the long carrier 

lifetime in silicon and strong dispersion inside the transmission line. A 

similar method was used in a system where THz pulse was radiated directly 

into the free space and shorter carrier lifetimes in ion-implanted silicon on 

the sapphire substrate were used [45]. In this case, dipole antennas were used 

to generate and detect the electromagnetic radiation. In such experiments 

sub-ps electrical pulses propagating in the air with almost 2 THz bandwidth 

were demonstrated [46]. This experiment had limitations since the width of 

the dipole antenna was around 10 μm - much shorter than the THz 

wavelength and huge diffraction losses, which resulted in free space 
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propagation of only a few mm, appeared. A competing group led by 

D. Grischkowsky used hemispheric sapphire lens and parabolic mirrors to

reduce the diffraction losses [47]. In their experiment, 1 m propagation

without THz pulse distortion was shown. Later on, an extensive research

work was performed on the improvement of the photoconductive material,

and with the advancement of 800 nm wavelength lasers, a low temperature

grown GaAs was developed [48]. At a similar time, an electro-optical

sampling THz system [49] was developed that used non–linear optical

effects to generate THz pulses.

THz time-domain-spectroscopy (TDS) is a coherent detection method 

where both amplitude and phase of the broadband THz pulse are measured. 

The scheme of such a method is shown in Fig 2.2. Here a femtosecond 

laser’s beam is split into two branches: for illuminating emitter and detector. 

THz pulse generated in the PCA may pass through the sample and a single 

data point of THz electric field amplitude is measured. Using a delay line 

THz pulse is probed by the laser pulse at equally differing time intervals. 

Measurement is done in the time domain, but, by applying the fast Fourier 

transform, the spectra of the electrical pulses can also be obtained. 

Fig. 2.2 Principle scheme of THz time-domain spectroscopy setup 

PCAs do not require high optical pulse energy. The main requirements 

for semiconductors, from which the antennas are fabricated, are a short 

carrier lifetime, a high dark resistivity, and a large electrical breakdown 

field. At present, several materials are having optimal physical 

characteristics for a successful operation in TDS systems operating at 

important (due to commercial laser availability) laser wavelengths: ~800 nm 
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LT–GaAs, ~1000 nm GaAsBi [50], ~1550 nm Rh or Fe doped InGaAs [51, 

52].  

Another way of generating broadband THz pulse is based on the optical 

rectification effect in a non-linear medium. Similarly, THz detection is 

possible via the Pockels effect in such a medium. In the Pockels effect, the 

electric field of THz pulse induces birefringence in a non-linear optical 

crystal proportional to the electric field amplitude. Change of polarisation is 

measured afterward using a couple of photodiodes. With such a method a 

complete THz electric field characterisation can be achieved by applying the 

transfer function method [53]. Non-linear optical TDS systems require 

higher optical pulse energy. The main parameters for nonlinear optical 

material are an optical nonlinearity coefficient, phonon absorption 

frequencies, and a walk-off thickness determined by the difference between 

optical and THz beam group velocities inside the material.  

Optical nonlinearity leading to the THz pulse emission and detection can 

be also obtained when using high-power femtosecond laser pulses in air and 

other gases via their breakdown and the plasma creation [54]. Such a method 

has several advantages over solid-state media, the most important of which 

is the absence of phonon absorption. The only limiting emitted frequency 

factor, in this case, is the optical pulse width.  

2.3 THz pulse emission from semiconductor surfaces 

THz pulse emission from semiconductor surfaces illuminated by a 

femtosecond laser beam was at first shown by X.C. Zhang et al. [55]. Since 

then a lot of research was done on identifying THz emission mechanisms 

responsible for this effect [10], as well as its manifestations in other 

substances, e.g., metals [56], liquids [57], gases [58]. Photoexcited 

semiconductor emits broadband THz electromagnetic pulse with frequencies 

ranging up to several THz. Such an effect is common for almost any photo-

excited semiconductor, differing mainly by the generated pulse magnitude.  

In the majority of cases, the THz pulse emission from illuminated 

surfaces is due to the accelerated charged particle propagation, leading to 

electromagnetic radiation. The underlying microscopic explanation of this 

phenomenon is clearly explained in the book by Longair [59]. A final 

derived equation for an electric field created by accelerated carriers in 

spherical coordinates is given there as: 

𝐸𝜃 =
𝑞|𝑎|𝑠𝑖𝑛𝜃

4𝜋𝜀0𝑐2𝑟
, (1) 
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where 𝑞 – charge of the carrier, 𝐸𝜃  – tangential component of the electric

field, 𝑎 – acceleration of the charge carrier, 𝑟 - the radial distance from the 

carrier, 𝜀0 – electric permittivity of free space, 𝑐 – speed of light, 𝜃 – angle

with respect to acceleration vector direction. 

Main properties of the radiation of an accelerated charged particle: 

• Stronger acceleration creates stronger electric field/pulse.

• The polar diagram of the radiation is of dipolar form, so electric field

strength varies as sin θ and the power radiated per solid unit angle

varies as sin2 θ. From Fig 2.3 (a) there is no radiation along the

acceleration vector and the field strength is greatest at a right angle to

the vector.

• The radiation is polarised, the electric field vector in a far field is

parallel to the direction of the acceleration vector of a charged

particle.

Fig. 2.3 a) Radiated dipole of accelerated charged carrier, b) THz radiation 

propagation when exciting with optical pulse, when illuminate diameter is 

higher than THz wavelength 

The main mechanisms of THz radiation from semiconductor surfaces can 

be separated into two broad categories: induced transient photo-current or 

non-linear optical effects. Their microscopic origin is similar. In the first 

case, the semiconductor is resonantly excited and source of THz 

electromagnetic wave will be the accelerated or decelerated free carriers and 

transient current 𝑗 induced by them. In the second case, electrons inside the 

atom will be oscillating (will have an acceleration) creating THz radiation in 
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such a way, which will depend on nonlinear polarisation 𝑃. Therefore, the 

equation (1) could be expressed in a different form [60]: 

𝐸𝑇𝐻𝑧 = −
𝑆

𝜀0𝑐2𝑟
∫ (

𝜕𝑗

𝜕𝑡
+

𝜕2𝑃

𝜕𝑡2)𝑑𝑧
∞

0
, (2) 

where 𝑆 is the area of laser excited spot on the semiconductor surface, z – 

the distance from the surface, 𝜀 – vacuum dielectric permittivity. Relation 

(2) is applicable when the diameter of the illuminated spot is smaller than the

wavelength of the emitted THz radiation. If it is not the case and

photoexcited area is larger, radiation direction will be governed by

interference between dipoles radiating from separate surface elements.

Radiation direction will be governed by interference between dipoles

radiating from separate surface elements when the diameter of the

illuminated spot is bigger than the wavelength of the emitted THz radiation.

Because of this, THz radiation will propagate mostly along a specific

direction.

In the majority of experiments, THz generation is achieved when 

illuminating the semiconductor surface at an oblique angle (Fig 2.3b). It can 

be seen that the laser beam's front edge reaches the semiconductor at 

different moments, where at point a it arrives earlier than at point b. 

Constructive interference will be created when at the wave-front e-f optical 

paths c-a-e and d-b-f are equal. Otherwise, destructive interference will 

occur or the intensity of the radiation will be much smaller in all other 

directions. Optical paths c-a-e and d-b-f are equal when a relation: 

𝑛1
𝑜𝑝𝑡

sin 𝛼𝑖 = 𝑛1
𝑇𝐻𝑧 sin 𝛼𝑟, (3)

is satisfied, here 𝛼𝑖, 𝛼𝑟 –  angle of incidence and reflection respectively,

𝑛1
𝑜𝑝𝑡

and 𝑛1
𝑇𝐻𝑧 – refractive index of the first medium for optical and THz

radiation. When the medium is air or vacuum, which is usually the case 

𝑛𝑖
𝑜𝑝𝑡

 ≈ 𝑛𝑟
𝑇𝐻𝑧 ≈ 1, then 𝛼𝑖 = 𝛼𝑟. The THz beam is emitted in the same

direction as the laser beam would be reflected. Similarly, one can derive the 

propagation angle in the transmission direction. Here optical paths c-a-g and 

d-b-h have to be equal, and the THz beam in this direction will be refracted

according to Snell's law:

𝑛1
𝑜𝑝𝑡

sin 𝛼𝑖 = 𝑛2
𝑇𝐻𝑧 sin 𝛼𝑡, (4) 

here 𝑛2
𝑇𝐻𝑧- THz radiation refractive index in the second material, 𝛼𝑡 – the

angle of refraction of transmitted THz beam. Since in the second material 

(semiconductor) the refractive index for THz and optical regions might be 

different, propagation direction could differ as well. 
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If the spot diameter is smaller than THz wavelength, emission will be as a 

point source. Experimental example of this was shown in [61]. Here 

semiconductor was excited at a 30 ° angle, while detector was rotated around 

the sample in reflection geometry. The photoexcited spot diameter was 

changed from 30 μm to ~300 μm. It was shown that a wider beam results in 

a more directional emission from the surface, while a more focused beam 

acted as a point source and radiated at a wider angle. 

The described THz emission mechanism due to dynamic electric dipoles 

created by the surface photocurrent occurs in two main cases: photocurrent 

surge in the built-in surface electric field and the electron and hole spatial 

separation due to their different movement from the photoexcited surface (o 

called photo-Dember effect. These mechanisms will be briefly characterized 

below. 

Different densities of lattice defects and/or impurity states in the 

semiconductor volume and on its surface cause the bending of the electron 

energy bands. This results in an electric field near the surface of many 

semiconductors, which is stronger when the energy bandgap of the material 

is larger. The electrons and holes created by the femtosecond optical pulse at 

the surface will cause a rapidly changing surge of the photocurrent and in 

turn create an electromagnetic radiation of THz frequency. This process is 

illustrated in Fig. 2.4. The built-in surface electric field directions are usually 

opposite to each other for p and n doped samples, so are also the polarities of 

the emitted THz transients.  

Comparison of the polarity of THz pulses emitted from the surfaces of 

crystals of a certain semiconductor with different conductivity types is the 

most important feature to identify the mechanism of photocurrent surge [10]. 

This mechanism was shown to prevail in  InP [62] and GaAs [63]. Recently 

THz generation due to surface electric field was shown to be dominant 

mechanism in solution-processed metal halide perovskites [64]. 

The built-in electric fields at the semiconductor surfaces could also 

appear due to the piezoelectric effect [65], or due to intentionally created 

differently doped layer structures such as p-i-n [66]. THz field amplitude 

will depend on such material parameters like the carrier mobility, electric 

field strength, depletion region width and absorption depth.  

A fast surge of photocurrent at the illuminated surface of a semiconductor 

can occur even when there is no energy band bending at the surface. This 

may be due to different mobilities and diffusion coefficients of the light-

excited electrons and holes. Electrons are usually more mobile than holes 

and will diffuse into the semiconductor volume faster, leaving less mobile 

holes at the surface (Fig 2.4). In this way, a rapidly changing electric dipole 
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directed in a direction perpendicular to the surface of the semiconductor will 

appear and a pulse of THz radiation will be emitted. By analogy with the 

known phenomenon, when electric field formation was observed at the 

surface of a semiconductor illuminated by continuous wave (CW) radiation, 

this mechanism of THz radiation generation was called the photo-Dember 

effect [67, 68]. The authors of these works [67, 68] explained their 

experimental results for narrow-gap semiconductor tellurium. 

Fig. 2.4 Band bending of p (a) and n (b) doped semiconductors 

Photo-Dember field is created parallel to the surface normal. It is not 

optimal for efficient outcoupling of THz radiation from the material. Oblique 

photo excitation angle is required to detect emitted THz pulse. There is a 

method used where lateral photo-Dember currents are created [69]. For this, 

array of gold stripes is deposited on the surface of semiconductor. When 

optical pulse excites the material, carriers will be excited only at the gaps 

between metal. Gradient of excited photocariers parallel to the surface will 

be created. This will create lateral photocurrent and outcoupling of the THz 

radiation will be very efficient. In some works efficiency was comparable to 

a PCA antenna [70]. Another way of enhancing THz outcoupling from 

semiconductor surface would be due to external magnetic field [71]. Here 

charged carriers will change their propagation direction due to Lorenz force. 

Effective radiating dipole will be rotated depending on strength of magnetic 

field [72] to outcouple THz radiation more efficiently. 

Since excess electron energy and electron mobility is one of the most 

important parameters. The narrow gap semiconductors like InSb (𝐸𝑔 =

0.17 eV) and InAs (𝐸𝑔= 0.36 eV) has high potential to be a great surface
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emitter and the latter is shown to be the best surface emitter for the most 

common femtosecond laser wavelengths [73]. It is important to note that 

even though InSb has superior electron mobility and higher excess energy at 

800 nm and 1000 nm wavelength excitation THz emission is worse than in 

InAs [74]. That is because electrons are scattered into higher satellite 

conduction band valley (~0.53 eV [8]). Timeframe of this effect is 

comparable to transient current formation time [75]. Generation from InSb 

and InAs  are commonly attributed to photo-Dember effect [76, 77]. Also, it 

has to be noted that most of the time several mechanism are at play and 

depending on material properties and excitation conditions dominant 

mechanism can be different [62]. Temperature dependence in SI-InP showed 

a THz pulse reversal which was attributed to change of main emission 

mechanism from diffusion to drift current. 

Fig. 2.5 Principle scheme of photo-Dember created electric field and THz 

generation.  

Investigation of THz emission from such materials as InAs [77], 

InSb[74], GaAs[78], InP[10] also shows a azimuthal angle dependence. This 

is a THz pulse amplitude dependence on crystallographic surface plane 

while rotating around the semiconductor surface normal. Non-linear optical 

effects are commonly used to account for it. We depict polarisation (�⃗� ) of 

the material as dipole moment per unit volume. It’s dependence on optical 

field ( 𝑬) strength [79]: 

𝑷(𝑡) = 𝜀0(𝜒
(1)𝑬(𝑡) + 𝜒(2)𝑬2(𝑡) + 𝜒(3)𝑬3(𝑡) + ⋯) =

𝜀0𝜒
(1)𝑬(𝑡) + 𝑷NL(𝑡), (5) 

where 𝜒(1), 𝜒(2), 𝜒(3) are the first-, second- and third-order electric

susceptibility tensors respectively, 𝜀0 – dielectric permittivity, 𝑷NL(𝑡) – non-
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linear polarisation. It can be seen that non-linear polarisation would start to 

take effect at higher intensities of electric field. Lowest order non-linearity 

will depend on 𝜒(2) for non-centrosymmetric (without point inversion)

crystals and will have anisotropic dependence on crystallographic orientation 

of the crystal. Optical rectification (OR) is one of the processes, where 

constant voltage appears when optical beam is propagating through crystal 

[80]. When an optical pulse is propagating electromagnetic pulses with 

lower frequency could be created.  

First to suggest OR as a mechanism from semiconductor surfaces to 

explain azimuthal angle dependence was Zhang et al [78]. THz radiation in 

(111)-cut GaAs was measured in transmission geometry where under normal 

optical incidence THz signal had sin 3𝜑 azimuthal dependence, which could 

not be explained by photocurrent effects. Also THz pulse phase reversal 

occurred near GaAs bandgap energy. It was explained by dispersion relation 

of the nonlinear susceptibility. Theoretical calculations by Khurgin [81] 

show that the OR susceptibility coefficients rapidly increase when quanta 

energy of the optical pulse becomes larger than the bandgap. 

Since electric field at the surface can break inversion symmetry and 

contribute to the OR as well. In such a case second order non-linear 

susceptibility can be expressed in different form [82]: 

𝜒𝑖𝑗𝑘
(2)𝑒𝑓𝑓

= 𝜒𝑖𝑗𝑘
(2)𝑏𝑢𝑙𝑘

+ 𝜒𝑖𝑗𝑘𝑧
(3)

𝐸𝑧
𝑠𝑢𝑟𝑓

, (6) 

here 𝜒𝑖𝑗𝑘
(2)𝑒𝑓𝑓

– effective second-order susceptibility, 𝜒𝑖𝑗𝑘
(2)𝑏𝑢𝑙𝑘

– second-order

susceptibility tensor determined by the symmetry properties of the bulk 

material, 𝜒𝑖𝑗𝑘𝑧
(3)

– third-order susceptibility tensor that specifies the symmetry

properties of radiation from the near-surface region, 𝐸𝑧
𝑠𝑢𝑟𝑓

- surface electric

field. 

First to suggest electric field induced optical rectification effect (EFIOR) 

was Chuang et al [83]. It was explained that excitation will be non-vertical in 

real space, because of the spatial separation of final electron and hole states. 

Such a spatial separation would lead to instantaneous polarisation and its 

second order derivative in time would determine radiated THz signal. It was 

also shown that 𝜒𝑖𝑗𝑘𝑧
(3)

 coefficient value would increase at resonant excitation. 

Also it is convenient to explain OR in the materials with no inversion 

symmetry. In such a way azimuthal angle dependence of THz radiation from 

germanium, a centrosymmetric crystal, was explained by EFIOR effect [84]. 

To distinguish the closely related OR and EFIOR effects responsible for 

generation from semiconductor surfaces Reid et al [82] calculated THz 
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emission azimuthal dependences for several crystallographic orientations of 

zinc-blende crystals (Table 1). From the table 1 it is clear that for (111) 

surface plane azimuthal angle dependence will be the same for both effects. 

However investigating (110) and (100) cut crystal planes will have a 

difference from which it is possible to distinguish between both effects. By 

these dependences main mechanism responsible for generation from InAs 

was EFIOR while OR was attributed for InSb [85]. 

As with photocurrent effects, both mechanisms can be responsible for 

THz pulse generation at the same time. By investigating (112) – cut InSb 

crystal azimuthal angle dependences had a more complicated dependences 

due to contribution from both OR and EFIOR mechanisms [86]. 

Table 1. Dependences of THz pulse amplitude of two polarisations radiated 

due to nonlinear optical effects from different planes of zinc-blende crystals, 

when excited with p polarised light. Coefficients A and B are azimuthal 

angle independent. 

Es
OR Ep

OR Es
EFIOR Ep

EFIOR 

(100) Bsin(2φ) Bcos(2φ) 0 A 

(110) 
B(cos(φ)+ 

cos(3φ)) 

B(sin(φ)+ 

sin(3φ)) 
Bsin(2φ) A+Bcos(2φ) 

(111) Bsin(3φ) A(B-cos(3φ)) Bsin(3φ) A-Bcos(3φ)

The alternative explanation of azimuthal angle dependences of THz 

emission from semiconductors is an anisotropic photocurrent originating 

from the optical alignment of photoexcited electron momentum and the 

anisotropy of the conduction band isoenergetic surfaces at elevated electron 

excess energy. Such a model recently was proposed by V.L Malevich et al 

[13, 87].  

The optical momentum alignment effect in A3B5 crystals will result from 

the optical selection rules of direct optical transitions. Such an effect was 

reported by Zemskii et al [88]. Polarized photoluminescence is observed 

under GaAs photons with energies close to the energy bandgap of the 

material. Since absorption is opposite effect it will have similar dependence 

when a semiconductor will be excited with linearly polarised light, carriers 

will have an anisotropic momentum distribution due to optical alignment 
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(Fig 2.6 red and blue arrows). The function of photoexcited electron 

distribution[89]: 

𝐺(𝜗) = 1 + 𝜂𝑃2(cos 𝜗), (7)

here 𝜂 – parameter equal to -1 or 1 for an electron excitation from heavy - or 

light- hole branch excitation, 𝑃2(𝑥) – the second Legendre polynomial, 𝜗 –

is the angle between the electromagnetic wave electric vector direction and 

electron momentum. Excitation from heavy hole band will distribute photo-

carrier momentum perpendicular (Fig2.6 red) to optical wave electric vector 

(Ep), [90]. While excitation from the light hole band will be aligned with the 

direction of Ep (Fig 2.6 blue). Electrons from the heavy hole band will play a 

key role because the density of states for the heavy hole branch is around 3 

times larger than light hole band. The optical alignment effect with 

stationary excitation requires cryogenic temperatures, because carrier 

momentum relaxation time is short, of the order of a few ps. However, since 

the photocurrent responsible for THz emission reaches peak value in a 

comparable timeframe, the optical alignment effect will be significant even 

at room temperatures and will be able to cause anisotropy of a photocurrent. 

THz pulse generation process is of sub-ps timeframe. This timeframe is 

shorter than the relaxation time of the electrons and is comparable to 

scattering time by phonons. Because of that the electrons will move in 

ballistic or velocity overshoot mode in the direction set by the initial optical 

alignment. Photo-carrier velocity will be close to the group velocity at the 

excess energy in the conduction band to which the electron was excited. 

When electrons are excited with low excess energy just above 

semiconductor bandgap, the built-in surface field would play an important 

role. From Fig. 2.6 the electric field (F) would start to accelerate electrons 

moving to the surface and ones moving to the bulk would be slowed down. 

In such a way perpendicular to the surface photocurrent would arise. A 

similar explanation could be given for excitation with higher excess 

energies. Electrons directed towards bulk would move much farther away, 

while the carriers directed at the surface would be scattered. That would 

create an electric field directed towards the bulk and eventually transient 

photocurrent when the field would start to deaccelerate photocarriers Such 

an explanation is an alternative to the classic photo-Dember effect which 

depends on difference in mobillity of the photo-carriers. Ballistic 

propagation is a fast process (carrier relaxation of < 1ps timeframe) and 

stationary values of mobility and diffusion coefficient would not be 

established yet. 
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Fig. 2.6 Photoexcited electron momentum distribution (p) in A3B5 

semiconductors from heavy hole (red) and light hole (blue) branch. F – 

surface electric field, Ep – electric vector of polarized light, j – created 

lateral current density 

The photocurrent in cubic semiconductors like A3B5 can be represented 

in the coordinate system of the crystal as follows [13]: 

𝒋 = 𝛼𝑭𝑬 2 + 𝛽𝑬(𝑭𝛾𝑬) + 𝛾(𝐹𝑥𝐸𝑥
2𝒙 + 𝐹𝑦𝐸𝑦

2�̂� + 𝐹𝑧𝐸𝑧
2�̂�), (8)

here 𝒙, �̂�, �̂� – the basic vectors directed along the principal crystallographic 

axex; α, β, γ coefficients expressed in terms of three non-vanishing tensor 

components - σzzzz, σzzxx and σzxxz , α = σzzxx, β = 2*σzxxz, γ=σzzzz-σzzxx-2*σzxxz, F 

– surface electric field, E – electric field of electromagnetic wave. Such an

expression shows that photoconductivity is inherently non-linear process is

anisotropic and is characterized by the same dependence on the electric field

orientation as the EFIOR effect. This effect generally means that it is

possible for the photocurrent to appear which would be perpendicular to

electric field direction and the magnitude would depend on angle between its

direction and crystallographic plane.

Anisotropic photocurrent would better explain arising azimuthal 

dependences when excitation is resonant, since OR usually is depicted as a 

parametric process. Photoexcited electrons (Fig 2.6 red arrows) propagating 

in different directions compensate each other. But considering nonparabolic 
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conduction band, carriers moving in built-in electric field will enter the 

electron dispersion law regions characterized by different effective masses. 

Accelerated electrons will have reduced mass and higher velocity, while 

deaccelerated will have the opposite effect. This will make carriers moving 

towards the bulk and surface have differing velocities parallel to the surface 

and in turn create the uncompensated lateral photocurrent (Fig. 2.6 j). 

Nonparabolicity of the conduction band will be accompanied by their 

nonsphericity of isoenergetic surface (Fig. 2.7). This would intuitively 

explain arising azimuthal angle dependences of THz emission. By rotating 

azimuthal angle the electron momentum distribution would have different 

velocities depending on isoenergetic surface anisotropy (Fig 2.7). As shown 

in the picture different petals would create unequal photocurrents which 

results in a photocurrent lateral to the surface (Fig 2.7 green arrow). It was 

experimentally observed in [13] where component of THz amplitude 

dependant on azimuthal angle increased with increasing excess electron 

energy, which shows an increase of anisotropy of isoenergetic surface. These 

effects also would be sensitive to subsidiary valley position, when reaching 

such an energy photoexcited electron momentum would be scattered in 

timeframes comparable to photocurrent creation and significantly reduce the 

THz pulse amplitude. Such findings were shown experimentally in [91], 

where excitation from line of sight geometry was measured in (111) InAs. 

Fig. 2.7 Isoenergetic surfaces of (111) InSb for excitment with differing 

excess energies in eV [92], blue arrrows shows electron impulse in k space 

after photoexcitation, red arrows shows created lateral currents (j1 and j2), 

while green arrow the uncompensated lateral current (𝛥𝑗) 
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2.4 Investigation of materials with THz pulses 

One can differentiate several pulsed THz measurement techniques: THz 

time-domain spectroscopy (THz-TDS) [93], time-resolved THz spectroscopy 

(TRTS, which is often called optical pump - THz probe) [41], and THz 

emission spectroscopy [9, 94]. The first of them is a measurement of static 

properties of the material absorption, refractive index, conductivity, optical 

phonon and plasma resonances [95]. The second one offers a dynamic 

investigation of the material properties since THz radiation is strongly 

absorbed by free carriers. It is possible to determine carrier lifetime and 

transient conductivity in a THz spectral range [96]. And the last one uses 

THz pulse emission from the surface as a probing technique. Here in a THz-

TDS system the sample is used as an emitter and changes in THz pulse 

amplitude, shape, and polarity are investigated [42, 73, 97, 98]. Most studies 

are done on fixed excitation wavelength (800nm, 1030 nm and 1550 nm, 

because there are advanced laser systems at those wavelengths), where a 

change in excitation parameters (fluence, polarisation, beam size),and 

geometries, dependences on material doping [99], and crystallographic 

orientation [85] or influence of external forces of magnetic fields [100] or 

biased sample [101] are analysed. Also, there are several works investigating 

excitation on range of wavelengths (TES) from near-infrared up to an end of 

visible range spectrum [9]. All the aforementioned techniques can be 

complementary and give insight into both material electrical and optical 

properties. 

2.4.1 Nanomaterial characterisation 

TES as a contactless technique is especially convenient for the 

characterisation of nanomaterials such as single-layer or layered 2D 

materials [102], topological insulators [103], quantum structures [104] 

(nanowires and dots) and hybrid perovskites [64]. 

Graphene was the first single-layer material investigated by THz 

measurement techniques. This material could have potential for future THz 

devices[105]. Both biased [106] and unbiased [107] graphene samples were 

measured. The main THz emission mechanism was the photothermic effect, 

where due to carrier created temperature gradient fast transient photocurrent 

and photocarrier separation at the graphene–metal interface appears. It was 

also shown that both layered [108] and single layer graphene could generate 

[109] THz pulses while excited with ultrashort optical pulses. A photon drag

effect was proposed to explain emission from the surface. Where the photons
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give up their momentum to photoexcited electrons and holes and transient 

current is created in the graphene sheet plane. A microscopic mechanism for 

such phenomenon is that at an oblique angle electron and hole population 

distributions are not symmetric to the centre of the Dirac cone [108]. This 

generation mechanism does not depend on the symmetry of the crystal but 

on the angle between the surface normal and the exciting optical beam wave 

vector. Later it was shown that the substrate on which single layer graphene 

is deposited has a great effect on THz pulse emission efficiency. Graphene 

on randomly structured gold emits two orders of magnitude higher THz 

pulse amplitude than graphene on the glass substrate which was attributed to 

the surface plasmon excitation [109].  

Layered TMD crystals are heavily investigated at the moment for their 

indirect to direct bandgap transition when approaching a single layer [16]. 

THz pulse emission was observed in WSe2 bulk layered crystal where the 

generation mechanism was attributed to surface field-driven drift current 

[110]. At a similar time monolayer WSe2 was investigated where the 

generation mechanism was attributed to OR due to an observed azimuthal 

angle dependence [111]. While the latter work investigated a few-layer 

sample where due to elliptical THz pulse polarisation: in-plane photocurrent 

was attributed to the shift current, and out-of-plane photocurrent to drift 

current [112]. Another TMD material WS2 has also been investigated where 

similar results were reported: bulk generation due to drift current [113], 

while single-layer emission was explained by the OR [114]. Similar findings 

were obtained when MoSe2 [115, 116], and MoS2 [117,118] monolayers 

and multilayers were investigated. There is still no work on THz pulse 

emission dependence on the excitation wavelength.  

Different TMD single layer heterostructures offer possible broad 

engineering capabilities in the future [119]. Several works employing THz 

characterisation methods (THz emission spectroscopy and TRTS) were used 

to investigate heterostructures containing TMD layers. Ma et al [120] 

investigated WS2/MoS2 type 2 heterostructure employing THz emission 

spectroscopy. The THz pulses were created by carrier transition from MoS2 

layer to WS2 which was confirmed with THz pulse polarity reversal when 

stacking of layers was rinverted, while saturation of THz pulse amplitude 

was attributed to build up of the reverse electric field. Furthermore, 

theoretical model of created transient current led to the determination of 

carrier transfer time and efficiency values in the heterostructure. Other work 

[121] used a TRTS technique to observe carrier dynamics in a graphene/WS2 

heterostructure.  Authors showed that the hole  transfer from WS2 to graphene
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took around 350 fs. While electron relaxation process is longer and 

decreases photoconductivity at later times. 

A three-dimensional topological insulator (TI) is a perspective material 

class. They have insulating bulk and a metallic surface that feature a linear 

Dirac-type electronic energy band. TI material Bi2Se3 has been investigated 

by TES in [103]. Here the surface of this material was excited with a 20 fs 

duration optical pulses. The emitted THz pulse was decomposed to p and s 

polarised components. The p-polarisation component was attributed to field-

driven drift current in the surface of the material, while the surface states and 

shift current arising from ultrafast transfer of electrons along a Se-Bi bond 

were claimed to be responsible for the s-polarized THz pulse component. In 

another work by Choi et al [122] it was shown that Bi2Se2Te thin films emit 

a THz pulse due to drift photocurrent in a built-in electric field induced by 

surface band bending. Also, when the sample was annealed the THz pulse 

changed polarity because the doping type changed from p - to n – type. 

Furthermore, high frequency THz components appeared for samples 

annealed at a 250 ℃ temperature which was attributed to the appearance of a 

metallic surface state. Authors claim that such appearance is the proof of TI 

state appearance.  

InAs nanowires have also been investigated with TES [104]. It was 

shown that emission mechanisms and dependence on wavelength are 

different from those in bulk InAs. The main generation mechanism was 

concluded to be the photo-Dember effect, not the anisotropic photocurrent as 

in the bulk InAs samples due to the much shorter electron momentum 

relaxation time of around 50 fs. Later different compositions of GaxIn1-xAs 

nanowires were investigated [123]. The best emission was from nanowires 

with a similar amount of Ga and In attributed to the lowest amount of 

surface-state donor defects. Lastly wurtzite phase InAs nanowires where 

optical selection rules depended on optical pulse wavevector with respect to 

crystal c-axis led to different excitation spectra for different exciting optical 

pulse polarisations [124]. Two THz emission mechanisms where identified: 

the carrier separation induced photocurrent when carriers propagate along 

the nanowire, and the plasma oscillations when due to different optical 

alignment carriers are spatially confined. Also, phase reversal showed the 

onset of electron scattering from the high electron mobility conduction band 

to the lower mobility conduction band valley. These experiments show that 

more band structure parameters can be determined in hexagonal crystals due 

to their different optical selection rules. 
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2.4.2 THz-excitation spectroscopy for subsidiary valley determination 

Subsidiary valley energy position is an important parameter of a 

semiconductor to consider when designing high power field-effect 

transistors or quantum well based devices. A method to determine this value 

was proposed by Adomavicius et al [8]. In that work, surface emission from 

THz InAs and InSb samples was measured when exciting with a broad range 

of optical pulse wavelengths (0.6 to 2.4 μm) provided by an optical 

parametric amplifier (OPA). There were clear peaks on TES from both 

narrow-gap semiconductors, which were attributed to the energy of the onset 

when electrons started to be scattered to subsidiary L valleys. Reduction of 

THz pulse amplitude can be explained by fast intervalley scattering 

processes which disrupt quasi-ballistic propagation and quicker loss of 

momentum and are on the timeframe of THz pulse generation up to a few 

hundred femtoseconds. Also, electrons scattered into higher lying valleys 

will have lower mobility and higher effective mass which lowers the 

efficiency of accelerating and deaccelerating carriers due to built-in fields. 

Their main results together with TES spectra of other semiconductors are 

shown in Fig. 2.8. The shown spectra are normalized to a constant photon 

number. 

In latter works a lot of A3B5 semiconductors were investigated by 

TES to determine some features of their band structure. Subsidiary valley 

energy positions were determined in higher bandgap semiconductors - GaAs 

[9, 11] and InP [OP1]. Also, the technique was used to investigate – 

GaInAs [11], InN [9], GaSb [125], GaAsBi [OP2]. 

Recently, a theoretical model to explain TES spectrum shape 

was proposed [126]. The work presented numerical calculations including 

drift and diffusion currents while taking into account changes of absorption 

depth and carrier scattering when reaching the subsidiary valley 

positions. The model excluded electron energy dispersion due to optical 

spectral width. Their theoretical model was compared to experimental 

measurements. The main insights of their work were as follows: surge 

current effects are of subpicosecond timeframe; shape of THz pulse 

does not change when electrons start to be scattered; the loss of kinetic 

energy and momentum are the main reasons for a TES spectrum peak; 

several valleys could be determined for some materials due to differing 

scattering rate to X and L valleys, it results in the appearance of different 

slopes in TES spectra. The monotonous increase of THz pulse amplitude 

while increasing the exciting pulse photon energy was explained by the 

increase of electron kinetic energy 
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and absorption coefficient, which coincides with the Arlauskas et al 

conclusion [9]. 

Fig.2.8 TES spectra of various A3B5 semiconductors. Black circles – InSb; 

blue downward facing triangles – InAs [8]; green circles – GaAs [9, 11]; red 

upward facing triangles – InP [OP1] 

The technique is versatile and with advancements in THz detectors and 

expansion of exciting optical pulse wavelength range it will be possible to 

investigate more semiconductors. Also, it has to be pointed out that most of 

the mentioned examples are for direct bandgap zinc-blende crystals. The 

works that investigate different crystal structures and indirect bandgap 

semiconductors with TES are still lacking. 

2.4.3 THz emission imaging of transistors and solar cells 

Electronic devices like silicon metal-oxide field effect transistors (SI-

MOSFET) [127], integrated circuits [128], and solar cells [129] were shown 

to generate THz pulses, since most of the devices have pn junctions with 

built-in fields and depletion layers. At low excitation fluencies the main 

generation mechanism is drift current; while at high excitation fluencies or 

large electron excess energies the photo-Dember effect can start to influence 
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THz pulse generation as well. This should be taken into account when 

investigating the quality of the devices and characterizing the built-in 

electric fields of the structure. By scanning the whole device defects could 

be detected from a change of amplitude or polarity of the THz pulse[128]. 

The main advantage of THz emission technique in comparison to scanning 

with THz pulses is a resolution limited by the exciting optical beam width 

that is a few orders narrower than the THz beam. Micrometre resolution was 

achieved by employing this technique, referred as laser THz emission 

microscope (LTEM) [130].  

Several types of solar cells were investigated using THz emission: 

polycrystalline silicon [129], perovskite [131], multi-junction [132], and 

GaAs based solar cells [133]. From polycrystalline silicon measurements, it 

was observed that THz pulse amplitude increases with the increasing bias of 

the structure. Also, saturation when exciting with higher laser fluence was 

attributed to screening of the electric field by photoexcited carriers. Lastly, 

polycrystalline boundaries were observed from the images of THz 

amplitude, and later this technique was compared to conventional ones and 

showed much better sensitivity to surface defects [134]. Perovskite solar 

cells showed THz pulse phase reversal when applying reverse bias, which 

was attributed to internal electric field screening of the perovskite layer. 

Also, it was shown that THz amplitude would rapidly decrease with the 

degradation of the sample. Multi-junction cells of Ge/GaAs/InGaP were 

investigated by exciting the solar cell with different wavelength optical 

pulses. This led to the observation of differing THz amplitudes from 

different excited layers depending on the bandgap of the junction. The 

change of THz amplitude between layers was attributed to changing 

quantum efficiency of different junctions. Also, THz amplitude images of 

different junctions show different defects of each layer, for example, surface 

defects of the most upper junction would only impact the image from that 

layer. These works show that THz emission from solar cells could be used 

for quality control or to observe important effects limiting or enhancing solar 

cell efficiency. More work should be done to get better understanding of the 

generation mechanisms from these structures and possible application routes. 

2.5 Heterojunction band offset 

When different semiconductors are in close proximity and create an 

interface, the energy band structure can take many forms depending on the 

material. Three types of possible offset configurations are shown in Fig 2.9. 

For type 1 (Fig. 2.9 a) heterojunctions it is convenient to use the parameter 
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𝑄, which is the ratio between conduction band offset (∆𝐸𝑐) and the

difference (∆𝐸𝑔 = |𝐸𝑔1 − 𝐸𝑔2|) of semiconductor bandgaps constituting

heterojunction (𝑄 =  ∆𝐸𝑐 ∆𝐸𝑔⁄ ).

A band alignment problem is widely investigated theoretically [12, 135, 

136] and by various experimental techniques – optical spectroscopy of

quantum wells [137, 138], internal infrared photoemission spectroscopy

[139], transport methods [140], x-ray photoemission spectroscopy [141] and

ballistic electron emission microscopy (BEEM) [142]. Most of the

techniques have their own advantages and disadvantages. For example

optical spectroscopy of quantum wells require high quality thin structures

with abrupt interfaces as well as good knowledge of semiconductor

parameters to calculate possible interband transitions, while being a

contactless measurement is an advantage. On the other hand, BEEM requires

electric contacts to inject the ballistic carriers through a nanometer

dimension tip into a surface of semiconductor of the heterojunction. The

structure is simpler in comparison to optical spectroscopy measurements,

since multiple quantum well structures are not required. Such a method

would also have an unparalleled resolution (the size of a tip - order of nm)

on the sample interface position.

Fig. 2.9 Examples of possible heterojunction offset types a) type 1 

(straddling gap), b) type 2 (staggered gap), c) type 3 (broken gap) 

The heterojunction offset values are important parameters when 

engineering modern devices for opto- and micro- electronics, so it is 

important to find precise or convenient ways to determine them. 

2.6 Dilute bismides 

Recently A3B5 compounds with small dilute amounts (up to 10%) of 

embedded Bi have attracted the attention of researchers. Bismuth (the 

biggest fifth group element) atoms replace As atoms in the crystal and 

drastically change GaAs and GaInAs energy band structures. First of all, the 
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band gaps significantly decrease for both GaAsBi and GaInAsBi, by ~ 0.75 

meV/% [143] and ~0.56 meV/% [144] respectively. In addition, spin-orbit 

band splitting is also increasing and at ~10 % Bi for GaAsBi [145] and ~3-4 

% Bi for GaInAsBi [146] the respective energy bandgaps are becoming 

narrower than the spin-orbital splitting, which reduce non-radiative Auger 

recombination [143]. The temperature dependence of the bandgap in dilute 

bismides is weaker [147] than in other A3B5 materials, which could be 

useful when lowering the costs and increasing the operational stability of the 

devices fabricated from these materials: laser diodes[148], avalanche 

photodiodes [149], light emitting diodes [150], PCA [50], and photovoltaic 

cells [151]. More research on their fundamental properties is needed. 

Several works were investigating THz pulse emission from unbiased 

GaAsBi surfaces. Radhampura et al. [152] investigated samples with up to 4 

% of bismuth content. In his work, azimuthal angle dependences were 

investigated for samples of (001) and (311) B orientation substrates. THz 

pulse generation was attributed to optical rectification discounting transient 

current effects, because of azimuthal angle dependence on (311) B sample 

and no emission from (001) sample. In another work, Vaisakh et al. [153] 

investigated GaAsBi with up to 3.5 % Bi samples of (100) orientation and 

had different results in comparison to the first work. The main mechanism 

was attributed to transient currents instead of optical rectification. Also, they 

observed THz pulse phase reversal when Bi content increased to more than 

1.5 %. They concluded that at a low amount of bismuth content the 

generation was due to surface field, while the photo-Dember effect would 

prevail for a higher amount of bismuth, because of increased excess electron 

energy when bandgap was reduced. All of the previous experiments were 

done with a fixed wavelength laser of around 800 nm. In another work by 

Pačebutas et al. [OP2] samples with Bi content of up to 8 % with (100) cutw 

substrates were investigated. Variable wavelength was used to excite the 

samples. In that work, the THz emission mechanism was due to transient 

currents – drift current near the bandgap and photo-Dember effect when 

excess electron energy increases. In addition increasing Bi content lowered 

the THz pulse amplitude. Overall, the THz emission from GaAsBi is similar 

to other cubic crystals where several effects (drift current, photo-Dember, 

optical rectification) are responsible for generation depending on optical 

excitation fluence and wavelength. Several works investigated offset values 

theoretically and experimentally for GaAsBi/GaAs heterojunction [145, 

154], while only theoretical results were provided for GaInAsBi/InP 

heterojunction [155, 156]. 
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3 EXPERIMENTAL METHODS 

3.1 THz pulse emission 

In this work, the main results were acquired using the THz emission 

spectroscopy setup shown in Fig. 3.1. This setup was based on amplified 

ytterbium-doped potassium gadolinium tungstate (Yb:KGW) laser system 

“PHAROS” ( “Light conversion”) with 150 fs pulse duration and 200 kHz 

repetition rate. Typically laser generated around 6.5 W average power which 

is split into 2 beams. The beam with a higher average power of around 6 W 

was directed towards optical parametric amplifier (OPA) “Orpheus” which 

due to collinear optical amplification converts the input beam wavelength 

into a range from 650 nm to 2600 nm. It was possible to extend the range by 

using barium borate (BBO) crystal to generate a second harmonic and 

extending the range up to 325 nm (total range of the system 0.48 eV – 3.8 

eV). The optical pulse from OPA was directed at an investigated sample by 

mirrors and lenses. The beam was impinging the sample either in 

transmission or reflection geometry at various incidence angles. The 

generated THz pulse was directed at a silicon lens side of the GaAsBi 

(Teravil ltd.) PCA. The other beam from “PHAROS” was attenuated to ~ 5 

mW average power and was focused onto contacts of the detecting PCA 

antenna. The emitter branch was chopped with a mechanical chopper and 

data from the lock-in amplifier was recorded with in-house software. This 

was a THz –TDS measurement setup where sample was used as an emitter. 

Fig. 3.1 THz emission spectroscopy setup 
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The TES spectra were acquired by measuring THz pulse amplitude at 

different exciting optical pulse wavelengths. In some experiments, the values 

of measured THz pulse integral in time representing photocurrent 

dependence on exciting photon energy were ploted instead of the THz pulse 

amplitude. The semiconductor surface was usually excited by the same 

average optical power at all wavelengths and the obtained spectra were 

afterwards normalised to a constant photon number. The spectra were 

measured at the linear part of the THz pulse amplitude dependence on 

average optical power. 

There are several measurement errors to take into account. Firstly the 

excited electrons have Gaussian distribution of energies around measured 

point. It is dependant on spectral width of the optical pulse. Since in our 

measurements optical pulse has 150 fs duration the uncertainty of the energy 

is around 20 meV. In addition, Laser power could fluctuate up to 5 %, 

although this limit is around edges of measured wavelengths. These are the 

biggest value systematic errors and are used to present final results. 

In several works, a comparison with highly doped n-type GaAs was 

made. The n-type GaAs has a THz generation mechanism of built-in surface 

field that is directed into the surface, the same direction as electrons 

propagating into the bulk that would create carrier separation. 

Fig. 3.2 Optical pump THz probe setup 
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Optical pump THz probe (OPTP) experimental setup is shown in Fig. 3.2. 

OPTP measurement resolution is similar to the duration of THz pulse 

emitted from a photoexcited InAs surface. Meanwhile, the sample is located 

at the THz beam focus spot and is illuminated by the optical pump pulse 

from OPA. The size of the overlap of both beams is around 2 mm.. The 

optical pump beam wavelength can be varied from 400 nm to 2600 nm. 

3.2 TES for the energy position of subsidiary valleys measurement 

As mentioned in the literature overview it is possible by using the TES 

measurement to determine the subsidiary valley position in direct band gap 

semiconductors. The TES spectrum of SI-GaAs, together with an inset 

presenting the energy band structure of this material, is shown in Fig. 3.3. 

Several specific features are clearly seen on this spectrum. First of all, at the 

direct bandgap energy of 1.42 eV there is a fast rise in THz pulse amplitude. 

At 1.76 eV, there is a broad peak showing the position of the first subsidiary 

valley position. While increasing photon energy further, the THz pulse 

amplitude starts to decrease due to the onset of electron scattering to lower 

mobility L valleys; at 1.94 eV the decrease of the THz pulse amplitude 

becomes even steeper due to the shorter scattering time to X valleys. 

Intervalley -X scattering times are shorter than 100 fs as compared to ~300 

fs for -L scattering [157]. The valley positions can be calculated from 

corresponding photon energies ℎ𝜐 by using momentum and energy 

conservation laws for the photocarriers and including the non-parabolicity of 

the conduction band [158]:  

𝜀𝑣𝑎𝑙𝑙𝑒𝑦 =

√(1+
𝑚𝑒
𝑚ℎ

)
2
+4

𝑚𝑒
𝑚ℎ

𝛽(ℎ𝜐−𝐸𝑔)−1−
𝑚𝑒
𝑚ℎ

2
𝑚𝑒
𝑚ℎ

𝛽
+ 𝜀𝑝ℎ, (9) 

here, 𝑚𝑒, 𝑚ℎ are the electron and hole effective mass respectively, 𝛽 is the

non-parabolicty parameter, ℎ𝜐 – the energy of the measured peak, 𝐸𝑔, 𝜀𝑝ℎ –

bandgap and optical phonon energy of the investigated material. It has to be 

mentioned that such values agree with the already accepted values of GaAs 

[159]. 
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Fig 3.3 TES spectra of SI-GaAs. Inset shows principle band structure 

scheme of GaAs where EΓX –  X valley energy, Eg – Band gap energy, EΓL – L 

valley energy, εel and εh – electron and hole excess energy. Arrows of the 

same color represent features in spectra 1.42 eV bandgap of GaAs, 1.76 eV 

scattering to L valley, 1.94 eV scaterring to X valley [OP2] 

3.3 Growth and sample characterisation methods 

Dilute bismide layers and structures containing them were grown in the 

Optoelectronics department of the Centre for Physical Sciences and 

Technology using available molecular beam epitaxy (MBE) equipment and 

various crystalline substrates. Monoelemental bismuth layers with a 

crystalline structure were also grown using MBE on (111) cut silicon; while 

an electroplating method was used to grow amorphous Bi layers on various 

(silver, gold, platinum) precious metals [P1, P3, P6, P7, P8]. 

In the MBE system several molecular and atomic beams are directed at a 

substrate with a defined temperature to create a thin layer of crystal material. 

Most of the layers were grown by Veeco GEN xplor MBE system, with 

standard In, Ga, Al, and Bi molecular sources and As2 and Sb crackers. The 
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device is capable of doping the alloys with Si, Be, and Te. The temperature 

was controlled by contactless, absolute temperature detector kSA Bandit. 

Another SVT 3-5 C-V-2 MBE system was also used for several epitaxial 

layer samples. System had the same molecular beam sources and two 

temperature zone cracker for As2 dimer beam. Temperature was controlled 

by thermocouple. 

Samples of TMD’s were obtained from the Institute of Physics of the 

Moldovan Academy of Sciences (Chisinau, Moldova) (Prof. L. Kulyuk). The 

chemical vapour transport (CVT) technique was used to grow high quality 

crystalline samples [P5]. 

To fully investigate the differing concentration bismides and different 

thickness bismuth layers, additional techniques were used to determine their 

concentration, bandgap, strain, doping, and crystal structure were needed. 

The X-ray diffraction (XRD) measurement is a conventional technique to 

investigate thin epitaxial layers. In this work, a Rigaku Smartlab 

diffractometer was used. It had a rotating 9 kW Cu anode source, Ge(200)×2 

monochromator, and SC-70 point detector. The measured data were analysed 

in the GlobalFit database. XRD measurements were used to determine Bi 

concentration in dilute bismides, by monitoring the (004) diffraction peak 

with the respect to its position of the substrate material peak, then using 

Vegard’s law to determine the composition assuming lattice constant of 

GaAs to be 5.653 Å and GaBi 6.234 Å [160]. The strain of epitaxial layers 

was investigated by analysing the (115) peak in reciprocal space maps 

(RSM). The thickness could be determined by X-ray reflectivity 

measurements (XRR). 

Photoluminescence measurement is a proven technique to determine the 

bandgap of the material. This method observes radiative recombination of 

photoexcited semiconductors, where emitted  photon energy is similar to the 

bandgap value of the material. In these measurements, samples were pumped 

with a 532 nm wavelength CW laser. The emitted light was separated into 

different spectral components by monochromator and detected by InGaAs 

photodetector. 

Hall measurements were made to determine the doping of the thin 

epitaxial layers. Surface quality was observed using a scanning electron 

microscope (SEM).  
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OVERVIEW OF INVESTIGATION 

The original results obtained during this work and presented below are 

divided into three groups. The first group consists of articles dedicated to the 

research of A3B5 group compounds containing bismuth atoms, the second - 

TES studies carried out using semiconductors with a more complex band 

structure (indirect bandgap, hexagonal symmetry or van der Waals bonding), 

and the third – thin polycrystalline and ultrathin crystal Bi layer studies. 

Dilute bismides and heterostructures containing them 

Paper P1. “THz-excitation spectroscopy technique for band-offset 

determination” 

The experimental technique adopting TES is proposed to determine 

energy band offsets in semiconducting heterostructures. This is achieved by 

confining carriers in a thin layer by created barrier in conduction band of 

heterostructure. It is shown that 100 nm layer is enough to disrupt ballistic 

carrier propagation while excess electron energy insufficient to overcome the 

barrier and significantly reduce amplitude of THz pulse. An abrupt increase 

of THz amplitude is appearing when photoexciting photon energy is 

sufficient to overcome conduction band heterojunction barrier. A 

characteristic feature is appearing in TES spectra at that energy. This feature 

agrees with developed theoretical model, which is fitted to experimental data 

to determine band offsets of GaAsBi/GaAs heterojunction. 

Paper P4. „Band-offsets of GaInAsBi–InP heterojunctions“ 

TES is used for the analysis of the energy band alignment in 

Ga0.47In0.53As1-xBix-InP heterojunctions. It showed that for bismuth 

concentrations x in the range from 0 to 0.06, the relative conduction band 

offset with respect to the energy band difference in unstrained 

heterostructure is equal to 0.38, and is reduced to approximately 0.34 at 

x=0.06 by the strain effects. 

Paper P8. “Terahertz Pulse Emission from Semiconductor Heterostructures 

Caused by Ballistic Photocurrents” 

TES characteristics were measured, when illuminating the heterostructure 

from the wider bandgap semiconductor side. The excitation would be at the 

heterojunction interface. It has been shown that when the photon energy is 

sufficient enough to excite electrons in the narrower bandgap layer with an 

energy greater than the conduction band offset generated THz pulse changes 

its polarity. Theoretical analysis was performed both analytically and by 

43



numerical Monte Carlo simulations. The results shown that photocurrent is 

created only in the narrow bandgap layer when excess electron energy is 

insufficient to overcome the conduction band barrier of heterostructure. 

When photoexcited carriers can overcome the barrier the photocurrent 

created in wider bandgap semiconductor becomes higher than narrow 

bandgap layer. This causes the polarity inversion of THz pulse. This effect is 

used to evaluate the energy band offsets in GaInAs/InP and GaInAsBi/InP 

heterostructures. 

Paper P2. „Terahertz pulse emission from GaInAsBi“ 

Quaternary GaInAsBi alloy epitaxial layers were grown on InP substrates 

and used in THz pulse emitters activated by long wavelength femtosecond 

laser pulses. The energy bandgap of this material was as narrow as 0.4 eV; 

due to a relatively small lattice mismatch with the substrate (∼0.3%), the 

layers remained fully strained. TES spectra were measured from both 

unbiased surface and biased PCA fabricated from GaInAsBi layer. PCA 

fabricated from GaInAsBi layers were the first devices sensitive to the 

optical pulses with wavelengths longer than 2 μm. Therefore, they can be 

successfully used with novel femtosecond thulium or holmium doped fibre 

lasers for which such components are as yet not available. 

Investigation of indirect bandgap semiconductors and hexagonal 

structure layered crystals 

Paper P3. „Spectral dependencies of terahertz emission from femtosecond 

laser excited surfaces of germanium crystals“ 

TES spectra for variously doped germanium crystals were measured. It 

showed that a strong emission sets on when the photon energy is higher than 

the direct energy gap. A new microscopic mechanism for the azimuthal 

angle dependence below direct band gap is due to anisotropy of L valley 

isoenergetic surface, which creates lateral photocurrent flowing in the 

direction opposite to that caused by the optical alignment. Additionally, 

results of the optical pump – THz probe measurements evidences a fast, sub-

picosecond reduction of the Γ valley electron density due to their transfer to 

low mobility L valleys. 

Paper P5. "Terahertz emission from a bulk GaSe crystal excited by above 

bandgap photons" 

THz pulse amplitude dependence on exciting photon energy varying in 

range from 1.8 to 3.8 eV for a few-µm-thick GaSe hexagonal crystal was 
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measured in this work. Several features were observed in TES spectrum such 

as an onset and a peak. These features were attributed to direct bandgap 

energy and conduction band subsidiary valley position respectively. 

Additionally, at higher excitation energies THz pulse amplitude started to 

increase again. Investigation of this feature led to additional measurements 

of azimuthal angle dependence and TES spectra for different exciting optical 

pulse polarisation. These experiments showed that due to different optical 

selection rules in accordance to the c – axis in hexagonal crystal TES spectra 

for azimuthal angle independent part are different for p and s excitation 

polarisation. This was used to determine a lower laying valence band 

position. 

Paper P6. „Terahertz pulse emission from photoexcited bulk crystals of 

transition metal dichalcogenides“ 

In this work, three multilayer TMD crystals, tungsten diselenide (WSe2), 

molybdenum diselenide (MoSe2), and molybdenum disulfide (MoS2) were 

investigated. TES spectra and dynamics of photoexcited carriers of these 

materials were measured. Since we did not observe any azimuthal angle 

dependences of the THz amplitude or THz emission occurring when 

illuminating the samples at 0º angle of incidence, the only possible 

mechanism of THz emission is the appearance of a surface current. Such a 

current can arise due to unequal diffusion rates of electrons and holes and the 

formation of a near-surface electric dipole. The measured TES spectra 

shown peaks at energies coinciding with respective materials direct energy 

bandgap K-K transition. Unlike other semiconductors, TMD crystals are 

characterized by intense generation of various excitons after photoexcitation. 

Part of those excitons, the so-called dark excitons, do not appear in the 

luminescence, because the electron and the hole are localized in different 

layers of the material (interlayer excitons) or one of them is caught by a 

defect. Such excitons can have very long lifetimes, so they will create an 

internal electric field near the illuminated surface. The presence of that field 

is evidenced by our experiments of double-pulse optical excitation. 

Thz pulse generation in polycrystalline and crystal layers of bismuth 

Paper P7. “Terahertz Photoconductivity Spectra of Electrodeposited Thin Bi 

Films” 

TES spectra of thin polycrystalline Bi layers electrochemically deposited 

on various noble metal substrates depended little on both substrate material 
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and layer thickness. Therefore, it was concluded that the THz pulse 

generation occurs in the thin subsurface part of the Bi layer due to the photo-

Dember effect. Comparing the phase of the THz pulse generated in the Bi 

layer with the THz pulses generated on the surfaces of n-type and p-type 

GaAs crystals, proves that the diffusion of electrons in bismuth is faster than 

that of holes. Unlike crystalline semiconductors, in which charge carriers 

thermalize relatively slowly, in semi-metallic bismuth, this process is 

dominated by inter-electron collisions, which significantly accelerate 

thermalisation. This conclusion was confirmed by comparing the 

experimental TES spectra, where sample was illuminated at different angles 

of incidence, with theory. 

Paper P9. “Terahertz emission from ultrathin bismuth layers” 

In this work, MBE grown 8 nm crystal bismuth layers on (111) - cut Si 

substrate was investigated. Unlike in polycrystalline Bi layers, THz 

generation started from a certain threshold photon energy equal to 0.45 eV, 

the pulse amplitude was much higher, depended on the polarisation of the 

excitation light and had a clear sin (3φ)-type dependence on the azimuthal 

angle. In addition, layers VS001 and VS002 were similar thickness, differing 

only in the different thickness ratio of crystal layer and polycrystalline 

wetting layer. An unequal influence of the azimuth angle-dependent part of 

the THz pulse was observed in these samples. To explain THz pulse 

generation a new mechanism was proposed, where lateral currents arise due 

to scattering at the crystal and wetting layer interface. 
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MAIN RESULTS AND CONCLUSION 

1. Experimental and theoretical results showed that TES technique is

suitable to determine offset values of a heterojunction. 

2. TES was used to determine the ratio Q = 0.45 ± 0.04 for the Bi content

up to 12% for GaAsBi/GaAs heterojunction. 

3. The ratio Q = 0.38 ± 0.04 was obtained for Bi content up to 6 % in

Ga0.47In0.53AsBi/InP heterojunction. The strain of the bismide layer can 

reduce Q for GaInAsBi/GaInAs heterojunction down to 0.25 ± 0.03 when 

the Bi content is approximately 6 %. 

4. A photoconductive antenna fabricated on a GaInAsBi layer grown on

an InP substrate was shown to have its peak efficiency when activated by 2 

μm wavelength optical pulses. 

5. For indirect bandgap semiconductors like germanium, the most

efficient THz pulse generation was found to coincide with direct bandgap 

energy.  

6. Investigation of TMD (MoS2, MoSe2, and WS2) materials showed that

the TES peak coincided with their positions of direct gap energies. The THz 

emission from bulk layered materials was shown to be caused by 

photocurrent surge in the built-in electric fields. 

7. Different optical selection rules in accordance to the c – axis in

hexagonal crystal (GaSe) led to a determination of the position of the lower 

lying valence band. Additionally, a direct bandgap of 2 ±0.04 eV and 

conduction band subsidiary valley position of 0.21 ± 0.02 eV above the 

conduction band bottom was determined. 

8. THz pulse emission in thin electrodeposited bismuth layers was

attributed to the photo-Dember effect with non-equilibrium carrier diffusion 

stabilized on the femtosecond timescale by an intense carrier-carrier 

scattering. 

9. Novel THz emission mechanism based on the lateral photocurrent

arising due to electron scattering at the wetting layer interface was attributed 

to THz pulse generation in ultrathin crystal bismuth layers. The onset of THz 

emission of 0.45 ± 0.02 eV was assigned to the direct bandgap of the 

bismuth.  
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SANTRAUKA 

Įvadas 

THz bangų ruožo technologijos sparčiai tobulėja ir randa vis naujų 

taikymų įvairiose mokslo ir pramonės srityse. Viena tokių technologijų – 

THz laikinės srities spektroskopija (THz-TDS) gali būti panaudota narkotikų 

ir sprogmenų aptikimo sistemose [1], automobilių dažymo kokybės 

užtikrinimui [2], restauruojant meno kūrinius [3], neinvaziniu metodu 

diagnozuojant vėžį [4] bei užtikrinant maisto produktų kokybę [5]. 

Moksliniuose tyrimuose ji puikiai tinka elektronikos ir fotovoltaikos 

komponentų parametrų matavimams [6], bei įvairių puslaidininkinių 

medžiagų charakteristikų tyrimams [7, 8]. Visi minėti pritaikymai yra galimi 

dėl per pastaruosius kelis dešimtmečius vykusio spartaus THz spinduliuotės 

impulsų generavimo, bei detektavimo tobulėjimo. 

Puslaidininkio paviršių sužadinant itin trumpu optiniu impulsu, kurio 

fotonų energija didesnė už draustinių energijų tarpą, jame sukuriami 

nepusiausvyriniai krūvininkai. Šviesos sužadinti elektronai ir skylės 

atsiskiria erdvėje dėl juos veikiančių vidinio elektrinio lauko arba dėl 

skirtingo judėjimo greičio link kristalo tūrio. Dėl to paviršiuje atsiranda 

sparčiai kintanti fotosrovė, kuri yra elektromagnetinių impulsų esančių THz 

dažnių diapazone šaltinis. THz impulsų generavimo efektyvumas priklausys 

nuo apšviesto puslaidininkio savybių, vidinių laukų, perteklinės sužadintų 

krūvininkų energijos ir kampo, kuriuo į paviršių kris žadinantis optinis 

pluoštas. Tyrinėjant tokias priklausomybes galima nustatyti keletą svarbių 

elektronų energijos juostos sandaros parametrų. Ankstesniuose darbuose 

panaudojus THz impulsų žadinimo spektroskopijos (TES) metodiką buvo 

nustatytas tiesioginis draustinių energijų tarpas [9], vidinis elektrinis laukas 

puslaidininkio paviršiuje [10] ir laidumo juostos šoninių slėnių padėtis kai 

kuriuose A3B5 grupės puslaidininkiuose (GaAs [9], InAs [8], InSb [8], InP 

[OP1], InGaAs [11]). 

Modernių mikro- ir optoelektronikos prietaisų kūrime naudojamos 

heterosandūros, kurių vienas iš svarbiausių parametrų yra laidumo ir 

valentinės juostos trūkio vertės. Šios vertės randamos tiek iš teorinių, tiek iš 

eksperimentinių darbų [12]. Tarp įprastinių šio parametro matavimo 

metodikų galima paminėti kvantinių duobių spektroskopija, Rentgeno 

spindulių fotoemisijos spektroskopiją ir balistinių elektronų emisijos 

mikroskopiją (BEEM). Šiame darbe yra pirmą kartą parodoma kaip THz 

impulsų žadinimo spektroskopija (TES) gali būti panaudota nustatant 

heterosandūros energijos juostų trūkių vertes. Tai įgalina balistinis elektronų 
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judėjimas puslaidininkio paviršiuje po sužadinimo optiniu impulsu [13]. 

Pasiūlytas būdas buvo panaudotas nustatant GaAsBi/GaAs ir GaInAsBi/InP 

heterosandūrų juostos trūkio vertes. Taip pat iš GaInAsBi sluoksnio 

užauginto ant InP padėklo buvo pagaminta fotolaidi antena. Ji buvo 

naudojama generuoti THz impulsus ją žadinant 2 µm bangos ilgio optiniais 

impulsais. 

 Iki šiol TES metodika plačiau nagrinėti buvo tiesiatarpiai kubiniai A3B5 

grupės puslaidininkiai. Vienas iš šios metodikos privalumų yra bekontaktis 

tyrimo būdas, dėl to naudinga praplėsti šios metodikos taikymus į dvimates 

ir sluoksniuotas medžiagas, kuriose elektrinių kontaktų gamyba yra itin 

problemiška. Van der Walso jėgomis surištiems kristalams artėjant prie kelių 

ar vieno sluoksnio storio keičiasi jų elektroninės [14] ir mechaninės savybės 

[15], kartais stebimas puslaidininkio netiesioginio draustinių energijų tarpo 

virsmas tiesioginiu [16]. Šiame darbe TES metodika buvo pritaikyta būtent 

tokio tipo medžiagos – pereinamųjų metalų dichalkogenidams (TMD) ir 

GaSe kristalams. 

Ploni bismuto sluoksniai pastaruoju metu taip pat traukia nemažai 

dėmesio dėl savo unikalių savybių. Viena iš jų didelis Fermi bangos ilgis 

(~30 nm), dėl ko kvantiniai erdvinės sąspraudos efektai šioje medžiagoje 

pasireiškia pakankamai storuose sluoksniuose ir galiausiai lemia Bi perėjimą 

iš pusmetalio į puslaidininkį [17]. Teoriniuose darbuose buvo prognozuota, 

jog itin ploni bismuto sluoksniai pasižymi topologinio izoliatoriaus 

savybėmis [18]. Dėl šių priežasčių buvo tyrinėjama THz impulsų generacija  

itin plonuose kristaliniuose bismuto sluoksniuose ir šiek tiek storesniuose 

polikristaliniuose bismuto sluoksniuose. 

 Šis tyrimas yra tęstinis, prieš tai atlikti tyrimai FTMC Optoelektronikos 

laboratorijoje davė pagrindą šiam darbui, skirtam TES metodikos 

tobulinimui ir jos galimybių praplėtimui tyrinėjant naujas medžiagas ir 

ieškant naujų panaudojimo būdų. Šiame darbe tyrinėjamos skirtingos 

medžiagos parodo TES metodikos universalumą. Pagrindinis metodikos 

privalumas – bekontaktis matavimas, leidžiantis tiesiogiai nustatyti įvairius 

fizikinius puslaidininkio parametrus.  

Darbo tikslas 

Pasitelkus THz emisijos spektroskopijos metodą tirti puslaidininkius su 

įvairiu draustinių energijų tarpu, bei kristaline struktūra ir puslaidininkinių 

heterosandūrų energijos juostų trūkio vertes. 
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Darbo uždaviniai 

• Pritaikyti THz sužadinimo spektroskopijos metodą nustatant juostos

trūkio vertes puslaidininkinėse heterosandūrose.

• Nustatyti laidumo juostos trūkio vertes GaAsBi/GaAs ir

GaInAsBi/InP heterosandūrose naudojant THz sužadinimo

spektroskopiją metodą.

• Atlikti THz žadinimo spektroskopijos tyrimą sluoksniuotiems

heksagoninės simetrijos ir netiesiatarpiams puslaidininkiniams

kristalams.

• Nustatyti juostinės struktūros parametrus ir THz impulsų generacijos

mechanizmus pereinamųjų metalų dichalkogeniduose (MoS2, MoSe2,

WS2) ir GaSe kristaluose.

• Ištirti THz impulsų generaciją plonuose monoelementinio bismuto

sluoksniuose.

Mokslinis naujumas 

• TES pirmą kartą buvo panaudotas nustatant energijos juostos trūkių

vertes puslaidininkio heterosandūroje.

• Fotolaidi antena, pagaminta iš GaInAsBi sluoksnio užauginto ant InP

padėklo, žadinama 2 µm bangos ilgio optiniais impulsais

efektyviausiai generavo THz impulsus.

• Sluoksniuotų medžiagų – GaSe ir TMD (MoSe2, MoS2, WSe2)

išmatuoti TES spektrai leido nustatyti keletą juostinės struktūros

parametrų.

• Germanio kristalai efektyviausiai generuoja THz impulsus, kai

žadinančiojo optinio impulso bangos ilgis yra apie 1.55 µm.

• THz impulsų emisija iš elektrochemiškai nusodintų plonų bismuto

sluoksnių yra dėl sparčios foto-elektronų termalizacijos ir jo sukelto

foto-Demberio efekto.

• THz impulsų emisija iš MBE metodu užauginto kelių nanometrų

storio kristalinių sluoksnių parodo galimą pusmetalio –

puslaidininkio perėjimą šioje medžiagoje.
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• THz impulsų generacija iš MBE metodu užauginto ultraplono

kristalinio bismuto buvo paaiškinta atsirandančiomis lygiagrečiomis

paviršiui aniztoropinėmis srovėmis.

Disertacijos ginamieji teiginiai 

• Puslaidininkio heterosandūroje femtosekundiniu lazerio impulsu

sužadintų elektronų balistinis judėjimas lemia THz impulsų žadinimo

spektre atsirandančias skiriamąsias ypatybes, kurios sutampa su

elektronų perėjimais iš siauresnio draustinių energijų tarpo

puslaidininkio valentinės juostos į platesnio draustinių energijų tarpo

puslaidininkio laidumo juostą. Tai leidžia tiesiogiai nustatyti

heterosandūros laidumo juostos trūkio vertę.

• GaAsBi-GaAs heterosandūros laidumo juostos trūkio vertė sudaro

apie 45 % ± 5% bendro draustinių energijų tarpo skirtumo, o

GaInAsBi/InP heterosandūroje ši vertė yra apie 34 % ± 3%  šio

skirtumo.

• THz impulsų generacijos mechanizmas elektrochemiškai

nusodintame polikristaliniame bismuto sluoksnyje ant tauriųjų metalų

yra dėl greitesnės elektronų difuzijos nuo paviršiaus lyginant su

skylėmis – foto-Demberio efekto. Tuo tarpu ultraploname

kristaliniame sluoksnyje užaugintame ant Si padėklų molekulinių

pluoštų eptitaksijos būdu THz emisija vyksta dėl balistiškai judančių

krūvininkų ir jų generuojamo šoninės nekompensuotos fotosrovės

lygiagrečios paviršiui.

Autoriaus indėlis 

Šio darbo autorius atliko eksperimentinius tyrimus: THz impulsų 

emisijos, THz sužadinimo spektroskopijos, azimutinio kampo 

priklausomybės ir optinio žadinimo – THz zondavimo eksperimentus. Jis 

taip pat prisidėjo prie rezultatų analizės, diskusijų ir straipsnių ruošimo. 

Gauti rezultatai paties autoriaus buvo pristatyti keliose tarptautinėse ir 

vietinėse konferencijose tiek žodinio, tiek plakato pranešimo formatu. 

Fizinių ir technologijų mokslų centro optoelektronikos skyriuje MBE 

metodu buvo auginti visi bismuto ir bismidų bandiniai, tame pačiame 

skyriuje jie buvo ir charakterizuoti. Tuo tarpu TMD bandiniai buvo išauginti 

Moldovos mokslų akademijos fizikos institute. 
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Tyrimų apžvalga 

Gautieji rezultatai buvo paskelbti devyniuose moksliniuose straipsniuose. 

Šie straipsniai disertacijoje yra suskirstyti į tris grupes. Pirmojoje yra 

nagrinėjami sluoksniai ir heterosandūros, turinčios A3B5 grupės bismidinių 

junginių. Antrojoje – TES spektrai, matuojami netiesiatarpiai, heksagoninės 

kristalinės struktūros ar susaistyti van der Waals‘o ryšiais puslaidininkiai. 

Galiausiai, trečiojoje grupėje yra straipsniai, kuriuose pateikiami THz 

impulsų emisijos iš plonų polikristalinių ir kristalinių bismuto sluoksnių 

tyrimai. 

Bismidų ir su jais sudarytų heterosandūrų tyrimas 

Straipsnis P1. „Juostinės struktūros trūkio verčių nustatymas pritaikant 

THz žadinimo spektroskopijos metodą“ 

Šiame darbe pristatytas eksperimentinis būdas, skirtas puslaidininkinės 

heterosandūros laidumo juostos trūkio vertės radimui pasitelkiant TES 

metodą. Tai pasiekiama žadinant krūvininkus ploname siauresnio draustinių 

energijų tarpo puslaidininkio sluoksnyje. Buvo parodyta, kad apie 100 nm 

storio sluoksnis yra pakankamas sutrikdyti balistinį krūvininkų judėjimą, jei 

perteklinės elektronų energijos nepakanką įveikti heterosandūros barjero, tuo 

pačiu stipriai sumažinant THz impulso amplitudę. Pasiekus perteklinę 

elektronų energiją, kuomet barjeras yra elektronų įveikiamas, THz impulso 

amplitudė pradeda staigiai didėti, tai atsispindi TES spektre. Šis didėjimas 

sutapo su atliktais teoriniais skaičiavimais ir leido nustatyti GaAsBi/GaAs 

heterosandūros energijos juostų trūkio vertes.  

Staipsnis P4. „GaInAsBi-InP heterosandūrų juostinės struktūros trūkio 

verčių nustatymas“ 

Eksperimentinė metodika pristatyta praeitame straipsnyje pritaikoma ir 

kitai bismidinei heterosandūrai - Ga0.47In0.53As1-xBix/InP. Šiame darbe buvo 

tirti sluoksniai kuriuose bismuto koncentracija x kito nuo 0 iki 0.06. 

Laidumo juostos trūkio vertės neįtemptuose sluoksniuose sudarė 0.38 

draustinių energijų tarpo skirtumo, įvertinus sluoksnių įtempimus ši vertė 

gali sumažėti iki 0.34, kai x = 0.06. 

Straipsnis P8. „Balistinių fotosrovių sukelta THz impulsų emisija iš 

puslaidininkinių heterosandūrų“ 

Šiame darbe buvo matuojami TES spektrai apšviečiant heterostruktūrą iš 

platesnio draustinių energijų tarpo puslaidininkio pusės. Šiuo atveju TES 

spektre buvo matyti THz impulso fazės apsivertimas, ties energija, kai 
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elektronų, sužadintų siauresnio draustinių energijų tarpo puslaidininkio 

sluoksnyje, perteklinė energija yra pakankama įveikti laidumo juostos trūkio 

sukurtą barjerą. Norint šį procesą ištirti nuodugniau buvo atliktas teorinis 

tyrimas kuriame skaičiuotos susidarančios srovės analitiškai ir skaitiškai 

Monte Carlo metodu. Šie tyrimai parodė, jog elektronų perteklinei energijai 

esant žemiau barjero, fotosrovė kuriama tik siauresnio draustinių energijų 

tarpo sluoksnyje. Pasiekus energiją, kai barjeras įveikiamas fotosrovės 

atsiranda abiejuose heterosandūrą sudarančiose puslaidininkiuose - didesnė 

fotosrovė yra platesnio draustinių energijų tarpo puslaidininkyje. Kadangi ši 

fotosrovė yra priešingos krypties, tai pakeičia ir spinduliuojamo THz 

impulso poliarumą. Šis efektas buvo stebimas GaInAs/InP ir GaInAsBi/InP 

heterosandūrose. 

Straipsnis P2. „THz impulsų emisija iš GaInAsBi“ 

Keturnariai GaInAsBi epitaksiniai sluoksniai buvo užauginti ant InP 

padėklo ir buvo panaudoti kaip THz impulsų emiteriai, juos žadinant 

mažomis femtosekundinio optinio impulso fotono energijomis (0.5 -1.2 eV). 

Šios medžiagos draustinių energijų tarpas buvo ~ 0.4 eV, o dėl pakankamai 

mažo gardelės neatitikimo su padėklu ( ~0.3 %) pakankamai stori ~ 600 nm 

sluoksniai buvo pilnai įtempti. THz impulsų generacijos priklausomybės nuo 

žadinamo bangos ilgio buvo matuojamos tiek iš sluoksnio paviršiaus, tiek iš 

ant to sluoksnio suformuotos fotolaidžios antenos. Šie tyrimai parodė, kad 

fotolaidžios antenos emisija buvo efektyviausia žadinant apie 2 μm bangos 

ilgio optiniais impulsais. Šis bangos ilgis gali būti pasiekiamas naujais tuliu 

ir helmiu legiruotais šviesolaidiniais femtosekundiniais lazeriais, o šiems 

lazeriams THz emiterių iki šiol nebuvo. 

Netiesiatarpių puslaidininkių ir heksagoninės struktūros sluoksniuotų 

kristalų tyrimas 

Straipsnis P3. „Spektrinės THz impulsų emisijos priklausomybės iš 

germanio kristalų“ 

1. Šiame darbe buvo tyrinėti skirtingo legiravimo germanio kristalai.

Išmatuotame TES spektre buvo stebėta, jog THz impulsų generacija yra 

efektyviausia, kai fotono energija yra didesnė už tiesioginį draustinių 

energijų tarpą Briuljen‘o zonos Γ taške. THz impulsų generacija buvo 

stebima ir žadinant su fotonų energijomis žemesnėmis nei tiesioginis 

energijų tarpas. Tai buvo paaiškinta L slėnių izoenergetinių paviršių 

anizotropija, dėl kurios atsiranda šoninė fotosrovė, kurios kryptis yra 

priešinga fotosrovei sukurtai dėl optinės orientacijos. Tuo tarpu optinio 
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žadinimo – THz strobavimo metodika buvo nustatyta, kad elektronų sklaida 

iš Γ slėnio į žemesnio judrio L slėnį yra subpikosekundinės trukmės.  

Straipsnis P5. „GaSe kristale sukelta THz impulsų emisija žadinant virš 

draustinių energijų tarpo“ 

Šiame darbe buvo tirtas kelių µm storio heksagoninės kristalinės 

struktūros GaSe THz impulso amplitudės priklausomybė nuo žadinančio 

fotono energijos, kuri buvo keičiama nuo 1.8 iki 3.8 eV. TES spektre rastos 

charakteringos energijos, atitinkančios THz generacijos pradžią ir jos 

efektyvumo maksimumą. Šios energijos buvo panaudotos tiesioginiam 

draustinių energijų tarpui ir laidumo juostos šoninio slėnio energijos padėčiai 

nustatyti. Kiek netikėtai, didinant žadinančio fotono energiją THz impulso 

amplitudė vėl pradėjo kilti. Dėl šios priežasties buvo atlikti papildomi 

azimutinio kampo priklausomybės ir TES spektrų priklausomybės nuo 

žadinančio optinio impulso poliarizacijos matavimai. Pastarieji 

eksperimentai parodė, jog dėl optinės atrankos taisyklių heksagoniniame 

kristale, priklausomai nuo kampo tarp žadinančio impulso elektrinio 

vektoriaus ir heksagoninio kristalo c – ašies, TES spektrai žadinant p ir s 

poliarizacijomis skirsis. Taip buvo nustatyta žemiau esančios antros 

valentinės juostos energinė padėtis GaSe kristale. 

Straipsnis P6. „THz impulsų emisija iš pereinamųjų metalų 

dichalkogenidų kristalų“ 

Šiame darbe buvo tyrinėjami trys pereinamųjų metalų dichalkogenidų 

(TMD) kristalai: volframo diselenidas (WSe2), molibdeno diselenidas 

(MoSe2) ir molibdeno disulfidas (MoS2). Šiose medžiagose buvo matuoti 

THz žadinimo spektrai ir sužadintų krūvininkų dinaminės charakteristikos. 

THz impulsų amplitudės nepriklausė nuo azimutinio kampo, taip pat nebuvo 

stebimas THz impulsas kuomet bandiniai buvo apšviečiami 0º kritmo 

kampu. Todėl buvo padaryta išvada, kad generacijos mechanizmas yra 

susijęs su paviršinėmis fotosrovėmis, atsirandančiomis dėl vidinių laukų 

sluoksnių paviršiuje. Šie vidiniai elektriniai laukai gali susidaryti dėl 

vadinamųjų tamsiųjų eksitonų, atsirandančių kuomet elektronai ir skylės yra 

lokalizuoti skirtinguose sluoksniuose (tarpsluoksniniai eksitonai) ar vienas iš 

jų yra defekte. Šių laukų buvimą paliudijo atlikti papildomi eksperimentai 

žadinant bandinius dviem skirtingų bangos ilgių impulsais. 

THz impulsų generacija iš polikristalinių ir kristalinių bismuto sluoksnių 

Straipsnis P7. „Elektrochemiškai nusodintų plonų bismuto sluoksnių 

THz fotolaidumo spektrai” 
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Plonų polikristalinių Bi sluoksnių, elektrochemiškai nusodintų ant 

skirtingų tauriųjų metalų, TES spektrai beveik nepriklauso nuo padėklo 

medžiagos ir Bi sluoksnio storio. Tai leido daryti išvadą, jog THz impulsai 

yra generuojami prie pat bismuto paviršiaus dėl foto-Demberio efekto. Buvo 

palygintos iš bismuto generuojamo THz impulso fazė su n- ir p- tipo GaAs 

kristalais. Šis eksperimentas parodė, jog elektronai juda greičiau nei skylės 

nuo paviršiaus. Įprastai kristaliniuose puslaidininkiuose krūvininkų 

termalizacijos procesai vyksta pakankamai ilgai, tačiau pusmetaliniame 

bismute šis procesas yra spartesnis dėl stiprios tarpelektroninės sklaidos. Ši 

išvada buvo patvirtinta palyginus THz žadinimo spektrus, išmatuotus prie 

žadinančio spindulio kritimo kampų, su teorija. 

Straipsnis 9. „THz impulsų emisija iš ultraplonų bismuto sluoksnių“ 

Šiame darbe buvo tyrinėjami ploni: apie 8 nm storio epitaksinio bismuto 

sluoksniai, užauginti ant (111) silicio padėklų MBE metodu. Šių bandinių 

THz impulsų amplitudė buvo daugiau nei eile didesnė už prieš tai tyrinėtų 

polikristalinio Bi bandinių, taip pat buvo stebima sin(3φ) tipo 

priklausomybė nuo azimutinio kampo. TES spektre generacija prasidėjo nuo 

0.45 eV, tai leido daryti prielaida, jog tiesioginis draustinių energijų tarpas 

yra ties šia energija. Skirtingose temperatūrose auginti bandiniai turėjo 

skirtingus kristalinio sluoksnio ir apatinio polikristalinio sluoksnio santykius. 

Norint paaiškinti stebėtus eksperimentinius rezultatus buvo pasiūlytas naujas 

THz emisijos mechanizmas, aiškinantis emisijos atsiradimą sluoksnio 

plokštumoje tekančių dviem priešingomis kryptimis šoninių fotosrovių 

disbalanso, iššaukto vienos iš jų sklaida ties riba tarp kristalo ir 

polikristalinio sluoksnio. 

Rezultatai ir išvados 

1. Eksperimentiniai ir teoriniai rezultatai parodė, jog TES metodika yra

tinkama nustatant heterosandūros energijos juostų trūkio vertes. 

2. Atlikus TES matavimus buvo nustatytas GaAsBi/GaAs 

heterosandūros, kurioje yra iki 12 % bismuto, energijos juostų trūkio 

parametras Q = 0.45 ± 0.04 

3. Ga0.47In0.53AsBi/InP heterosandūroje parametras Q = 0.38 ± 0.04

buvo nustatytas esant bismuto kiekiui nuo 3 % iki 6 %. Bismuto sluoksnio 

įtempimas gali sumažinti Q vertes GaInAsBi/GaInAs heterosandūroje iki ~ 

0.25 ± 0,03, kai Bi dalis yra apie 6 %. 

4. Fotolaidi antena, pagaminta iš GaInAsBi sluoksnio užauginto ant InP

padėklo, demonstravo didžiausią našumą ties 2 μm žadinimo bangos ilgiu. 
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5. Netiesiatarpiame germanio kristale THz impulsai yra efektyviausiai 

generuojami, kai žadinimo impulso fotonų energija sutampa su tiesioginio 

draustinių energijų tarpo energija.  

6. TMD (MoS2, MoSe2, and WS2) medžiagų tyrimai parodė, jog TES 

spektro maksimalios vertės sutampa su tiesioginiais draustinių energijų 

tarpais joje. THz impulsų generacija iš šių medžiagų vyksta dėl vidinių laukų 

sukurtos ultrasparčiai kintančios fotosrovės. 

7. GaSe TES spektrai, išmatuoti naudojant skirtingos poliarizacijos 

optinius impulsus, leido nustatyti žemiau esančios valentinės juostos 

energetinę padėtį. Tuo pačiu buvo nustatytas tiesioginis draustinių energijų 

tarpas lygus – 2 ± 0.04 eV ir laidumo juostos šoninio slėnio energinis 

atstumas virš laidumo juostos dugno – 0.21 ± 0.02 eV  

8. THz impulsų generacija elektrochemiškai nusodintuose plonuose 

bismuto sluoksniuose vyksta dėl foto-Demberio efekto, krūvininkų 

difuzijašiuo atveju buvo sub-ps eilės, dėl stiprios tarpelektroninės sklaidos. 

9. Naujas THz emisijos mechanizmas paremtas šoninių fotosrovių 

atsiradimu, dėl elektronų sklaidos ties kristalo ir drėkinamojo polikristalinio 

sluoksnio sandūra, paaiškino THz impulsų generaciją ultraplonuose 

kristalinio bismuto sluoksniuose. THz emisijos slenkstis ties 0.45 ± 0.02 eV 

buvo priskirtas tiesioginiam draustinių energijų tarpui 8 nm storio Bi 

sluoksnyje. 
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THz-excitation spectroscopy technique for
band-offset determination
V. KARPUS,* R. NORKUS, R. BUTKUTĖ, S. STANIONYTĖ,
B. ČECHAVIČIUS, AND A. KROTKUS

Optoelectronics Department, Center for Physical Sciences and Technology, Saulėtekio 3, LT-10257 Vilnius,
Lithuania
*vytas.karpus@ftmc.lt

Abstract: The experimental THz-excitation spectroscopy technique for determining heterojunc-
tion band offsets is suggested. When photoexcited electrons gain sufficient energy to pass the
potential barrier corresponding to a conduction band offset, an amplitude of THz-emission pulse
sharply increases, which allows for direct measurements of the offset value. The technique is
applied for determining GaAsBi-GaAs band offsets. The deduced conduction band offset of
GaAsBi-GaAs heterojunction has about 45% of an energy gap difference at the Bi concentrations
x < 0.12 investigated.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The conduction and valence band offsets, ∆Ec and ∆Ev, at a heterojunction of two semiconductors
set up the potential barriers for electrons and holes, which essentially affect performance of
practically all contemporary micro- and opto-electronic devices. The band alignment problem, due
to its importance both for solid-state physics and device engineering, is widely investigated (see,
e. g., reviews [1–5]) theoretically and by various experimental techniques – optical spectroscopy,
photoemission spectroscopy, transport methods, and ballistic electron emission microscopy. The
principle instrumental tool is the optical spectroscopy of quantum wells (QW). However, the
energies of interband transitions between QW electron and hole subbands are not sufficiently
sensitive to band-offset values – different ratios of the conduction band offset to the energy
gap difference, Q = ∆Ec/∆Eg, usually correspond to similar sets of the interband-transition
energies. As a result, a reliable determination of band offsets for a given heterostructure is not a
straightforward task and usually requires integrated studies by optical and other, more sensitive
to band-offsets, techniques.

In the present paper we suggest a novel technique for a direct band-offset determination based
on a terahertz excitation spectroscopy (TES). The THz emission in semiconductors is due to a
spacial separation of charge carriers photoexcited by a short laser pulse. When charge carriers are
photoexcited in a heterostructure of semiconductors, an amplitude of the emitted THz-pulse will
experience a sharp increase at the photon energies when photoelectrons (holes) gain sufficient
kinetic energies to overcome the potential barrier corresponding to a heterojunction band-offset
(Fig. 1). This allows for a direct determination of band-offsets from the spectral positions of
THz-emission onsets.

The TES technique assumes ballistic propagation of photoexcited carriers in a thin enough
layer of a narrower-gap semiconductor. The layer width should be smaller either than the optical
penetration length, for photocarriers to be uniformly distributed, or than the distance the carriers
travel while THz-pulse emission takes place.

In the present study, the TES technique is applied for a determination of band offsets of
GaAsBi-GaAs heterojunction. The dilute bismides – the III-V semiconductors with a few percent
of Bi – are in a focus of recent theoretical and experimental studies, which are motivated by a
potential use of bismides in GaAs-based near-IR photodetectors, highly-efficient solar cells [6],

Vol. 26, No. 26 | 24 Dec 2018 | OPTICS EXPRESS 33807 

#346941 https://doi.org/10.1364/OE.26.033807 
Journal © 2018 Received 27 Sep 2018; revised 4 Nov 2018; accepted 13 Nov 2018; published 12 Dec 2018 

71



Eg,w

Eg

�Ec

E1

�Ev

Fig. 1. Scheme of optical transitions corresponding to the threshold photon energy E1 for
THz-emission. The THz pulse is emitted when an electron excess energy is sufficient to
overcome the ∆Ec potential barrier.

and laser diodes with reduced temperature-sensitivity of emission-wavelength [7]. Despite the
wide-range studies, the GaAsBi-GaAs band offsets are not unambiguously determined. Our
measurements, carried out by TES technique, show that the GaAsBi-GaAs conduction band
offset is of about 45 % of the bandgap difference at Bi content up to about 12 %.

2. THz excitation spectroscopy

The main mechanism of THz emission in semiconductors is due to a spacial separation of
electrons and holes photoexcited by a short, typically ∼ 100 fs, laser pulse. The photoexcited
electrons move quasi-ballistically leaving less-mobile holes behind themselves and, as a result,
induce a dynamically varying electric dipole that eventually leads to a THz-pulse emission [8].
In a bulk semiconductor, the THz-pulse is generated when a photon energy of the laser pulse
exceeds the energy gap of semiconductor [9], �ω ≥ Eg.

When a heterostructure comprised of two different-bandgap materials, with a thin narrower-
bandgap material at a surface, is illuminated, the THz-emission will be generated when
photoexcited charge carriers in a top (surface) layer will gain an excess energy to pass the potential
barrier corresponding to a conduction (valence) band offset (Fig. 1). Indeed, when the thickness
of a top layer is much smaller than the optical absorption depth, photoexcited electrons and holes
will be uniformly distributed in the layer. The energy barriers at the heterojunction will prevent
their spatial separation, and no electric dipole and subsequent THz-pulse will be generated. With
an increase of the exciting photon energy, photoexcited electrons will eventually gain energy
enough to pass to the widegap semiconductor and an onset of THz-emission will start at the
threshold energy �ω = E1 which is determined by the conduction band offset ∆Ec,

E1 = Eg + ∆Ec

(
1 +

m
mh

)
. (1)

Here Eg is the bandgap of a top-layer semiconductor, m and mh are the effective electron and hole
masses. As it is seen from Eq. (1), the band offset can be directly determined from the spectral
position of THz-emission onset.
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2.1. Onset of THz-emission

The amplitude of THz-emission pulse is proportional to the electron (hole) flux density along the
heterojunction normal (taken as the z-axis),

jz =
2

(2π)3

∫
(vz>0)

d3k vzT(ε⊥) fk . (2)

Here vz = �kz/m is the electron velocity along the z-axis, fk is the electron distribution function,
and T(ε⊥) is the transmission coefficient of the potential barrier (see inset to Fig. 2),

T(ε⊥) =
4
√

1 − U
ε⊥

(√
1 − U

ε⊥
+ 1

)2 , (3)

ε⊥ = �2k2
z/2m is the electron kinetic energy of the z-motion, and U = ∆Ec is the potential barrier

corresponding to a conduction band offset.
The distribution function of electrons photoexcited by a short laser pulse is determined by

the Gaussian energy-dependence G(ε) and the angular dependence F(nk ), which is due to the
optical orientation [10] of their quasimomenta k,

fk = CG(ε)F(nk ), G(ε) = 1
√

2πs
exp

[
−(ε − ε0)2

2s2

]
, F(nk ) = 1 + α0P2(cos χ). (4)

Here ε0 = (�ω − Eg)/(1 + m/mh) is the electron energy, determined by the photon energy �ω
of the excitation pulse, s =

√
8 ln 2 �(∆t)−1/(1 + m/mh) is the standard deviation parameter

determined by the pulse duration ∆t, the α0 parameter is equal to −1 or +1 for an electron
excitation from heavy- and light-hole branches, correspondingly, P2(x) is the second Legendre
polynomial, and χ is the angle between the k-vector and the electric vector of the exciting
light, cos χ = nk nE . The constant C of the distribution function in Eq. (4) is determined by
the normalization condition 2(2π)−3

∫
d3k fk = n, where n is the concentration of photoexcited

electrons, and can be expressed (at ε0 � s) as C = n/�(ε0), where �(ε0) = 4π(2m)3/2(2π�)−3√ε0
is the electron density of states at ε0 energy.

The general expression (2) for the flux density, by integrating in the spherical coordinate
system with the polar axis taken along z-direction, can be reduced to the form

jz = j0 A(ε0), j0 =
nU

2
√

2mε0
, A(ε0) =

2
U

∫ ∞

0
dε εG(ε)

∫ π/2

0
dϑ sin ϑ cos ϑT(ε⊥)F . (5)

Here F is the F(nk ) function averaged over the azimuthal angle,

F =
1

2π

∫ 2π

0
dϕ F(nk ) = 1 +

α0
4
(1 − 3 cos2 ϑE )(1 − 3 cos2 ϑ), (6)

ϑE is the polar angle of the electric vector of exciting light pulse.
The introduced dimensionless A(ε0) function [Eq. (5)] determines an expected spectral shape

of an onset of THz-emission. Neglecting the energy spread of photoexcited electrons (s = 0) and
assuming that the transmission coefficient of potential barrier corresponds to the step function
[T(ε⊥) = 0, for ε⊥ < U, and T(ε⊥) = 1, for ε⊥ > U], one obtains the linear onset of THz-emission
(dashed line in Fig, 2), which is predicted by Eq. (5) at ε0 − U � U,

A(ε0) =
[
1 − α0

2
(1 − 3 cos2 ϑE )

] ε0 − U
U

∝ �ω − E1. (7)
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Fig. 2. The theoretical spectral shape of THz-emission onset: The A(ε0) function for an
electron photoexcitation from the hh band (α0 = −1) at ϑE = 80◦. The inset presents the
transmission coefficient of potential barrier.

The energy dependence of the transmission coefficient (3) gives rise to a superlinear behavior
of THz-emission onset (thinner full curve in Fig, 2), which can be successfully modeled by a
power-law dependence

A(ε0) ∝ (ε0 − U)p ∝ (�ω − E1)p (8)

with the p ≈ 1.25 exponent. At immediate vicinity to the ε0 = U energy, the onsets starts
with the p = 3/2 exponent, which corresponds to an initial rise of the transmission coefficient
(3). However, this holds true in a very short range of electron energies and subsequently the
A(ε0) rise becomes less steep. The energy spread of photoexcited electrons (s � 0) smears the
THz-emission edge by its Gaussian convolution, as it seen from the final theoretical spectral
shape of the A(ε0) function presented by a thick full curve in Fig. 2.

3. Experimental

3.1. TES measurements

The THz excitation spectroscopy measurements have been carried out in the quasi-reflection
geometry with samples illuminated at 45◦ to their surface normal. Experimental setup is shown
schematically in Fig. 3. The setup is based on an amplified ytterbium-doped potassium gadolinium
tungstate (Yb:KGW) laser system (PHAROS, Light Conversion Ltd.) operating at 1030 nm with
the pulse duration of 160 fs and the pulse repetition rate of 200 kHz. Average power of 6 W
from the laser is directed into a cavity-tuned optical parametric amplifier (OPA, ORPHEUS,
Light Conversion Ltd.) that generates 140–160 fs duration pulses with a central wavelength
tunable from 640 nm to 2600 nm. In the THz-TDS arrangement activated by the laser system, the
investigated samples were excited by the OPA output beam, while the sample-emitted THz pulses
were detected by the GaAsBi photoconducting antenna (TeraVil Ltd.). The THz detector was
illuminated by a small fraction (average power of ∼ 5 mW) of Yb:KGW-laser beam delayed by
different times with respect to the optical beam exciting an investigated sample. All experiments
were performed at room temperature. The average power of the optical pulses incident on a
sample was of about 10 mW.

The THz pulses emitted by GaAs0.941Bi0.059As-GaAs heterostructure at the 1.19–1.89 eV
photon energies of OPA beam and the pulse spectrum for �ω = 1.89 eV are presented in Fig. 4.
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photon energies in the 1.19–1.89 eV range (a) and the Fourier spectrum of the pulse obtained
for �ω = 1.89 eV (b).

3.2. Growth of heterostructures

The GaAsBi-GaAs heterostructures were molecular-beam-epitaxy (MBE) grown on semi-
insulating (001) GaAs substrates at temperatures between 320 and 350 ◦C. Prior to the bismide
layer of d = 100 nm deposition, the native oxide of GaAs-wafer was removed at 630 ◦C
temperature and under maximum arsenic flux. For smoothing of the wafer surface, a 10–20 nm
thick GaAs buffer layer was grown. The atomic composition of the GaAs1−xBix layer was varied
by adjusting the growth temperature and/or the Bi to As molecular flux ratio.

3.3. Characterization of GaAsBi layers

The atomic compositions x, Bi contents, of the grown GaAs1−xBix layers (Table 1) were
determined by X-ray diffraction (XRD) measurements, carried out with SmartLab Rigaku
diffractometer, by monitoring shifts of the (004) diffraction peak with respect to its position in
GaAs [Fig. 5(a)] and by reciprocal space mapping (RSM) of the (115) diffraction peak.

The recorded RSM patterns clearly indicated [Fig. 5(b)] that epitaxial GaAsBi layers, which
were of d = 100 nm thickness, remained to be strained even at the highest Bi content, x = 0.117,
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peak of GaAsBi-GaAs sample with the highest Bi content, x = 0.117.

achieved in the present study. To determine atomic compositions of strained GaAsBi layers, the
Vegard’s law for the lattice constant of unstrained GaAsBi,

aGaAsBi = (1 − x)aGaAs + xaGaBi, (9)

and the known expressions of strain-tensor components

εxx = −∆a
a
, εzz = 2

C12
C11

∆a
a

(10)

were employed. Here aGaAs = 5.653 Å and aGaBi = 6.234 Å are the lattice constants of GaAs and
GaBi [11], ∆a = aGaAsBi − aGaAs, a = (aGaAsBi + aGaAs)/2, C11 and C12 are the elastic constants,
which were taken to be equal to those of GaAs [12], C11 = 122.1 GPa and C12 = 56.6 GPa.

The bandgaps of GaAsBi layers were determined from the spectral positions of their photolu-
minescence peaks, which were recorded by a standard PL setup with DPSS 532 nm excitation
laser. The energy gaps determined (dots in Fig. 6) monotonously decrease with an increase of Bi
content and follow the theoretical estimate of Eg(x) dependence (full curve in Fig. 6)

Eg(x) = Eg,0(x) + (ac + av)(2εxx + εzz) + |b(εzz − εxx)| . (11)

Here Eg,0(x) is the energy gap of bulk, unstrained GaAsBi [13], ac = −7.17 eV, av = −1.16 eV,
and b = −2 eV are the deformation potential constants (taken to be equal to those of GaAs).

4. GaAsBi-GaAs band-offsets

The band offsets of GaAsBi-GaAs heterojunction is a widely debated problem. The valence band
anticrossing (VBAC) model shows [13] that a restructuring of GaAs1−xBix valence band occurs
as a result of an anticrossing interaction between the extended states of GaAs valence band and
the resonant states of Bi atoms. In addition to the VBAC-induced valence band movement, the
recent theoretical studies [14] have predicted that the conduction band also experiences shift,
contributing to approximately 40 % of the GaAsBi-GaAs bandgap difference ∆Eg. Experimental
data on the GaAsBi-GaAs conduction band offset are few and range from 23 %, as determined
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Fig. 7. THz-pulse excitation spectra (dots) of investigated GaAsBi-GaAs heterostructures.
Red curves present photoluminescence spectra of the samples. Blue ones correspond to
theoretical spectral shapes A(ε0) of THz-emission onset [Eq. (5)].

by X-ray photoemission spectroscopy [15] on samples with less than 2.5 % Bi, to nearly 48 %
at 2.1 % < x < 5.9 %, as found from a photoreflectance study [16] of GaAsBi-GaAs quantum
wells. Moreover, the authors of a recent multi-quantum well photoluminescence study [17] have
suggested that GaAsBi-GaAs band offsets correspond to a staggered, type-II, rather than to a
more common straddling, type-I, alignment.

The THz-pulse excitation spectra measured on GaAsBi-GaAs heterostructures are presented
by dots in Fig. 7. As it is seen, an increase of the signal occurs at energies E1 above the
GaAsBi bandgap Eg and the spectral shape of THz-emission onsets is close to its theoretical
estimate A(ε0) [Eq. (5), blue curves in Fig. 7]. Since the optical absorption coefficient in GaAsBi
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layers does not exceed 2 · 104 cm−1 for photon energies up to about Eg + 0.3 eV [18, 19], the
photoexcited electrons and holes are uniformly distributed in the investigated d = 100 nm GaAsBi
layers, and THz-pulse is not generated until electrons gain sufficient energy to overcome the
conduction-band-offset barrier.

With an increase of the photon energy, the THz-pulse amplitude experiences a drop at a photon
energy of 1.42 eV, when a photoexcitation begins in GaAs substrate. With a further increase of
�ω, the THz excitation spectrum shows [Fig. 7(c)] additional features E2 and E3 which are due
to a photoexcitation of electrons in GaAsBi and GaAs layers with excess energies sufficient to
pass to GaAs L-valleys [19].

Table 1. Physical parameters of GaAs1−xBix layers (their atomic compositions x and
bandgaps Eg), measured onsets of THz-emission E1 and determined conduction band offsets
∆Ec of investigated GaAsBi-GaAs heterostructures.

x 0.03 0.048 0.059 0.068 0.086 0.117

Eg (eV) 1.2 1.1 1.04 0.99 0.92 0.77

E1 (eV) 1.30 ±0.01 1.24 ±0.01 1.24 ±0.01 1.22 ±0.01 1.13 ±0.01 0.90 ±0.01

∆Ec (eV) 0.09 0.13 0.18 0.21 0.19 0.12

The threshold energies of THz-emission E1 can be determined by fitting the emission onsets
with the A(ε0)-function. The E1 values obtained are presented in Table 1. The deduced value of
the broadening parameter s was of about 36 meV.

The measured shifts of the THz-emission onsets from the bandgap values, E1 − Eg, allow for a
straightforward determination of the conduction band offsets [see Eq. (1)]. The values obtained
at the m = 0.067 m0 and mh = 0.55 m0 effective electron and hole mases (taken to be equal to
those of GaAs) are presented in Table 1 and by open dots in Fig. 9.

The shifts of THz-emission onsets, as seen from Eq. (1), are related both with the band offsets
and parameters of energy-band dispersions,– the effective electron and hole masses. Since the
band dispersions are affected by strains, a determination of the strained-heterostructure band
offsets, in principle, should be carried out taking into account the strain-induced band dispersions.

To estimate an influence of energy spectrum parameters on a band-offset determination, we
modeled the strain-induced dispersion of the heavy- and light-hole branches by a simplest, 4 × 4
Hamiltonian approach [20],

ε1,2(k) = Ev,0 − av(2εxx + εzz) −
�2

2m0
γ1k2 ∓

√
Ek + Eεk + Eε, (12)

Ek =

(
�2

2m0

)2 [
(2γ2k2)2 + 12(γ2

3 − γ2
2)(k

2
xk2

y + k2
yk2

z + k2
z k2

x)
]
, (13)

Eεk =
�2

2m0
2γ2b (k2 − 3k2

z )(εzz − εxx), Eε = b2(εzz − εxx)2, (14)

and the conduction band dispersion by the Kane spectrum,

ε(k) = Ec +

√(
1
2

Eg

)2
+ P2k2 − 1

2
Eg. (15)

Here γ1, γ2, γ3 are the Luttinger parameters and P is the Kane parameter.
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The dispersion of energy bands for several of the investigated GaAsBi layers, calculated
by Eqs. (12)–(15) at the γ1 = 6.98, γ2 = 2.06 and 2m0P2/�2 = 21.23 eV parameter values
(corresponding to those of GaAs), is presented in Fig. 8. The altered dispersion, at the chosen set
of parameters, only slightly affected the band-offset values [small full dots in Fig. 9]. By varying
the parameters within relevant limits, one can estimate the influence of the band dispersion
parameters on the ∆Ec-determination accuracy to be below ∼ 25 %.

The determined positions of the GaAsBi conduction and valence bands with respect to those
of GaAs are presented graphically in Fig. 9. The band offsets for a given heterojunction of the
type-I alignment are conventionally characterized by the Q-parameter which is defined as a ratio
of the conduction band offset to a difference of the energy gaps in unstrained semiconductors,
Q = ∆Ec,0/∆Eg,0. The curves in Fig. 9 present estimates of the strained-GaAsBi energy band
positions corresponding to the Q = 0.45 value. As it is seen, the experimental values closely
follow the theoretical estimates what allows us to conclude that the conduction band offset of
the GaAsBi-GaAs heterojunction, at the Bi concentrations x < 12 % investigated, is close to
Q = 0.45±0.05. The Q = 0.45 value is very close to that, Q = 0.48, determined by Kudrawiec et
al. [16] from a photoreflectance study of GaAsBi-GaAs quantum wells with x < 5.9 % bismuth
concentrations.

5. Discussion

The determined GaAsBi-GaAs band offsets at the x < 0.1 bismuth concentrations, as it is
seen from Fig. 9, are close to their values corresponding to Q = 0.45, while the offsets at
x = 0.117 distinctly deviate from the Q = 0.45 estimates. Most probably this is due to the
band bending effects induced by a redistribution of charge carriers in the GaAs0.883Bi0.117-GaAs
heterostructure.

Although the MBE-grown epitaxial GaAsBi layers were not intentionally doped, an incorpora-
tion of Bi leads to a formation of acceptor levels (see, e. g., [21]) positioned up to 90 meV above
the valence band edge [22]. The Hall coefficient RH measurements carried out on investigated
GaAsBi-GaAs samples indicated the 5 · 1015 cm−3 hole concentration in the x = 0.117 sample
and much lower, 1 · 1011 – 5 · 1014 cm−3, effective charge carrier concentrations nH = −1/(ecRH)
in the x = 0.03 – 0.086 samples. The presumable energy diagram of the GaAs0.883Bi0.117-GaAs
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heterostructure is presented in Fig. 10. The diagram was calculated under an assumption of
the NA = 1 · 1016 cm−3 acceptor concentration with the εA = 90 meV binding energy in the
d = 100 nm GaAsBi layer and a standard doping of SI-GaAs substrate by deep EL2 donors,
ND = 1.5 · 1016 cm−3, εD = 0.684 eV. (The intermediate d = 10 nm GaAs buffer layer was as-
sumed to be undoped.) As seen from Fig. 10, the band bending in GaAsBi layer, ∆V , induced by a
charge-carrier redistribution, reduces the potential barrier for electrons, Ueff = ∆Ec −∆V . Taking
into account the calculated ∆V = 0.07 eV value, one obtains the corrected GaAs0.883Bi0.117-GaAs
conduction band offset of 0.19 eV which is close to the 0.24 eV value expected at Q = 0.45.

In summary, the suggested THz excitation spectroscopy technique allows for a straightforward
direct determination of band offsets under the flat-band conditions in constituent layers of
heterostructure, what is expected at low thicknesses of the narrower-gap layers and at low doping
levels. When a charge carrier redistribution affects the potential profile of heterostructure, the
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band bending should be taken into account in a determination of band-offset values.
The main advantage of the suggested TES technique with respect to other experimental methods

of band-offset determination is a direct relation between the offset values and the experimentally
traced spectral TES features, what ensures a high sensitivity of the technique. The technique is
contactless and does not require complicatedly sampled structures. An accuracy of the technique
is limited by the spectral resolution of the current stage THz spectroscopic equipment. Keeping
in mind that an instrumentation of THz spectroscopy is rapidly developing, one can expect the
TES technique to become both reliable and precise tool for a band-offset determination.
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ABSTRACT

Quaternary GaInAsBi alloy epitaxial layers were grown on InP substrates with 6% Bi. It was found that the thick layers remain fully strained.
The measured carrier lifetimes were of the order of a few picoseconds. The terahertz (THz) emission was investigated using a GaInAsBi
layer as an unbiased surface emitter and as a substrate for photoconductive antenna. It was observed that fabricated THz emitters were sen-
sitive to the optical pulses with wavelengths longer than 2 μm. The demonstrated spectral characteristics of THz pulses obtained when using
an Er-doped fiber laser for photoexcitation were comparable with those observed in other emitters used for THz-time-domain spectroscopy
systems.
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I. INTRODUCTION

The generation of terahertz (THz) pulses by photoconductive
antennas (PCAs) is a commonly used technique because of the
compact size of PCA components and their flexibility in different
uses. THz radiation pulses are presently widely applied to study the
physical properties of materials, identification of chemicals, and
for nondestructive testing using time-domain spectroscopy (TDS)
techniques. These applications would significantly proliferate if
inexpensive and maintenance-free fiber laser systems could be
used in THz-TDS systems. Such lasers operate at 1 μm and longer
wavelengths, and, therefore, require suitable alternatives to low-
temperature grown (LTG) GaAs, a material used in TDS systems
activated by Ti:sapphire lasers.1,2 LTG GaAs layers are grown by
molecular beam epitaxy (MBE) at As overpressure and at substrate
temperatures in the range from 200 °C to 300 °C and contain a
large number of nonstoichiometric As antisite (AsGa) defects.

3 The
AsGa defect band located approximately in the middle of the
energy bandgap of LTG GaAs secures high resistivity and subpico-
second carrier lifetimes—material parameters that are essential for
ultrafast optoelectronic switches.

Alternative to LTG GaAs, materials photosensitive at fiber
laser wavelengths shall be narrower bandgap semiconductors with
fairly high resistivity and short carrier lifetimes. Higher electron
mobilities typical for narrow-gap semiconductors and lower
photon energies are also expected to yield higher optical-to-THz
power conversion efficiencies. PCAs activated by long wavelength

optical pulses can be fabricated from LTG GaInAs. For 1 μm wave-
length TDS systems, GaInAs can be grown on GaAs substrates, but
the performance of PCAs fabricated is greatly reduced by low elec-
tron mobility in this material.4 Ga0.53In0.47As lattice-matched to
InP substrates have a bandgap of ∼0.74 eV required for PCAs sen-
sitive to 1.5 μm wavelength radiation; however, low-temperature
grown layers of that material become highly n-type conductive as
the AsGa defect band becomes resonant with the conduction band.5

The resulting high dark conductivity is not acceptable for THz
PCAs. The use of ErAs nanocomposite materials based on InGaAs6

or GaAs7 superlattice shortens the carrier lifetimes to a few picosec-
onds, but is found to have prohibitively low dark resistivities.
Heavy doping of low-temperature grown InGaAs with beryllium
shows particularly good properties,8 but due to a high concentra-
tion of ionized point defects, the electron mobility becomes low.
Due to this effect, alternative techniques have been developed to
simultaneously achieve high resistivity and ultrafast behavior of
InGaAs. Fe doping of MOVPE grown layers9 as well as heavy ion
bombardment10 have both been applied, but without achieving
material characteristics equivalent to LT GaAs.

Recently, we have proposed to fabricate pulsed THz emitters
and detectors from group III element bismides. The introduction
of Bi into the crystalline lattice of AIIIBV semiconductor com-
pounds results in a strong reduction of the energy bandgap accom-
panied by a relatively small change in the lattice constant. The
good performance of THz emitters and detectors activated by 1 μm
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solid-state or fiber laser pulses has been achieved when using
GaAsBi layers with ∼6%Bi grown on GaAs substrates.11,12 However,
these ternary compounds are not suitable when one tries to obtain
semiconductor materials for ultrafast photoconductors sensitive in
the 1.55 μm range. For reaching a necessary energy bandwidth of
0.8 eV, the GaAsBi layer should contain more than 10%Bi;13 bis-
mides with such composition are highly conductive because of the
large hole density.14 In Ref. 15, an attempt to solve this problem
was made by simultaneous introduction of both In and Bi into
GaAs. High resistivity (ρ > 400Ω cm) quaternary GaInAsBi layers
were grown on GaAs substrates with the energy bandgaps of
∼0.6 eV and subpicosecond electron lifetimes; a THz-TDS system
activated by femtosecond pulses generated by an Er-doped fiber
laser based on the PCAs fabricated from these layers has been dem-
onstrated.16 Optimal composition of these layers was achieved for
∼20% In and ∼10% Bi; the lattice mismatch with the GaAs sub-
strate is larger than 3%, which causes a full relaxation of the crystal-
line structure and a significant reduction of the carrier mobility.
The hole mobility in GaInAsBi grown on GaAs substrates is of the
order of 10 cm2/Vs only.12

In this work, we present the results obtained on pulsed
THz emitters fabricated from quaternary GaInAsBi grown on InP
substrates. The incorporation of 6% Bi into the lattice-matched
with the substrate ternary GaInAs caused a 0.3% large mismatch
and the layers remain strained; the hole mobility is much higher
(∼90 cm2/Vs). Most importantly, the energy bandgap of this alloy
is as narrow as 0.4 eV; thus, THz photoconductors fabricated from
it can be used even in TDS systems activated by 2 μm wavelength
femtosecond pulses generated by thulium (Tm) doped fiber lasers.

II. SAMPLE GROWTH AND CHARACTERIZATION

GaInAsBi samples were grown on semi-insulating (100) InP
substrates by solid-source MBE. The growth was performed in the
SVT-A reactor equipped with metallic Ga, In, and Bi sources and a
two-zone valved-cracker source to produce As2. Prior to the growth,
a native oxide from the InP substrate was removed after being
exposed to arsenic flux at 500 °C. Deoxidation was monitored by the
reflection high energy electron diffraction (RHEED). Immediately
after the appearance of (2 × 4) patterns, the temperature was ramped
down to the bismide growth temperature of 240 °C. The growth tem-
perature was monitored by a thermocouple. The nominal growth
rate used was ∼300 nm/h. Indium and gallium beam ratio was kept
the same as for lattice-matched GaInAs grown on the InP substrate.
The ratio of arsenic to group III atoms was kept close to 1 as deter-
mined from RHEED reconstructions.

The surface quality was critically sensitive to the layer growth
conditions, especially to the As/Ga and Bi/As beam ratios. When
these ratios are not optimal, metallic droplets appear. The surfaces
of the samples grown with optimal growth conditions were rather
smooth. Their root mean square (RMS) values were ∼1.5 nm mea-
sured by atomic force microscopy on an 8 × 8 μm2 image.

The bismuth content in GaInAsBi layers was determined from
X-ray diffraction (XRD) rocking curves. XRD curves were measured
by a Rigaku Smartlab diffractometer equipped with Ge(400) × 2
monochromator and scintillation detector SC-70 (for 2D measure-
ments, a linear Dtex/Ultra detector was used). XRD trace obtained

on one of the samples—sample I401—is presented in Fig. 1. This
trace was fitted with the calculations performed assuming that the
layer is fully strained and that the Ga and In incorporation did not
change after the addition of bismuth.17 By analyzing the XRD data,
the lattice parameter for GaBi and InBi was assumed to be 6.324 Å
and 6.686 Å,18 respectively. This fit evidences that sample I401 con-
tains 6% of Bi.

The reciprocal space map (RSM) of sample I401 is presented
in Fig. 2. Two strong peaks can be clearly distinguished on that

FIG. 1. Measured (black) and fitted (red) HR-XRD (004) plane rocking curve of
a 600-nm-thick GaInAsBi layer.

FIG. 2. (115) plane RSM of I401 sample with 6% Bi. The red vertical line corre-
sponds to all strained lattices, and the red tilted line to relaxed lattices.
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map: the upper peak can be associated with the InP substrate and
the lower one with the GaInAsBi layer. It can be seen from this
figure that a 600 nm-thick GaInAsBi layer grown on the InP sub-
strate is strained, to the contrary of GaInAsBi layers grown on the
GaAs substrate, which are fully relaxed.12 A similar set of measure-
ments was also performed on another bismide layer (I405) used for
fabricating PCAs. This layer has a Bi content of 1.8% and was also
fully strained.

Electrical, optical, and dynamical properties of the layers were
further characterized by the Hall effect, Fourier transform infrared
(FTIR) spectroscopy, and optical pump–THz probe measurements,
respectively. Resistivities of the layers were 5Ω cm and 9.2Ω cm,

and their optical absorption edges were equal to 0.48 eV and
0.63 eV for I401 and I405, respectively.

The carrier lifetime was measured using the optical pump–THz
probe technique.19 In this case, a 70 fs duration and 1030 nm central
wavelength pulses generated by a Yb:KGW (potassium gadolinium
tungstate) solid-state laser were used both for the sample excitation
and for the activation of THz optoelectronic components (PCAs)
fabricated from GaAsBi. A femtosecond laser pump pulse with an
average pump power of 460mW and beam diameter at the sample
position of 1.9 mm excites electron–hole pairs in the sample, which
induces additional free-electron absorption of THz radiation pulses
synchronized with the sample photoexcitation. Reduction in THz
pulse due to its absorption by photoexcited electrons in the case of
low excitation is proportional to the photoelectron density and their
mobility.20 Therefore, the measurement of THz absorption with THz
probe beam at different times lets us to investigate ultrafast electron
dynamics in semiconductors. The results of such measurements
performed on two samples are presented in Fig. 3. Transient THz
absorption trace measured on sample I405 gives the lifetime of
∼3 ps, whereas the trace measured on sample I401 is best fitted
with a double-exponential function with characteristic time constants
of 4 ps and 16 ps. It could be assumed that the faster decay compo-
nent is caused by the capture of electrons at recombination centers,
whereas the longer decay component by emptying of these centers
after the capture of non-equilibrium holes.

III. RESULTS AND DISCUSSION

THz emission was investigated both using a GaInAsBi layer as
an unbiased surface emitter and as a substrate for photoconductive
antenna. First, spectral dependences of the emitted THz pulse
amplitude on photon energy were measured using 140 fs to 180 fs
duration optical pulses from cavity-tuned optical parametric
amplifier ORPHEUS (OPA, Light Conversion, Ltd.). Central

FIG. 3. Optical pump–THz probe traces measured on two GaInAsBi samples.
Red lines are fits using a single exponential decay for sample I405 and double-
exponential decay for sample I401.

FIG. 4. (a) THz excitation spectra of the GaInAsBi epitaxial layer with 53%In and 6%Bi (layer i401, empty points) and PCA fabricated from that layer (full points) biased
cw at 50 V voltage. THz pulse amplitudes emitted from the InAs layer (triangles) and PCA fabricated from GaInAsBi with 53%In and 1.8%Bi (layer i405, stars) excited by
2 μm and 1.5 μm optical pulses are shown for comparison. (b) THz pulse amplitudes emitted by PCA from layer i401 excited at 1.5 μm wavelength pulses at different
average optical beam power.
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wavelength of the pulses was tunable from 640 nm to 2600 nm, and
the pulse repetition rate was 200 kHz. Radiated THz pulses were
detected by a PCA fabricated from a GaAsBi layer (TERAVIL Ltd.)
illuminated by a part (average power of ∼5 mW) of the Yb:KGW
laser beam pumping the OPA (λ = 1030 nm) and delayed by
different times with respect to the optical beam that was exciting
the investigated sample. All experiments were performed at room
temperature; average power of the optical pulses used for the
sample excitation was 5 mW.

Figure 4 compares THz pulse excitation spectra for the bare
unbiased GaInAsBi layer with 6% Bi and for the large aperture
photoconductive emitter fabricated from the same layer. PCA has
400 μm wide Ti/Au contacts with 480 μm wide gap on the epitaxial
layer surface. The photoconductor was mounted on a substrate lens
from high resistivity silicon, the incoming laser beam was focused
to the part of the gap close to the anode contact, and the diameter

of the light spot was about 100 μm. In contrast to that, the THz
surface was excited by unfocused 15 mW average power laser beam
at 45° incident angle and was measured in the reflection direction.
As can be seen from Fig. 4(a), the THz signal amplitude in unbi-
ased surface emitter increases with the photon energy due to a
larger excess energy of photoexcited electrons and, accordingly,
their higher group velocity. On the other hand, the THz signal
amplitude generated by PCA first increases due to enhanced light
absorption in its active layer, reaches a maximum at ∼0.6 eV, and
then decreases due to the reduced number of photons in the cons-
tant power optical pulses with increasing photon energy. PCA fab-
ricated from the layer i401 when excited by 2 μm wavelength
femtosecond pulses emits THz pulses with an amplitude nearly 20
times stronger than unbiased surface of this layer photoexcited by a
three times stronger optical beam. PCA from quaternary GaInAsBi
with 6% Bi is also a rather good THz emitter for 1.5 μm wavelength

FIG. 5. (a) THz electrical field and (b) its Fourier spectrum emitted by PCA fabricated from the Ga0.53In0.47As0.94Bi0.06 layer grown on the InP substrate and biased to
50 V. THz detector was a PCA made from Ga0.8In0.2As0.89Bi0.11 on GaAs.

12

FIG. 6. (a) THz electrical field and (b) its Fourier spectrum emitted by PCA fabricated from the Ga0.53In0.47As0.94Bi0.06 layer grown on the InP substrate and biased to
60 V. THz detector was a PCA made from LTG GaAs.
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excitation radiating stronger THz pulses than the InAs surface
emitter [the point corresponding this emitter shown in Fig. 4(a)
corresponds to an optical beam power of 50 mW] and PCA fabri-
cated from GaInAsBi with 1.8% Bi.

It is interesting to point out that emitted by the PCA
from quaternary bismide layer i401 THz power shows rather early
saturation at average optical power exceeding 5 mW, which
corresponds to photoexcited carrier densities of about
2 × 1019 cm−3 [see Fig. 4(b)]. Much smaller photoexcitation levels
or about 1016 cm−3 were achieved when 80MHz repetition rate
pulses from the femtosecond fiber laser were used. Figures 5 and 6
present THz pulse amplitudes and their Fourier spectra for PCA
from the layer i401 excited by femtosecond first (1550 nm, 100 fs)
and second harmonics (770 nm, 90 fs) pulses of an Er-doped fiber
laser (Toptica), respectively. In both cases, the signal to noise ratio
of the Fourier spectra is exceeding 60 dB and is comparable with
PCAs made from Be-doped InGaAs/InAlAs superlattices,8 but the
frequency bandwidth obtained when using second harmonics
pulses for the PCA activation (∼4 THz) is two times larger than the
bandwidth for the first harmonics photoexcitation. This difference
is caused by different performance of PCA detectors used in both
cases: LTG GaAs for the second harmonics and GaInAsBi on
GaAs12 for the first harmonics excitation.

IV. CONCLUSIONS

In conclusion, relatively thick (600 nm) quaternary GaInAsBi
alloy epitaxial layers were grown on InP substrates and used in
THz pulse emitters activated by long wavelength femtosecond laser
pulses. Energy bandgap of this material was as narrow as 0.4 eV;
due to a relatively small lattice mismatch with the substrate (∼0.3%),
the layers remained fully strained. THz pulse emission was measured
from both unbiased surface and biased photoconductive antennas
fabricated from GaInAsBi layers. In the second case, spectral charac-
teristics of THz pulses obtained when using Er-doped fiber laser for
the photoexcitation were comparable with those observed in other
emitters used for THz-TDS systems. Photoconductive THz emitters
fabricated from GaInAsBi layers were the first such devices sensitive
to the optical pulses with wavelengths longer than 2 μm; therefore,
they can be successfully used also with novel femtosecond thulium
or holmium doped fiber lasers21,22 for which such components are
as yet not available.
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ABSTRACT

Pulsed terahertz emission excitation spectra from germanium crystals are being presented. The most intense terahertz pulses from germanium
crystals are emitted at quanta energies coinciding with technologically significant telecommunication wavelengths. The terahertz generation
mechanisms are an interplay of the photocurrent surge in the surface electric field and the photo-Dember effect. Remarkably, the terahertz
emission is also observed at quanta energies below the direct bandgap of this material even when photoexcited at a surface normal. This is the
result of a broken symmetry of effective electron mass in the L valleys.
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I. INTRODUCTION

Various materials excited by femtosecond laser pulses radiate
electromagnetic transients with characteristic frequencies in the
terahertz (THz) range. THz radiation was generated first in dielec-
tric crystals by means of optical rectification1 and later in semi-
conductor surfaces due to the ultrafast photocurrents.2 Recently,
the list of potential surface THz emitter materials has been widely
extended, and it includes laser excited organic crystals,3 ferromag-
netic4 and ferroelectric5 materials, their structures, and hybrid
organic-inorganic perovskites.6,7 The physical mechanisms
behind the THz emission phenomenon in each case are different,
and they provide various important characteristic information
about the materials. The most actively investigated group of THz
emitting materials is the direct bandgap semiconductors (see, e.g.,
review papers8,9). The radiated THz pulse amplitude from their
surfaces depends on the exciting femtosecond laser pulse wave-
length that allows to directly determine the energy position of the
subsidiary valley conduction band minima.10,11 Similarly, the
conduction and valence energy bands’ offsets are estimated at the
interfaces of heterojunctions.12

Germanium is a semiconductor with an indirect bandgap of
0.66 eV. Its valence band maximum is located at the Brillouin zone
center (Γ points), whereas the conduction band has its absolute
minima at the L points of this zone. The direct bandgap of Ge at Γ

points corresponds to the energy of εg ¼ 0:8 eV.13 At a still higher
energetic distance from the valence band maximum, there is an addi-
tional set of conduction band valleys located near the X points of
the Brillouin zone at Δε ¼ 0:85 eV. It has been recently shown in
Ref. 14 that a photoconductive antenna fabricated from Ge efficiently
emits broadband THz pulses in time-domain spectroscopy (TDS)
systems. Yet, surface THz emission from Ge was only investigated
by femtosecond laser pulses with photon energies much higher
than the energy bandgap of this material; hν ¼ 1:55 eV14–16 and
1.2 eV.17 At these energies, a complicated redistribution of photo-
excited electrons between different conduction band valleys
obstructs the investigation of the physical origin of THz emission.
Nevertheless, the THz pulse amplitude dependencies on azimuthal
angle measured on various crystallographic planes demonstrate the
symmetry of a third order optical nonlinearity—the electric-field-
induced optical rectification (EFIOR) effect.16 Moreover, the optical
pump–THz probe experiment has shown that the electron intervalley
redistribution lasts 3–4 ps, which is much longer than the time it
takes to generate a THz pulse.15

In the interest of both fundamental and practical points of
view, the formerly mentioned THz emission and the intervalley
scattering effects should be studied with femtosecond optical pulses
of wavelengths close to the absorption edge of this material.
Such an investigation could provide new insights into the optical
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characteristics of germanium, including its prospects as the sub-
strate for pulsed THz radiation sources activated by technologically
significant telecom wavelength lasers. In this contribution, we
present the THz excitation spectra (TES) measurements from Ge
crystals. The crystals were excited by femtosecond optical pulses
with photon energies in the range from 0.6 eV to 1.2 eV. This
allowed us to evaluate the contributions of different conduction
band valleys to the THz pulse generation and to determine the
microscopic origin of the EFIOR effect.

II. EXPERIMENTAL DETAILS

Three Ge crystals were investigated: an unintentionally doped
n-Ge crystal with a resistivity of ρ ¼ 22Ω cm and an electron
density of 1:5� 1014 cm�3 (referred to in the text as i-Ge), a p-type
Ge with ρ ¼ 0:05Ω cm, and an n-Ge sample with ρ ¼ 0:02Ω cm.
All of the samples were cut along a (111) crystallographic plane.
Surface THz emission experiments were performed in the quasir-
eflection geometry with samples being illuminated at 45� to their
surface normal. The experimental setup was based on an amplified
ytterbium-doped potassium gadolinium tungstate (Yb:KGW) laser
system (PHAROS, Light Conversion Ltd.) operating at 1030 nm
with a pulse duration of 160 fs and a 200 kHz repetition rate. The
average power of 6 W from this laser was directed into a cavity-tuned
optical parametric amplifier (OPA, ORPHEUS, Light Conversion
Ltd.) that generated 140–160 fs duration pulses with a central wave-
length tunable from 640 nm to 2600 nm. In the THz-TDS arrange-
ment, the investigated surface emitters were excited by the output
beam from OPA, whereas the radiated THz pulses were detected by
a photoconducting antenna fabricated from a GaAsBi layer
(TERAVIL Ltd.). This THz detector was illuminated by a small part
(an average power of �1mW) of the Yb:KGW laser beam delayed
by different times with respect to the OPA beam that was exciting
the samples. All experiments were performed at room temperature.

III. THz EXCITATION SPECTRA

Figure 1 compares THz transients emitted from the surfaces
of three Ge crystals. The (111) crystallographic planes were excited
under identical conditions; the azimuthal angles for all the samples
were aligned to correspond to the THz electric field maxima. The
polarities of transients radiated from the n- and p-type crystals are
opposite, which affirms the photocurrent surge in the surface elec-
tric field as the THz pulse emission mechanism. On the other
hand, the highest THz pulse amplitude is emitted from the unin-
tentionally doped i-Ge sample that has the widest surface depletion
region and the weakest built-in field.18

The dependencies of THz pulse amplitude on excitation
fluence are also very different for each Ge crystal (Fig. 2). The n-Ge
and p-Ge samples show a slight sublinear behavior, whereas the
i-Ge sample has a clear THz pulse amplitude saturation at optical
fluencies exceeding �1:9 μJ=cm2. In order to eliminate the potential
effects of this saturation on the shapes of THz excitation spectra, the
spectral measurements were performed with an unfocused optical
beam at a rather low fluence of �0:2 μJ=cm2. At a laser wavelength
of 1:53 μm corresponding to the photon energy of 0.81 eV, the pho-
toexcited carrier densities were about 1015 cm�3.

The THz excitation spectra of all three germanium samples
are presented in Fig. 3. As it is expected, the THz emission sets
on when laser photon energies become comparable to the direct
energy bandgap of Ge that is equal to 0.8 eV.13 At higher photon
energies, the shapes of the spectra become different for each
sample. The THz excitation spectrum of i-Ge is distinguished by a
distinctive peak at the vicinity of the direct bandgap; this peak is
much lower in a p-Ge sample and it is completely absent in a
highly doped n-Ge sample. It indicates a THz emission advantage
of i-Ge crystals photoexcited with telecom wavelengths over higher
quanta energy lasers.

FIG. 2. Peak-to-peak amplitude of THz transients emitted from the surfaces of
various doped germanium crystals as a function of an average optical power of
femtosecond pulses (at 0.83 eV photon energy).

FIG. 1. The shapes of THz transients emitted from the surfaces of various
doped germanium crystals after their photoexcitation with femtosecond optical
pulses (at a photon energy of 0.83 eV and an excitation fluence of
�1:4 μJ=cm2).
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As in the majority of semiconducting materials, one could
expect that the THz radiation pulses emitted from photoexcited
germanium surfaces are due to two effects, both of which can
cause the appearance of a dynamically changing electrical dipole.
First is the photoexcited electron and hole separation in the
built-in surface electric field, and second is due to different veloci-
ties at which these carriers propagate away from the surface
(superdiffusion or the photo-Dember effect).19 On the one hand,
the photo-Dember effect is the strongest when the electrons in the
high mobility Γ valley are involved, because in germanium only
these electrons have much higher mobilities than the holes. On
the other hand, the surface field separates carriers even after elec-
trons are scattered to the lower mobility L or X valleys. The THz
emission even at below direct gap optical transitions, dependencies
on crystal doping and THz pulse polarity reversal, and increasing
THz radiation intensities at shorter wavelength photoexcitations for
the n-Ge case suggest that the THz generation in germanium is an
interplay between the mentioned two mechanisms.

In an undoped i-Ge sample, the surface electric field is weak18

and so the superdiffusion of quasiballistically moving away from
surface photoelectrons is prevailing. This effect in i-Ge is most
effective when photons have energies close to those of a direct optical
transition; its efficiency decreases when electrons have enough energy
to be scattered to subsidiary L and, further to X, valleys. Surface elec-
tric fields in the n-Ge and p-Ge samples are 50 and 30 times, respec-
tively, stronger than in an undoped sample; thus, the photocurrent
surge becomes the dominant mechanism in these samples. At a first
few hundred femtoseconds—the time during which a THz pulse is
generated—the majority of photoelectrons remain in Γ valleys, and
thus their behavior might be alike as in A3B5 semiconductors, InAs
in particular.8 THz pulses radiated from a p-type Ge surface are
stronger than those from an n-type germanium because the built-in
field direction in the former facilitates the growth of a lateral photo-
current component and the EFIOR effect.20 In an n-type Ge, the

movement directions of electron superdiffusivity and drift in a
surface field coincide; with increasing photon energy, more and
more electrons are excited in a narrow (less than 90 nm) surface
depletion region and a monotonous increase of the THz pulse
amplitude is observed.

The shapes of THz pulses emitted from i- and p-Ge samples
when excited by various optical wavelengths show an anomalous
behavior (see Fig. 4). The negative and positive polarities of THz
transients respond to exciting quanta energy nonproportionally; the
polarity of pulses is essentially changing to the opposite. This ten-
dency remains over the whole investigated spectral region including
photon energies below the direct energy bandgap of 0.8 eV. The
polarity reversal is not present in the n-Ge sample.

IV. OPTICAL PUMP–THz PROBE MEASUREMENTS

Since the THz field strength is proportional to the time deriva-
tive of photocurrent, the more pronounced negative pulse polarity

FIG. 3. THz excitation spectra measured for three differently doped Ge crystals.
The peak-to-peak amplitudes of THz pulses are obtained at an excitation
fluence of �0:2 μJ=cm2. The graph is normalized to a constant photon number.

FIG. 4. THz pulses emitted from the i- (a) and p- (b) Ge surfaces at different
laser photon energies. The excitation fluence is �6 μJ=cm2.
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at around direct energy gap excitation, hν �0:8 eV, indicates a
sudden decrease of the photocurrent decay time. This could be
attributed to the manifestation of a more effective photocurrent
decay mechanism. To investigate this possibility, the optical pump–
THz probe measurements at different pump wavelengths were per-
formed. The setup was arranged so that the pump and the probe
pulses were impinging the sample at its surface normal in transmis-
sion geometry. It is noteworthy that the pumped sample generates
a THz pulse itself but it is relatively weak at a surface normal pho-
toexcitation, and it was subtracted from the pump-probe signal
altogether. The results are presented in Fig. 5.

When photon energies are lower than the direct energy gap at
Γ points of the Brillouin zone, ,0:8 eV, the optically induced THz
absorption increases rather slowly, for about 1 ps. This indirect
energy gap absorption does not completely disappear even after
5 μs, which is a time interval between two subsequent laser pulses,
and it causes a significant background level of the THz absorption
signal. On the other hand, at quanta energies above 0.8 eV, the
background practically disappears and a sharp peak becomes
apparent at the initial transient part followed by a slower signal
increase lasting 3–4 ps. The amplitude of the peak gradually
becomes smaller with increasing photon energy, and it nearly dis-
appears at energies higher than 0.9 eV. The energy range at which
peaks of THz absorption transients occur coincides with the
maximum of the THz excitation spectrum (Fig. 3).

The fast decay of THz absorption can be explained by the
electron scattering from high mobility Γ valleys to subsidiary low
mobility L valleys. This Γ-L intervalley electron scattering mecha-
nism is characterized to last about 230 fs in Ref. 21. Such time
scales are shorter than the temporal resolution of our experiment
limited by the photoconducting THz antenna detector response
(�400 fs). When quanta energies exceed 0.9 eV, the Γ valley elec-
tron excess energies reach the energy position of the X valleys. The
intervalley Γ-X scattering is faster than Γ-L; therefore, the initial

peak of the THz absorption transient is nearly completely distorted
by the insufficient temporal resolution.

One remaining question is the origin of background THz
absorption observed at energies below direct bandgap energy. It
indicates different carrier recombination conditions compared to
those above 0.8 eV. This difference of the carrier lifetimes can be
caused by the surface recombination. While the number of photo-
excited carriers is nearly the same slightly above and below 0.8 eV,
the optical absorbance changes by more than two orders of magni-
tude in this spectral range. Therefore, at energies below 0.8 eV, the
excited carriers are distributed homogeneously over a thickness
comparable to a carrier diffusion length of �150 μm, implying that
not all of them will reach the surface during 5 μs between consecu-
tive optical pulses. Conversely, at energies above 0.8 eV, the absorp-
tion length becomes much shorter and most of the carriers are
excited at the surface vicinity where they efficiently recombine.
Subnanosecond surface recombination times under similar experi-
mental conditions were observed before.22

V. AZIMUTHAL ANGLE DEPENDENCIES

As in other semiconducting crystals, the amplitude of THz
pulses emitted from laser excited Ge surfaces depends on the angle
between optical field vector and crystalline axes—the azimuthal
angle. In a centrosymmetric crystal, such as germanium, the second
order optical nonlinearities are absent. Optical rectification can be
caused by the effective χ(2) ¼ χ(3)E, where E is a surface electric
field due to energy band bending and/or a photoexcited electron
and hole separation. This effect is phenomenologically known as the
electric-field-induced optical rectification (EFIOR).16,20 In micro-
scopic terms, the presence of EFIOR in semiconductors is explained
by the lateral surface photocurrent components appearing due to an
anisotropic electron energy dispersion law.23 An unmistakable proof
of lateral photocurrents is the observation of THz emission in the
line-of-sight direction when optical pulses are impinging the crystal
along its surface normal.24,25 Here, we used this experimental geome-
try to measure the azimuthal angle dependencies of the (111)-cut
i-Ge sample.

The measured azimuthal angle, f, dependencies at different
laser wavelength photoexcitations are presented in Fig. 6(a). The
results confirm a typical sin 3f proportionality of the EFIOR effect
for a (111) crystallographic plane. A small angle-independent com-
ponent is caused by a possible misalignment of the experimental
setup. The emitted THz pulse amplitude becomes more dependent
on the azimuthal angle when photon energies exceed the direct
energy bandgap.

Similar relations observed in the case of THz emission from
p-type InAs surfaces are explained by the effects of nonparabolicity
and nonsphericity of the main conduction band.23 The direct
energy bandgap of Ge is higher than that of InAs so the excess
energy of photoexcited electrons is lower; therefore, the THz emis-
sion from Ge is not as efficient as the emission from the later semi-
conductor. At the photoexcitation wavelength of 1520 nm
(�0:82 eV) and a fluence of �0:2 μJ=cm2, the peak-to-peak ampli-
tude of a THz transient radiated from a p-type InAs surface is �6
times higher than that from the surface of i-Ge. A rather unex-
pected behavior of azimuthal angle dependencies is observed when

FIG. 5. Optical pump–THz probe experiment transients of the i-Ge sample
excited by different wavelength femtosecond laser pulses at an excitation
fluence of �1 μJ=cm2.
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the i-Ge sample is excited with photon energies below the direct
bandgap energy. Though the proportionality of sin 3f persists, the
pulse phase polarity flips over.

VI. DISCUSSION

Both photoconductive mechanisms of THz pulse emission are
documented; the photocurrent surge in the built-in surface electric
field and the electron and hole spatial separation are due to their
different propagation velocities from the surface. However, this
conclusion is applicable only when the photon energies are slightly
higher than the direct energy bandgap. The photoexcited electron
scattering to L valleys sets on when their excess energy is above the
energy of intervalley phonons (�hω ¼ 30–40 meV26); scattering to
subsidiary X valleys occurs at photon energies exceeding �0:9 eV.
Still, the THz pulses are generated in about 200 fs after

photoexcitation while electrons remain in the Γ valleys. In the low
doped i-Ge sample, the generation is due to the optical alignment
effect, typical for cubic semiconductors,27 and the quasiballistic
electron movement.23 Nonetheless, the clear azimuthal angle
dependencies are most probably caused by the warping of the
heavy hole valence band23 rather than the nonsphericity of the con-
duction band.

Surprisingly, THz emission, though rather weak, is observed
at photon energies lower than 0.8 eV. The THz pulse amplitude
dependence on optical power shown in Fig. 7 evidences that the
photoexcitation is a linear process involving long wavelength
intervalley phonons. In this case, the photoelectron population of
all four L valleys is equal and the optical alignment effect is
absent. Nevertheless, the azimuthal angle dependence typical for
the EFIOR effect is also present. To microscopically explain the
origin of this dependence, one needs to involve the anisotropy
of L valleys.

Figure 8 shows the two isoenergetic surfaces of L valleys of the
conduction band. These surfaces are rotational ellipsoids with their
main axes coinciding with [1�11] and [111] crystallographic axes
lying in the (110) plane. The effective electron mass in the main
axis direction (longitudinal mass) is ml ¼ 1:57m0, whereas the
transverse mass is nearly 20 times smaller, mt ¼ 0:08m0.

13 In a
(111)-cut crystal, the surface electric field, Esurface, is parallel to the
main [111] axis of the ellipsoid; therefore, the electrons excited in
these valleys will not induce any electron movement parallel to the
surface. In contrast, the symmetry of photoelectron masses is
broken in the L valleys lying on the [1�11] axis. The photocurrent
induced in the low-mass direction is higher than that in the high-
mass direction, which results in a total current direction off the
surface normal, jtotal . As a consequence, the lateral photocurrent
component parallel to the surface, jlateral , appears causing THz radi-
ation outcoupling from the crystal.

FIG. 6. THz emission azimuthal angle dependencies measured in transmission
geometry when the (111)-cut i-Ge sample is excited at its surface normal at dif-
ferent laser photon energies (a) and photon energy dependence on the aniso-
tropic part of THz signal amplitude (b). The excitation fluence is �2 μJ=cm2.

FIG. 7. THz pulse amplitude dependence on excitation power for 3 differently
doped Ge samples measured in reflection geometry when the laser photon
energy is 0.75 eV.
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Finally, one has to point out that in this case the lateral photo-
current component is directed toward the [001] side of the (110)
plane. The direction of a lateral current component is opposite
when this effect is caused by the optical alignment,24 which
explains the phase reversal of the azimuthal angle dependencies
measured at different photoexcitation wavelengths (Fig. 6).

VII. CONCLUSIONS

To summarize, the THz emission from various doped
germanium crystals was investigated by exciting the samples with
different wavelength optical pulses. It was shown that a strong
emission sets on when the photon energy is higher than the direct
energy gap at Γ points of the Brillouin zone. Results of the optical
pump–THz probe measurements evidence a fast, subpicosecond
reduction of the Γ valley electron density caused by electron trans-
fer to low mobility L valleys. The small effective mass and high
mobility of the Γ valley electrons, fast reduction of their population,
and low absorbance at the THz frequencies make germanium a
prospective material for applications in optoelectronic THz range
components activated by telecom wavelength laser sources.
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A R T I C L E I N F O

Keywords:
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THz emission spectroscopy

A B S T R A C T

The alignment of band edges in bismide-based −Ga In As0.47 0.53 1 xBix–(Ga0.47In As0.53 )–InP heterostructures is ex-
amined experimentally by THz emission spectroscopy technique. The determined band offsets of Ga0.47

−In As x0.53 1 Bix–InP heterojunctions at the = −x 0 0.06 bismuth concentrations correspond to the ≈ 0.38 value of
Q-parameter, which is defined as the relative conduction band offset with respect to energy gap difference in
unstrained heterostructure. The relative conduction band offset is smaller for strained GaInAsBi layers, – it
reduces to about 34% at the bismuth concentration of =x 0.06. The band offsets of Ga In0.47 0.53 −As x1

Bix–Ga In As0.47 0.53 heterojunctions are estimated to correspond to the same value of Q-parameter, ≈Q 0.38, while
the strains are expected to reduce the relative conduction band offset down to about 25% at the =x 0.06 Bi
concentration.

1. Introduction

The knowledge of conduction and valence band offsets at an inter-
face of two materials composing a heterojunction is of critical im-
portance for an engineering of semiconductor devices. The band
alignment problem is widely investigated (see, e.g., reviews [1–5])
theoretically and by various experimental techniques, namely, optical
spectroscopy of quantum wells, X-ray photoemission spectroscopy,
transport methods, and ballistic electron emission microscopy. Recently
we have proposed [6] a novel technique for a direct band-offset de-
termination based on a terahertz excitation spectroscopy (TES). The
THz emission in semiconductors is due to a spatial separation of charge
carriers photoexcited by a short laser pulse. The TES technique assumes
ballistic propagation of photoexcited carriers in a thin enough layer of a
narrower-bandgap semiconductor. The layer width should be smaller
either than the optical penetration length, for photocarriers to be uni-
formly distributed, or than the distance which the carriers travel while
THz-pulse emission takes place. When charge carriers are photoexcited
in a heterostructure of semiconductors, the amplitude of emitted THz-
pulse sharply increases at the photon energies when photoelectrons
gain sufficient kinetic energy to overcome the potential barrier corre-
sponding to the heterojunction band-offset. This increase can be further
facilitated by a refraction of ballistic electrons while passing through
the interface [7] that could lead to a more efficient THz wave out-
coupling from a semiconductor heterostructure.

In paper [6], the TES technique was applied for a determination of
energy band offsets at an interface between the dilute GaAsBi bismide

and GaAs. The dilute bismides – the III-V semiconductors with a few
percent of Bi – are in a focus of recent theoretical and experimental
studies, which are motivated by a potential use of the bismides in GaAs-
based near-IR photodetectors [8], highly-efficient solar cells [9], and
laser diodes with reduced temperature-sensitivity of emission-wave-
length [10].

The quaternary GaInAsBi layers grown on InP substrates is another
dilute bismide system of technological importance, because, in prin-
ciple, it allows for a fabrication of mid-infrared optoelectronic devices
operating at up to ~6 μm-wavelengths in the lattice-matched with
substrate heterostructures [11–13]. Energy band offsets of GaI-
nAsBi–InP and GaInAsBi–GaInAs heterojunctions are assumed to be of a
type-I (see, e.g., [14]), however quantitatively they are not un-
ambiguously determined. In the present work, the band offsets ofGa0.47
In0.53 −As x1 Bix–InP heterojunctions (with the bismuth concentrations up
to 6%) are determined experimentally by TES technique. Experimental
results show that the conduction band offset is close to 38% of the en-
ergy gap difference −E Eg,InP g,GaInAsBi for unstrained layers. In the
strained heterostructure, the relative offset is smaller, and reduces to
ca. 34% at the bismuth concentration of 6%. Estimates of the Ga0.47In0.53

−As x1 Bix–Ga0.47In As0.53 band-offsets show that in the strained hetero-
structures the relative conduction band offset reduces to ca. 25% at 6%
Bi.

2. Sample growth and characterization

The −Ga y1 Iny −As x1 Bix ( ≈y 0.53) based heterostructures were grown
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on semi-insulating (001) InP:Fe substrates by molecular-beam-epitaxy
(MBE) reactor SVT-A, equipped with metallic In, Ga, and Bi sources and
a two-zone valved cracker for a production of As2 molecules. Native
oxides were desorbed by heating substrates at °480 C under arsenic flux
and monitoring the deoxidation by observation of a distinctive ( ×2 4)
surface reconstruction pattern of the reflection high energy electron
diffraction. The intermediate Ga0.47In As0.53 buffer layers were grown in
some of bismide samples at standard growth conditions, keeping the
substrate temperature of °~510 C and the beam equivalent pressure
(BEP) ratio As2/Ga from 7 to 10. The growth temperature was adjusted
by a thermocouple-based controller. To enhance an incorporation of
bismuth into a growing bismide layer and to avoid Bi segregation on the
layer surface, the bismide layer growth was performed at the substrate
temperatures of − °280 300 C, which are significantly lower than ty-
pical MBE growth temperatures for GaInAs. The As2/Ga BEP ratio was
reduced to ~2.3, and the bismide-layer growth rate was of 0.3 μm/h.

Most of the samples, chosen for a band-offset determination, were
the 600 nm thick GaInAsBi bismide layers deposited on InP substrates
without an intermediate buffer layer. After measuring their physical
parameters, for TES measurements, the samples were thinned down to

−50 150 nm by chemical etching in H2SO4/H2O2/H O2 solution. The
samples with an intermediate GaInAs layer were comprised of 150 nm
thick GaInAsBi bismide, 250 nm thick Ga0.47In As0.53 layer, and InP
substrate. To measure band-offsets of the GaInAs-InP heterojunction, a
reference sample of the 1 μm thick Ga0.47In As0.53 layer on InP substrate
was grown. For TES measurements, the GaInAs layer was etched down
to about 20 nm.

The atomic composition of bismide layers was determined by X-ray
diffraction (XRD) measurements, carried out with Smart Lab Rigaku
diffractometer (see [15] for more details), by monitoring the 004 dif-
fraction peak in rocking-curve diffractograms and the 115 peak in re-
ciprocal space maps (RSM). In analysis of the XRD data, the lattice
parameters of GaBi and InBi were taken to be 6.324 Å and 6.686 Å,
respectively [16]. It should be noted that the RSM data (Fig. 1) in-
dicated that bismide layers ( = −x 0 0.06) remained to be strained de-
spite of their considerable thickness ~600 nm.

The Hall measurements, carried out on thick GaInAsBi layers, in-
dicated that most of the layers were highly n-doped, possibly due to a
low-temperature growth which causes the creation of a large density of
arsenic antisite defects energetically close to the conduction band edge
[17]. Only in the samples with the large Bi-content of −3.5 6% the
electron density in bismide layers was relatively low, of the order of

−10 cm15 3, which can be explained by the compensating effect of Bi-
induced acceptor levels [18,19]. To avoid the band-bowing influence

on a band-offset determination, only the samples with low carrier
concentrations were chosen for TES measurements.

Energy bandgaps Eg of the investigated bismide layers (see Table 1)
were determined indirectly, making use of a reference bandgap de-
pendence on Bi concentration, E x( )g , which is presented in Fig. 2 by full
curve. The E x( )g dependence for unstrained bismides (dashed curve in
Fig. 2) was adapted from results of the theoretical calculations pre-
sented in [11]. To account for strains, the E x( )g dependence was cor-
rected (see [6] for details) at the following values of elastic constants
and deformation potentials: =C 101.53 GPa11 , =C 50.59 GPa12 ,
= −a 6.71 eVc , = −a 1.08 eVv , and = −b 1.89 eV (which correspond to

those of ternary Ga0.47In As0.53 ) [20]. The obtained values of GaInAsBi
energy gaps well corresponded to the spectral positions of an initial rise
of THz excitation spectra (see Figs. 3 and 4).

3. Results and discussion

The THz excitation spectroscopy measurements were carried out by
experimental setup described in detail in [6].

Fig. 3 presents the THz excitation spectra measured on two 600 nm
thick Ga0.47In0.53 −As x1 Bix layers with different Bi concentrations and on
the reference 1 μm thick Ga0.47In As0.53 layer. The emitted THz-pulse
amplitudes monotonously increase with an increase of photon energy
ωℏ . Significant changes in a spectral shape occur first at ca. 1.34 eV and

later at ca. 1.6 eV energy. The first of these characteristic energies
corresponds to the energy bandgap of InP, 1.344 eV, which influences
the THz-pulse emission when a part of optical pulse, not absorbed in a
bismide layer, excites current carriers in InP-substrate. Decrease of the
THz-pulse amplitude at >ωℏ 1.6 eV can be attributed to a scattering of
photoexcited electrons to subsidiary, high-effective-mass L-valleys of

Fig. 1. Reciprocal space map of 115 XRD peak of the 600 nm thick GaInAsBi
layer with 6% Bi.

Table 1
Parameters of Ga0.47In0.53 −As x1 Bix layers (their atomic compositions x and
bandgaps Eg), measured onsets of THz-emission E1, determined conduction
band offsets EΔ c of strained GaInAsBi-InP heterojunctions, and estimated con-
duction band offsets EΔ c,0 for unstrained bismide layers.

x 0 0.035 0.039 0.04 0.055 0.059 0.06
Eg (eV) 0.737 0.564 0.549 0.542 0.485 0.470 0.466
E1 (eV) 0.986 0.878 – 0.924 0.786 0.803 0.793
EΔ c (eV) 0.230 0.291 – 0.354 0.279 0.308 0.303
E EΔ /Δc g 0.38 0.37 – 0.44 0.32 0.35 0.34

EΔ c,0 (eV) 0.230 0.316 – 0.383 0.319 0.351 0.346
E EΔ /Δc,0 g,0 0.38 0.40 – 0.47 0.36 0.39 0.38

Fig. 2. Dependence of the energy gap of strained Ga0.47In0.53 −As x1 Bix bismide
layers (grown on InP-substrates) on bismuth concentration. Dots correspond to
samples investigated in the present paper. Dashed curve presents E x( )g de-
pendence for unstrained bismides [11].
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conduction band [21]. It should be noted that a value of this char-
acteristic energy, which is a measure of energy separation between
conduction band L-valleys and the top of a valence band, does not
depend on the Bi content in GaInAsBi alloy and remains approximately
the same as in the Ga0.47In As0.53 layer lattice-matched to InP. Since the
energy gap of GaInAsBi decreases with Bi incorporation, the Γ-L in-
tervalley energy separation presumably increases with an increase of Bi

content.
The THz excitation spectra of the bismide heterostructures with thin

GaInAsBi layers are presented in Fig. 4. Fig. 4(a) shows the TES spec-
trum of 70 nm thick GaInAsBi ( =x 0.06) layer grown directly on InP
substrate. As it is seen, a threshold of THz emission, E1, is blue-shifted
from the bandgap of bismide and corresponds to the photon energy
when photo-excited electrons gain enough kinetic energy to overcome
the potential barrier, set up by a conduction band offset EΔ c. The in-
dicated value of threshold position, =E 0.793 eV1 , was determined by
fitting the experimental data with an energy dependence of the theo-
retical spectral-shape A ω(ℏ )-function (see [6] for details), which is
presented by curves in Fig. 4. This allows for a determination of the
conduction band offset EΔ c, which is related with E1 as

⎜ ⎟= + ⎛
⎝

+ ⎞
⎠

E E E m
m

Δ 1 .1 g c
h (1)

Here m andmh are the effective electron and heavy hole masses, which
were assumed to be equal to those of Ga0.47In As0.53 , =m 0.043 and

=m 0.54h [20]. The determined conduction band offsets EΔ c of in-
vestigated GaInAsBi-InP heterostructures and their estimates for un-
strained bismide layers, EΔ c,0, are summarized in Table 1.

The TES spectrum of the bismide heterostructure with an inter-
mediate GaInAs layer exhibits several spectral features [see Fig. 4(b)].
The ′E1 onset of THz emission corresponds to an injection of photo-
electrons into the intermediate GaInAs layer. Its value, ′ =E 0.612 eV1 ,
allows for a determination of the conduction band offset of GaI-
nAsBi–GaInAs heterojunction, ′ =EΔ 0.045 eVc (which corresponds to
the ′ =EΔ 0.07c,0 eV offset for unstrained bismide layer). The second
onset of THz emission, =E 0.878 eV1 , corresponds to an injection of
photoelectrons into InP substrate and allows for a determination of
potential barrier between the substrate and bismide layer,
=U 0.291 eV. The difference of the potential barriers,
− ′ =U EΔ 0.246 eVc , should be equal to the conduction band offset of

GaInAs–InP heterojunction. This offset was independently determined
from the TES spectrum of a reference GaInAs–InP sample and was of
0.230 eV, what differs from the − ′U EΔ c value only by 7%. This justifies
a reliability of the employed TES technique for a determination of band-
offsets and indicates its accuracy to be of about 10%.

The alignment of conduction and valence band edges in the in-
vestigated Ga0.47In0.53 −As x1 Bix – (Ga0.47In As0.53 ) – InP heterostructures,
determined by TES measurements, is summarized in Fig. 5. Results
obtained on bismide layers grown directly on InP substrates are shown
by circles, while squares correspond to the sample with an intermediate
GaInAs layer. (Empty and full squares present the bismide band edges
determined with respect to InP and GaInAs layer, respectively.) The

Fig. 3. THz excitation spectra of two 600 nm thick Ga0.47In0.53 −As x1 Bix layers
with 6% and 3.9% Bi concentrations and spectrum of Ga0.47In As0.53 layer (1 μm).

Fig. 4. THz excitation spectra and energy diagrams (insets) of (a) 70 nm thick
GaInAsBi layer (6% Bi) on InP substrate and (b) the bismide heterostructure
comprised of 150 nm thick GaInAsBi layer (3.5% Bi), 250 nm Ga0.47In As0.53 layer,
and InP substrate.

Fig. 5. The energy positions of conduction and valence band edges in
GaInAsBi–(GaInAs)–InP heterostructures versus the bismuth concentration x of
bismide layers.
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energy zero is taken to coincide with InP valence band edge. Full curves
in the figure correspond to the theoretical positions of bismide band
edges calculated at the relative conduction band offset =Q 0.38. The Q-
parameter conventionally is defined as the ratio of the conduction band
offset and the energy gap difference of unstrained semiconductors
comprising a heterojunction, =Q E EΔ /Δc,0 g,0. For the strained Ga0.47
In0.53 −As x1 Bix–InP heterostructure, the relative conduction band offset
is smaller, and reduces to ca. 34% at the bismuth concentration of 6%.
The determined scheme of band alignment (Fig. 5) allows for an esti-
mation of Ga0.47In0.53 −As x1 Bix–Ga0.47In As0.53 band-offsets. For the GaI-
nAsBi–GaInAs heterojunction, the Q-parameter is the same, =Q 0.38,
while a strain in bismide layer reduces the relative conduction band
offset to ca. 25% at 6% Bi.

The determined conduction and valence band offsets of the lattice-
matched, widely investigated, GaInAs–InP heterojunction (which cor-
respond to the =x 0 dots in Fig. 5) are of 0.23 eV and 0.377 eV, re-
spectively. Our results agree with the recommended average literature
values [20], 0.263 eV and 0.345 eV, with an accuracy of about 10%.
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ABSTRACT

Spectral dependences of the amplitudes of terahertz (THz) transients radiated from a GaSe surface after its excitation by femtosecond
optical pulses with photon energies in the range from 1.8 eV to 3.8 eV were used for the study of electron energy band structure of this
layered crystal. The energy separation of 0.21 eV between the main Γ valleys and the satellite K valleys in the conduction band was
determined from the maximum position of THz excitation spectrum; the polarity of the THz transients became inverted at photon energies
higher than 3 eV due to the onset of electron transitions from the second, lower lying valence band.
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INTRODUCTION

Gallium selenide is a layered III–VI semiconductor crystal.
Each GaSe layer consists of four covalently bonded Se–Ga–Ga–Se
atomic planes and the layers are stacked together by a weak van der
Waals force. Bulk GaSe crystals have an energy bandgap of
approximately 2 eV and an extreme optical transparency in the
infrared (IR) spectral region. The optical absorption coefficient of
GaSe does not exceed 1 cm−1 throughout the transparency range
from 0.65 μm to 18 μm.1 Its nonlinear optical coefficients are
among the highest measured in the infrared range for birefringent
crystals. GaSe is widely used as a nonlinear optical crystal for appli-
cations such as mid-IR and THz radiation generation2,3 electrooptic
sampling,4 frequency comb generation,5 and saturable absorbers.6

The bandwidth-limited IR pulses with frequencies reaching 41 THz
are generated in GaSe crystals by nonlinear optical rectification7

after the photoexcitation by 10 fs duration Ti:sapphire laser
pulses (at the wavelength of 780 nm). The same frequency band-
width is also demonstrated by electrooptic THz detectors fabricated
from GaSe.8

Moreover, GaSe is a semiconductor with a relatively high
bandgap energy, so it has attracted much interest because of its
potential applications for photoelectric devices that operate in the
visible region.9,10 Recent theoretical studies have predicted a new
phase of GaSe as a three-dimensional topological insulator, indicat-
ing its potential applications in spintronics.11 Other layered crystals
such as transition metal dichalcogenides, the two-dimensional (2D)

crystals composed of a few or even single atomic layers, can be fab-
ricated from GaSe by mechanical exfoliation12 or epitaxial
growth.13,14 2D GaSe monolayers have shown superior properties
for applications such as photodetectors,9,15 light-emitting devices,16

and field effect transistor.17 However, despite an enhanced interest
on various GaSe applications, the knowledge of semiconducting
properties of this material is still rather limited. It is commonly
agreed that the energy gap εg of stable ε-GaSe polytype bulk crys-
tals at room temperature is ∼2 eV, though the predictions on
whether the optical gap are direct or indirect may differ.18,19 The
estimations of energy separation in the conduction band of bulk
GaSe crystals between the main Γ valleys and secondary M valleys
also vary from −0.13 eV20 to +0.3 eV.21

In this paper, we present a set of measurements that allow us
to evaluate the details of the electron energy dispersion law at
energies remote from the bandgap edge. The main experiment
performed is the measurement of THz pulse amplitudes emitted
from a GaSe surface after its photoexcitation by femtosecond
optical pulses of different wavelengths. Such dependencies—the
THz excitation spectra—have been successfully used before for
investigating the electron energy band structure of A3B5 semicon-
ductors,22 semiconductor nanowires,23 hybrid organic–nonor-
ganic perovskites,24 and other material systems. An analysis of the
experimental data obtained from GaSe provided novel informa-
tion on the details of the structure of valence and conduction
bands of this material.
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EXPERIMENTAL DETAILS

The samples investigated were 50 μm thick GaSe sheets
cleaved from a Bridgman grown crystal. For this purpose, an adhe-
sive tape was attached to the sample surface and then peeled off
carefully, taking with it a thin sheet of GaSe. Hall effect measure-
ments had evidenced a p-type conductivity with a hole density of
4.5 × 1014 cm−3 and a mobility of 40 cm2/Vs. The surface THz
emission experiments were performed in a transmission geometry
with samples illuminated at 30° or 0° angles to their surface
normal. The experimental setup was based on an amplified
ytterbium-doped potassium gadolinium tungstate (Yb:KGW) laser
system (PHAROS, Light Conversion Ltd.) operating at 1030 nm
with a pulse duration of 160 fs and a repetition rate of 200 kHz.
The laser beam with an average power of 6W was directed into a
cavity-tuned optical parametric amplifier (OPA, ORPHEUS, Light
Conversion Ltd.) that generated 140–180 fs duration pulses with a
central wavelength tuneable from 640 nm to 2600 nm. Shorter
wavelength femtosecond optical pulses from 640 nm down to
400 nm were reached by generating the second harmonic in a BBO
(Beta Barium Borate) crystal. In the THz time-domain spectroscopy
(THz-TDS) arrangement, the samples were excited by the OPA
output beam, while the sample-emitted THz pulses were detected by
the GaAsBi photoconducting antenna (TeraVil Ltd.). The average
power of optical pulses incident on a sample during THz excitation
spectra measurements was from 10mW to 350mW, which corre-
sponded to the irradiation level from ∼1 μJ/cm2 to 20 μJ/cm2. The
THz detector was illuminated by a small fraction of Yb:KGW laser
beam (an average power of ∼5mW), which was delayed by different
amounts of time with respect to the optical beam exciting the
sample. All experiments were performed at room temperature.

RESULTS

Figure 1 shows the THz pulses and their respective Fourier
spectra emitted from the GaSe sample when it is illuminated at a
30° angle from surface normal by femtosecond optical pulses of
two different wavelengths. The emitted THz pulse shape after pho-
toexcitation with a longer wavelength radiation, that is, correspond-
ing to an optically transparent region, is bipolar and it is
characterized by a wider THz frequency bandwidth, whereas the
THz pulse radiated from GaSe when illuminated by higher than
energy bandgap photons is monopolar and of a narrower Fourier
spectral bandwidth. However, the efficiency of THz pulse emission
from GaSe becomes much higher when the photon energy exceeds
the energy bandgap. This demonstrates an obvious advantage of
the semiconducting surface THz emitters over those that are based
on the optical rectification effect in dielectric crystals. To reach
comparable THz electric field amplitudes (the THz pulse
peak-to-peak values) when exciting the sample at sub-bandgap
photon energies (1.77 eV), the optical pulse power must be approx-
imately nine times higher than that at a photon energy of 2.2 eV,
the emitted THz transient in the former case is narrower and its
Fourier spectrum is wider.

The THz pulse emission from the GaSe crystal has a strong
dependence of its amplitude on the azimuthal angle, f, between
the optical field direction and crystalline axes. For a hexagonal
symmetry crystal plane that has the c-axis perpendicular to it, this

dependence is proportional to sin 3f. Figure 2 shows the azimuthal
angle dependencies measured in the transmission direction when
the sample is excited by P-polarized optical beams of various wave-
lengths impinging the surface at a 30° angle. The latter THz curves
can be expressed as an angle dependent, A, and independent, B,
components as ETHz (w) = A + B sin 3w. The amplitude of the azi-
muthal angle dependent part of the THz signal is higher when the
optical beam is of S-polarization; it is the highest when the sample
is illuminated along its surface normal.

The spectrum of the azimuthal angle dependent THz pulse
amplitude is rather complicated (see Fig. 3). It has two ranges at
low and high photon energy sites separated by the region between
3 eV and 3.6 eV at which the THz pulse amplitude is nearly inde-
pendent on f. The data presented in Fig. 3 are obtained when
the sample is excited at its surface normal; however, similar

FIG. 1. Electric field dynamics of the THz transients (a) and their Fourier
spectra (b) measured when the photon energy of optical pulses is lower
(hν = 1.77 eV) and higher (hν = 2.2 eV) than the energy bandgap of GaSe. Note
that the average power of photoexciting pulses is nine times higher for the
1.77 eV photons. The azimuthal angle is at THz emission maximum.
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dependences are observed for inclined photoexcitations and for
both S- and P-polarized optical beams.

In contrast to the azimuthal angle dependent THz amplitude
component, the angle independent THz excitation spectra are dif-
ferent for different polarizations of the optical beam (Fig. 4). The
experiments illustrated in this figure are performed in transmission
geometry at different exciting wavelengths impinging the surface of
GaSe at a 30° angle to its normal.

No angle independent background is observed for photon
energies below ∼2.9 eV when optical beams are S-polarized; at

higher photon energies, this background is increasing monoto-
nously. For the photoexcitation with P-polarized optical beams, the
THz pulse amplitude increases monotonously up to photon ener-
gies of ∼2.25 eV, after which a rather steep reduction follows until
a minimum of the THz transient field is reached at 2.9 eV. An
inversion of the phase of THz transients is taking place at this
photon energy (see Fig. 5), while the THz pulse amplitude begins
to increase again.

DISCUSSION

The measurements of azimuthal angle dependencies—the
dependence of the THz pulse amplitude on the angle between
optical field vector and crystalline axes—are a standard means of
characterizing the physical mechanism responsible for the THz
emission phenomenon.25,26 The presence of such a dependence
could be considered as the evidence that a nonlinear optical rectifi-
cation or other effects related to crystal anisotropy play the main
role in the THz radiation generation, whereas its absence indicates
that the ultrafast electron and hole separation in space caused by
their diffusion or drift is the dominating physical mechanism.

The first rather trivial conclusion that could be made after
considering the results presented above is that the physical mecha-
nisms responsible for surface THz emission from GaSe depend on
whether the exciting photon energies are either lower or higher
than the bandgap. In the low photon energy range, this effect is
caused by the optical rectification, that is, the nonlinear response of
bound electrons, whereas in the high photon energy range, the
THz emission is originating from the photoexcited free electron
and hole spatial separation and the lateral photocurrents arising
due to the anisotropy of the energy dispersion relation.27,28 For a
hexagonal crystal-like GaSe and its c-plane, the optical rectification
and the anisotropic lateral photocurrent components follow sin 3f
type dependences.29

FIG. 3. The amplitude of the azimuthal angle dependent part of THz pulses at
various photon energies. The sample is illuminated along its surface normal; the
THz pulses are measured in transmission geometry. The red line is the noise
floor average.

FIG. 2. The azimuthal angle dependencies of THz pulse amplitude for different
P-polarized femtosecond optical beam photon energies. The GaSe sample is
illuminated at a 30° angle to surface normal; the THz pulses are monitored in
transmission geometry.

FIG. 4. The azimuthal angle independent THz pulse amplitude spectra of a
GaSe crystal illuminated by S- (red squares) and P-polarized (blue triangles)
optical beams.
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A specific feature of the THz excitation spectra of GaSe is the
strong dependence of their shapes on the femtosecond laser beam
polarization used for the photoexcitation. It could be concluded
that the S-polarized optical radiation has a main influence on the
anisotropy of measured characteristics, whereas the P-polarized
beams are contributing to the isotropic, the azimuthal angle inde-
pendent, part of the radiated THz pulse amplitude. These observa-
tions are in line with a well-known characteristic of the optical
selection rules in hexagonal crystals—the interband optical transi-
tions that are dependent on exciting electric field polarization rela-
tive to the c axis. In hexagonal wurtzite-type crystals where optical
selection rules are similar to the ones of GaSe, for example, a con-
siderable role is played by the optical alignment effect23,30 as the

optical field of S-polarized beams is always perpendicular to the c
axis, while the P-polarized beams have parallel as well as perpen-
dicular to c-axis components for off-normal surface excitations.
Consequentially, the latter beams excite electrons from different
energy levels with different symmetry.

The uppermost valence band (Γv1) has mainly a Se pz charac-
ter, which makes the fundamental transition to the s-character con-
duction band allowed for the light polarized parallelly to c-axis
(Eopt || c). This band also contains a small component of a Se
px−py character that supports the optical transitions with the polar-
ization Eopt ⊥ c. On the other hand, optical selection rules allow
the transitions from the Γv2 band to the conduction band only for
the light polarized perpendicular to the c-axis.29 The Γv2 band is
highly anisotropic;31 therefore, the electrons excited from this band
would create a lateral photocurrent dependent on the optical field
vector angle with respect to the crystal axes. Anisotropic optical
transitions excited by Eopt ⊥ c polarization are the main cause of
the azimuthal angle dependences of radiated THz pulse amplitude.

The isotropic component of THz excitation spectra is most
likely defined by the dynamical dipoles evolving at a surface due to
the electron and hole spatial separation. In the photon energy
range between 2 eV and 3 eV, the electron–hole pairs are generated
due to the transitions from the uppermost valence band, Γv1. Since
the GaSe sample is of a p-type conduction, the energy bands are
bent downward at the surface, and the photoexcited electrons are
forced to move toward the surface. The transitions from the Γv2
band are activated when the photon energy exceeds 3–3.2 eV.32,33

In our experiment, the optical beam incidence angle is 30°, so the
light is refracted at an 11.5° angle inside the GaSe, and the intensity
of the Eopt ⊥ c component of the beam is ∼15 times higher than
that of the Eopt || c component. This would explain the growth of
the emitted THz pulse amplitude at higher than 3 eV photon ener-
gies. In a separate experiment, we compared the polarities of THz
pulses emitted in this spectral range from GaSe and n-type GaAs
samples. These polarities have shown to be of the same sign, which
evidences that the electrical dipole is formed by the electrons
moving toward the bulk of the GaSe crystal and the holes remain-
ing at the surface. Such a carrier separation can occur due to differ-
ent electron and hole diffusion rates—the Photo-Dember effect.34

Finally, let us discuss the shape of THz excitation spectra
dependences in their initial part, close to the energy bandgap
(Figs. 3 and 4). The peaks of THz excitation spectra (for GaSe, it is
at ∼2.3 eV, Fig. 3) have been documented previously for the
majority of group A3B5 semiconductors.22 These peaks have been
explained by the onset of photoexcited electron transitions to satel-
lite conduction band valleys with high effective masses, which
results in a decreasing THz pulse intensity. Since the nonparabolic-
ity of electronic bands is mostly pronounced in narrow gap semi-
conductors such as InAs or InSb, these bands of a wide bandgap
GaSe can be assumed to be of a parabolic shape. From the momen-
tum and energy conservation laws, one could derive the excess
energy of electrons at which the intervalley transfer sets in

ε2 ¼ (εp � εg)

1þmn

mp

� �þ hω, (1)

FIG. 5. THz pulses excited in GaSe by different wavelength P-polarized optical
beams.

FIG. 6. Schematic energy band structure of a bulk GaSe crystal.
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where εp is the exciting photon energy, mn = 0.24mo, and
mp = 0.4mo are the effective electron and hole masses in Γc and Γv1
energy bands, respectively,1 and hω = 0.0167 eV is the optical
phonon energy of GaSe.35 After inserting these values and
εp = 2.3 eV into the equation, we find the intervalley energy separa-
tion between conduction band valleys at Γ and K points of the
Brillouin zone to be equal to 0.21 eV. High electron effective
masses in the K valleys significantly reduce their mobility and dif-
fusion rate; therefore, the emitted THz pulse amplitude decreases.
A subsequent increase of this amplitude sets in only when the
photon energy is high enough to activate the electron transitions
from the Γv2 band to the low effective mass levels in the conduction
band (Fig. 6).

CONCLUSIONS

In conclusion, the THz emission from a GaSe crystal excited
by femtosecond optical pulses with photon energies higher than
energy bandgap was measured over a wide spectral range. The
obtained THz excitation spectra revealed several features typical to
the specific optical selection rules of hexagonal symmetry crystals.
The shape of these spectra was sensitive to the exciting light
polarization. The azimuthal angle dependences of the THz pulse
amplitude were proportional to sin 3f in the case of c-plane photo-
excitation. The azimuthal angle dependence for the S-polarized
laser beam was stronger than that for the P-polarized beam
because it was caused by the lateral photocurrents of electrons
excited by an optical field perpendicular to the c axis. The optical
field component parallel to this axis was creating carriers propagat-
ing toward the bulk of the crystal and it was responsible for the azi-
muthal angle independent part of the THz radiation. An analysis
of THz excitation spectra was used to estimate the energetic dis-
tance between the two upper valence bands. Moreover, the interval-
ley energy separation between the main G and satellite K valleys of
the conduction band was determined from the shape of the initial
part of the THz excitation spectrum.
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Abstract: Electron dynamics in the polycrystalline bismuth films were investigated by measuring
emitted terahertz (THz) radiation pulses after their photoexcitation by tunable wavelength fem-
tosecond duration optical pulses. Bi films were grown on metallic Au, Pt, and Ag substrates by the
electrodeposition method with the Triton X-100 electrolyte additive, which allowed us to obtain more
uniform films with consistent grain sizes on any substrate. It was shown that THz pulses are gener-
ated due to the spatial separation of photoexcited electrons and holes diffusing from the illuminated
surface at different rates. The THz photoconductivity spectra analysis has led to a conclusion that
the thermalization of more mobile carriers (electrons) is dominated by the carrier–carrier scattering
rather than by their interaction with the lattice.

Keywords: bismuth film; electrodeposition; terahertz emission; terahertz photoconductivity spectra;
femtosecond laser

1. Introduction

Bismuth is a semimetal that has many extraordinary characteristics because of its
high electron energy band structure anisotropy, small electron and hole effective masses,
and due to their high mobilities [1]. In addition, Bi is the first material in which the electron
quantum confinement effects were demonstrated [2]. A two-dimensional (2D) carrier
confinement results in the semimetal—semiconductor transition in thinner than ~30 nm
Bi layers [3]; quantum confinement effects are also evidenced in Bi nanowires [4] and
Bi nanocrystals [5]. Few monolayer thick Bi layers, epitaxially grown on Si substrates,
were reported to have a large bulk bandgap indicating possible topological insulator
properties at room temperature [6]. Due to this diversity of its physical characteristics,
bismuth is sometimes considered as the key material in nanoelectronics, when quantum
effects rather than doping would be exploited to mimic traditional microelectronics [7].

Furthermore, due to stability in air and negligible toxicity, Bi layers are finding sig-
nificant applications in energy-related applications such as electrocatalytic CO2 reduc-
tion [8–10], N2 reduction [11], glucose oxidation [12], or sodium-ion storage [13]. Bi is
also used as an efficient catalyst in organic synthesis reactions [14]. An overview of Bi
applications in different areas of catalysis was published recently in [15]. It is worth not-
ing that both—bulk bismuth [16] as well as bismuth film electrodes [17,18]—are used for
electroanalytical purposes.

As a consequence of these new and important applications, a wider investigation of
thin Bi film growth technologies is required. In this contribution, the growth of Bi layer by
electrodeposition was performed. This technology appears to be one of the most suitable to
grow Bi since it is a fast and cost-effective procedure to obtain large area, high-quality layers
on different substrates [19–23]. It should be noted that according to the literature data,
the electrodeposited bismuth coatings are comparatively thick for our below-mentioned
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intensions, i.e., coating thicknesses exceed 1 µm, while Bi grain sizes are 500 nm or larger.
In this study, we developed an original electrolyte for the electrodeposition of bismuth
films thinner than 1 µm (details in the Experimental Part).

Bismuth layers of various thicknesses (from 50 nm to 600 nm) were electrodeposited
on an Au substrate, while on Ag and Pt substrates the deposited Bi film thicknesses were
100 nm. The structures were characterized by the X-ray diffraction (XRD) and scanning
electron microscopy (SEM). Then, the Bi layers were investigated by the terahertz (THz)
emission spectroscopy—the measurement of the THz radiation pulse amplitudes emitted
from the Bi surfaces after their photoexcitation by femtosecond optical pulses of different
wavelengths. This contact-less measurement technique that is essentially related to a high
temporal resolution of the photoconductivity spectrum could provide unique information
on the electrical and optical characteristics of the investigated materials [24].

2. Layer Growth Methods and Structural Characterization

The above-mentioned methods of bismuth electrodeposition form 1 µm or thicker
coatings consisting of 500 nm or larger Bi grains. To fabricate thinner Bi films, the ex-
perimental search for proper Bi electrodeposition electrolyte was carried out. A nitrate
electrolyte was developed, allowing the electrodeposition of thin (50–600 nm) Bi films.

The analytical-reagent-grade chemicals and deionized water used for solution prepa-
ration are listed in Table 1 together with the plating conditions. The electrodeposition
experiments were performed in a two-electrode magnetically stirred cell by applying gal-
vanostatic method with current density of 20 mA·cm−2 (potentiostat/galvanostat Reference
600 (Gamry Instruments)). The cathodes (working electrodes) were Au, Pt sheets, and on Pt
electroplated 1µm thick Ag (from cyanide bath). The anode was a Pt disc. Prior to each ex-
periment, the Au and Pt cathodes were chemically etched in a 3:1:1 water solution of H2SO4
~ 96 wt %, H2O2 ~ 30 wt %, and then washed with deionized water and dried with nitrogen.
The Pt/Ag substrates were used as deposited without any additional pre-treatment.

Table 1. Bath composition and plating conditions for thin Bi film electrodeposition.

Chemicals Concentration (M)

Bi(NO3)3·5H2O 0.15
HNO3 1.5
KNO3 1.0

Triton X-100 C14H22O(C2H4O)n n = 9–10 0.0015
Current density 20 mA·cm−2

Bath temperature Room temperature
Magnetic stirring 500 rpm

Electrodeposition rate 500 nm·min−1

pH ~0

Triton X-100 is a non-ionic surfactant with a hydrophilic polyethylene oxide chain
(on average it has 9.5 ethylene oxide units) and an aromatic hydrocarbon hydrophobic
group, namely, 4-(1,1,3,3-tetramethylbutyl)-phenyl. In the processes of metal electrodeposi-
tion, it may act as a suppressor for three-dimensional growth of metals. It is worth noting
that the surface-active substance Triton X-100 for Bi electrodeposition was applied for the
first time. The influence of Triton X-100 additive on the shape and run on the cathodic
polarization curve is shown in Figure 1a, whereas the influence of different substrates is
shown in Figure 1b. It can be seen that the initial potential of Bi electrodeposition depends
on the nature of the substrate, and it is more positive when Bi is deposited on a Bi electrode
(Figure 1b). In all substrate cases, the values of the limiting currents remain approximately
the same.

Obviously, Triton X-100 adsorbs on Bi deposition sites suppressing crystal growth,
which results in a negative polarization curve shift. The negative shift increases the Bi
electrodeposition over-potential at a constant current density, which leads to an increase in
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nucleation density, reduction in grain sizes followed by the formation of a flat and rather
smooth surface, as can be seen in Figure 2a. The morphology of Bi coatings obtained in an
electroplating bath without the surface-active substance Triton X-100 differs significantly
(Figure 2b). In this case, the Bi coating consists of varying sized, non-uniform crystallites.
Therefore, the Triton X-100 allows us to obtain thin Bi films with uniform finely grained
crystallites. A dual beam system Helios Nanolab 650 with an energy dispersive X-ray (EDX)
spectrometer INCA Energy 350 and an X-Max 20 mm2 detector was used to estimate the
thicknesses of films. The EDX data were processed with a ThinFilmID ver. 1.3.0 software,
and the thicknesses of Bi layers were recalculated from 9.78 g/cm3 bismuth density.

Figure 1. (a) Cathodic polarization curves of Bi electrodeposition on Bi-coated (100 nm) Au electrode from solutions with
and without the additive Triton X-100. (b) Cathodic polarization curves of Bi electrodeposition on Bi, Au, Pt and Ag
substrates from solutions with the Triton X-100 additive.

Figure 2. SEM images of 100 nm thick Bi coatings on Au obtained from Bi electrodeposition solution
with the additive Triton X-100 (a) and without it (b).

The XRD measurements were carried out using X-ray diffractometer SmartLab (Rigaku)
equipped with a 9 kW X-ray source with a rotating Cu anode. The grazing incidence tech-
nique (also known as the out-of-plane method) was applied to obtain a high-quality XRD
pattern of the electrodeposited Bi film only 100 nm in thickness. The angle between the
film surface and the incident parallel beam of X-rays, ω, equaled 0.5◦. The electrodeposited
Bi film’s XRD pattern evidenced the film was polycrystalline of a trigonal crystalline
structure (Figure 3). Even the thinnest 50 nm Bi film on gold did not present prevailing
crystallographic orientation. This means that neither the XRD pattern nor SEM images
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of the electrodeposited Bi films are related to the substrate origin. Despite the grazing
incidence technique, the XRD peaks of Au substrate were also present in the pattern.
The Bi peaks coincided very well with those presented in the ICDD database card #00-
044-1246. The average size of Bi crystallites calculated using Halder–Wagner method was
19.7 ± 0.7 nm.

Figure 3. The XRD pattern of the electrodeposited 100 nm thick Bi film on Au substrate.

3. Ultrafast Measurements
3.1. Experimental Setup

The THz time-domain spectroscopy (THz-TDS) setup used for the investigations con-
tained a Yb:KGW (λ = 1030 nm), 200 kHz pulse repetition rate PHAROS laser (Light Con-
version Ltd., Vilnius, Lithuania). A small fraction of this laser beam of about 1 mW of
average power was guided to illuminate the GaAsBi photoconductive antenna detector
from Teravil Ltd. The rest of the beam was directed to an optical parametric amplifier
(OPA) ORPHEUS (also Light Con. Ltd., Vilnius, Lithuania) with a capability to tune the
wavelength of femtosecond pulses from 640 to about 2000 nm. The bismuth films were illu-
minated with these p-polarized various wavelength pulses at an angle, and the generated
THz pulses were detected in the quasi-reflection direction (Figure 4).

Figure 4. Terahertz time-domain spectroscopy setup.
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3.2. Measurements

Figure 5a shows the temporal shape of a THz pulse radiated from the surface of a Bi
layer grown on gold and its comparison with the pulses generated under exactly the same
conditions from n- and p-type GaAs crystals. The amplitude of pulses emitted by Bi layer is
about 100 times lower than those emitted by the GaAs crystals. Correspondingly narrower
is the frequency spectrum of the bismuth layer emission (Figure 5b). These results are not
surprising, because similar low THz emission levels from polycrystalline Bi have already
been documented before [25]; however, the main reason behind this experiment is the
comparison of the THz pulse polarities in all three cases. As it can be seen in Figure 5a,
the THz pulse radiated from the Bi layer is of the same polarity as the pulse radiated from
the n-type GaAs, which means that the dynamically changing electric dipole responsible
for THz emission in both of these cases has the same direction. The photoexcited electrons
are moving towards the bulk leaving the holes closer to the surface.

Figure 5. THz pulses (a) and their Fourier spectra (b) radiated from n-type GaAs (n = 2 × 1018 cm−3, black line), p-type
GaAs (p = 4 × 1018 cm−3, red line) single crystals and from the surface of a 50 nm thick Bi on Au layer (blue line). The optical
pulse wavelength was 780 nm, and the average power of the beam was 300 mW.

There are two main mechanisms causing the spatial separation of photoexcited elec-
trons and holes by femtosecond optical pulses: the photocurrent, Jph, can be caused by the
built-in electric field at a semiconductor surface [26] and by the different diffusion rates
of both types of current carriers—the so-called photo-Dember effect [27]. In both of these
cases, the THz pulse electric field amplitude, ETHz, is proportional to the time derivative
of the photocurrent, ETHz ~ dJph/dt. Therefore, the maximum photocurrent, which is more
convenient for theoretical modeling, can be determined by integrating the THz electric
field temporal dependence such as shown in Figure 5a.

4. Results and Discussion

The dependences of THz pulse amplitudes on exciting photon energy, hν, measured on
three Bi layers of different thicknesses shown in Figure 6 are presented in a standard way
used for THz excitation spectra of crystalline semiconductors [24]—with pulse amplitudes
normalized to a constant photon number. It can be seen that the measured spectra are
practically identical for all the investigated samples, which indicates that the physical
processes leading to THz pulse emission are taking place at a rather thin layer close to
the Bi/air boundary. Some reduction in the THz pulse amplitudes was observed only
for thinner than 50 nm Bi films, most probably due to the incomplete coverage of the
Au substrate.
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Figure 6. THz pulse amplitudes normalized to the number of photons in femtosecond optical pulses
as a function of the photon energy. The experiment was performed on the four different thickness Bi
layers grown on gold substrates.

In the case of direct bandgap materials, the shape of THz excitation spectra, such as
shown in Figure 6, would be straightforwardly interpreted in terms of the energy bandgap
εg ≈ 0.5 eV determined from the approximated energy value at ETHz = 0 and the linear
THz intensity growth at higher hν caused by the increase of the photoelectron velocity
with its increasing excess energy [24]. However, this interpretation cannot be applied to
the semimetallic bismuth case. The energy bandgap in Bi is absent; there are no electron
transitions between a pair of valence and conduction bands with their extrema at the same
point of the Brillouin zone. The absorbed photon can excite numerous electron transitions
at different points of this zone (see, e.g., [28,29]). Electron and hole excess energies for each
optical transition can be different; therefore, the relation of a particular sole excess energy
for each absorbed optical quantum energy becomes meaningless. Instead, it would be more
sensible to analyze the electron-hole system that is heated up by a femtosecond laser pulse
of a constant amount of energy but with differing its hν portions.

Therefore, in Figure 7, the THz excitation spectra measured on 100 nm thick Bi layers
grown on three different metallic substrates are presented as normalized to a constant
optical beam intensity. The average power of the optical beam for different OPA wave-
lengths was changing from 200 mW to ~400 mW; in a separate experiment (not shown),
it was found out that the THz signal amplitude changes nearly linearly with the optical
beam intensity. Moreover, the peak values of the photocurrent transients obtained after
integrating THz pulses rather than THz pulse amplitudes were plotted on those graphs.
From Figure 7, it can be seen that the THz excitation spectra of polycrystalline Bi layers
grown on three different substrates show only slight quantitative differences. Qualitatively,
all three dependences have the same main features: a linear increase at lower photon
energy range without any particular onset energy and saturation at hν > 1 eV.

Since the energy band bending and built-in electric fields in semi-insulating Bi are
absent, the most probable cause of the ultrafast photocurrents and THz pulse emission is
the photo-Dember effect. In the following, we will try to explain the obtained experimental
dependences by using a simple model of this effect proposed by M. Tonouchi in [30]
together with spectral characteristics of the polycrystalline bismuth optical response [31].
In general, the diffusion current at the photoexcited layer’s surface is proportional to the
diffusion coefficient, D, and the carrier density gradient:

The polarity of THz pulses shown above (Figure 5a) evidences that electrons are more
mobile carriers, thus the electron transport parameters should be inserted into the equation.
It was shown in [29] that the photoexcited electrons in Bi thermalize via carrier–carrier
scattering and this thermalization takes place at the femtosecond time scale; the phonon
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scattering being few orders of magnitude slower. One can, therefore, assume that the elec-
trons participating in THz emission would have thermal distribution with a characteristic
temperature Te ~ hν. On the other hand, D ~ µeTe and the electron mobility µe in Bi under
dominating intercarrier scattering may be described by a power function µe ~ 1/Te

0.7 [29].
The carrier density gradient can be roughly approximated by the ratio of the absorbed pho-
ton number and the absorption depth, dn/dz ~ Pop · (1 − R)/hν · α, where Pop is the optical
beam intensity, R is the reflectance, and α is the absorption coefficient. After inserting these
expressions into Equation (1), one obtains a functional dependence of the photocurrent
amplitude on photon energy:

Jd ∼ D
dn
dz

(1)

The spectral photocurrent, Jd, is calculated by using Equation (2) together with spectral
dependences of the absorption depth, α−1, and the reflectance, R, impinging on the Bi layer
surface at a 45◦ angle, both taken from [31] (see Figure 8a). The calculated shape of the
photocurrent spectrum closely repeats the shape of the experimental dependences shown
in Figure 7. The onset of the saturation is coinciding with the spectral range, where the
change of the absorption depth is also becoming slower. It evidences that THz pulse
emission observed in our experiments is indeed originating from the photo-Dember effect,
and that the observed THz photocurrent saturation is caused by the absorption spectrum
peculiarities of the polycrystalline Bi.

Jd ∼ hν

(hν)0.7 Pop
(1 − R)

hν
α → (1 − R)

hν0.7 α (2)

As an additional proof of these conclusions in Figure 8b, we present the results
obtained for two different angles at which the femtosecond optical pulses are impinging the
Bi layer surface. Briefly, 70◦ is close to the Brewster angle in Bi; therefore, the enhanced light
absorption is the main cause of the photocurrent increase. Theoretical curves coincide with
the experimental points in the photocurrent saturation range; a significant disagreement,
most probably caused by the roughness of the model, is observed at the initial parts of
the spectra.

Figure 7. THz photocurrent as a function of the photon energy. Three 100 nm thick bismuth films on
different substrates were measured.
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Figure 8. (a) THz photocurrent spectrum calculated using Equation (2) and the reflectance (blue line) and absorption depth
(red line) spectra. (b) THz photocurrent spectra measured on 100 nm thick Bi on Au layer excited at different illumination
angles. Points—experiments; dashed lines—calculations.

5. Conclusions

Polycrystalline bismuth films were electrodeposited on three different noble metals:
Au, Ag, and Pt. It was found that the addition of the surface-active substance Triton
X-100 significantly improves the deposition conditions and allows us to obtain 50 nm to
600 nm thick Bi films consisting of uniform finely grained crystallites. These films were
investigated with femtosecond optical pulses of a tunable wavelength from 0.6 µm to
2 µm. Spectral dependences of the pulsed THz radiation emission were measured, and the
photoconductivity spectra of Bi films were determined from these measurements. It was
established that the photoconductivity spectrum does not depend on Bi film thickness
and it is only slightly dependent on the substrate material. This led us to the conclusion
that the photoconductivity effect in polycrystalline bismuth films is originating from
nonequilibrium carrier diffusion and that the photoexcited electrons thermalize during
THz pulse generation due to the intense carrier–carrier scattering events.
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����������
�������

Citation: Malevich, V.L.; Ziaziulia,

P.A.; Norkus, R.; Pačebutas, V.;
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Abstract: Terahertz radiation pulses emitted after exciting semiconductor heterostructures by fem-
tosecond optical pulses were used to determine the electron energy band offsets between different
constituent materials. It has been shown that when the photon energy is sufficient enough to excite
electrons in the narrower bandgap layer with an energy greater than the conduction band offset,
the terahertz pulse changes its polarity. Theoretical analysis performed both analytically and by
numerical Monte Carlo simulation has shown that the polarity inversion is caused by the electrons
that are excited in the narrow bandgap layer with energies sufficient to surmount the band offset with
the wide bandgap substrate. This effect is used to evaluate the energy band offsets in GaInAs/InP
and GaInAsBi/InP heterostructures.

Keywords: THz; THz emission spectroscopy; heterojunction; GaInAsBi/InP; band offset; THz pulse
generation; ballistic electrons; MBE

1. Introduction

When photoexcited by femtosecond optical pulses, most materials emit ultrashort
pulses of electromagnetic radiation containing frequencies at the terahertz (THz) frequency
range. THz pulse emission has been observed from semiconductors [1], dielectric crys-
tals [2], metals [3], and even from gases [4], and liquids [5]. This universal effect became
an effective and popular tool for a contact-less investigation of various materials. More-
over, some semiconductor or ferromagnetic material structures that are most efficient
surface emitters can replace photoconductive antennas as the THz radiation sources in
the time-domain spectroscopy (TDS) systems, especially in those that are activated by
long-wavelength femtosecond lasers [6]. As yet, the most efficient THz pulse emitting
surfaces are the narrow bandgap group A3B5 semiconductors such as InAs or InSb [7,8].
This is because the photoexcited electrons and holes move away from the illuminated
surface at different velocities, which creates fast changing electrical dipole radiating THz
waves. During the first few hundreds of femtoseconds, when the dipole is developing, the
photoexcited electrons in narrow-gap A3B5 semiconductors are moving ballistically [9]
over the distances reaching several hundred nanometers [10]. Due to the electrons not
being scattered during this stage, the initial optical orientation of their momenta [11] is
conserved and it is also reflected in the azimuthal angle dependences of THz emission for
certain photoexcited crystal planes [12,13].

THz emission due to ballistic photoexcited electron propagation has been exploited for
the measurements of conduction band offsets in GaAsBi/GaAs [14] and GaInAsBi/InP [15]
heterojunctions. Femtosecond optical pulses with a tunable central wavelength were
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illuminating the interface between the air and the narrower bandgap material layer. The
electrons excited at this interface with lower energy photons could not move farther than
the thickness of the narrow-gap layer, and the amplitude of a THz pulse was relatively
small. The THz pulse amplitude started to increase only when the excess energy of ballistic
electrons was higher than the conduction band offset at the heterojunction between the
layer and the wider bandgap substrate. Therefore, the heterostructure offset values could
be directly found from the THz excitation spectra measurement. In fact, this band offset
measurement technique is an optical equivalent of the so-called ballistic-electron-emission-
microscopy (BEEM) [16], where subsurface electronic structure is probed by electrons
injected into material from differently biased scanning tunneling microscope tip.

From what is said above, it is clear that femtosecond photoexcitation and THz pulse
emission can be used to study the ballistic electrons in semiconductors. One of the im-
portant objects of such a study could be the realization of optics-like effects in electronic
systems. Ballistic electrons are coherent de Broglie waves that can be reflected or re-
fracted at the heterointerfaces between different semiconductors, much like the electro-
magnetic waves [17,18]. Their behavior would be exposed more unanimously, if the
electrons would be generated at the proximity of the interface rather than away from it,
at the air/semiconductor boundary. In this contribution, we present the investigation of
THz emission from femtosecond laser-excited heterostructures between InP substrate and
GaInAs and GaInAsBi epitaxial layers. Several nontrivial characteristics of this effect, such
as different THz excitation spectra dependences and different tilt angles of THz electrical
dipoles created after illuminating the structure from the substrate and the layer sides
were observed. These differences have been explained by the influence of quasi-ballistic
photoelectrons that are entering into the substrate and are refracted there at larger angles
fostering more efficient THz radiation outcoupling from the semiconductor structure.

2. Materials and Methods

The heterostructures were grown by molecular-beam-epitaxy (MBE) on semi-insulating
(001) InP:Fe substrates. Two heterostructures’ samples were investigated: a sample with lattice-
matched 600 nm thick Ga0.47In0.53As layer on InP (sample A) and Ga0.47In0.53As1−xBix/InP
structure with 4% Bi (sample B). Native oxides were desorbed by heating InP substrates
at 500 ◦C under arsenic flux and monitoring the process by observation of a distinctive
(2 × 4) surface reconstruction pattern by the reflection high energy electron diffraction. The
GaInAs layer was grown at standard growth conditions keeping high substrate temperature
at T ~490 ◦C and the beam equivalent pressure (BEP) ratio As2/Ga from 7 to 10. The
growth temperature was adjusted by a thermocouple-based controller calibrated by the
use of melting points of Sn and InSb. In order to enhance the bismuth incorporation
into the growing layer and to avoid its segregation on the surface, the growth of the
Ga0.47In0.53As0.96Bi0.04 layer was performed at substrate temperature of 240 ◦C, which
is significantly lower than typical MBE growth temperatures for GaInAs. The BEP of
group 3 and 5 atomic flux ratio was calibrated by monitoring the surface reconstruction
change on separate substrate before the samples’ growth. The growth rate of bismide
layer was 0.6 µm/h. The atomic composition of the GaInAsBi layer was determined from
X-ray diffraction (XRD) measurements, carried out with Smart Lab Rigaku diffractometer
(Rigaku corporation, Tokyo, Japan) by monitoring the (004) diffraction peak with respect to
its position in InP.

THz-TDS experiments were performed on the samples described above. The set-up of
these experiments (Figure 1) was based on an amplified Yb:KGW femtosecond laser system
(PHAROS, Light Conversion Ltd., Vilnius, Lithuania) operating at 1030 nm at 200 kHz
pulse repetition rate with a cavity-tuned optical parametric amplifier (OPA, ORPHEUS,
Light Conversion Ltd., Vilnius, Lithuania). Optical pulses of ~160 fs duration and central
wavelengths tunable from 640 nm to 2600 nm were used for sample photoexcitation, while
the emitted THz pulses were detected by a GaAsBi photoconductive antenna (TeraVil Ltd.,
Vilnius, Lithuania) activated by a small part of the Yb:KGW laser beam.
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Figure 1. Experimental set-up of THz excitation spectra measurements.

3. Results
3.1. THz Excitation Spectra Measurements

Results of the measurements are illustrated in Figure 2, where the THz radiation
pulses emitted from the sample A surface are shown. Femtosecond optical pulses were
impinging the sample’s surface at a 45◦ angle from the substrate side (Figure 2a), and
from the GaInAs layer-side (Figure 2b), THz pulses were measured in the quasi-reflection
direction. THz pulses emitted after photoexcitation at two different optical wavelengths
are presented. It can be seen that the amplitudes are almost five times higher when the
optical pulses are incident on the sample from the epitaxial layer-side, which could be
explained by the presence of additional reflections of both optical and THz pulses at the
heterointerface in the substrate-side excitation case. Another characteristic feature of these
graphs is more unexpected: the THz pulses radiated from this sample when excited from
the substrate side have opposite polarities at different exciting photon energies. No such
change is present when the sample is illuminated from the epitaxial layer-side.

THz pulse emission from the semiconductor surfaces is mainly caused by the ultrafast
changing photocurrents leading to a dynamic electrical dipole formation [1]. These pho-
tocurrents appear either due to the built-in electric fields or due to the different electron
and hole propagation velocities away from photoexcited location. As the THz field am-
plitude measured in the far field is proportional to the first derivative of the photocurrent
in time ETHz ∼ dJph/dt, the temporal shape of Jph can be determined by integrating the
expression. The results of integration are shown in Figure 2c,d. The photocurrent rather
than the THz electric field amplitude spectra are more appropriate for the experiment and
theory comparison which will be presented in this contribution later.

The experimentally determined peak photocurrent dependences on laser photon
energy measured from both heterostructure samples are shown in Figure 3. The THz pulse
polarity inversion is present in both samples when illuminated from the substrate side. One
has to point out that in the bismide-containing layer (sample B), this effect sets on at lower
photon energies than in sample A. The polarity inversion takes place at a photon energy
range where a characteristic kink is observed on a THz excitation spectrum measured
from the sample B epitaxial layer-side (Figure 3b—green triangles). It has been shown
that similar shapes of the THz excitation spectra are indicating the onset of photoelectron
propagation above the conduction band offset from the narrow-gap layer into the wide
bandgap part of a heterostructure [15], which suggests that the observed polarity inversion
effect is also of a similar origin. An analogous comparison of the THz excitation spectra
measured from both sides of sample A is not possible, because the epitaxial layer in this
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sample is much thicker, and only a few of the electrons generated at the layer/air interface
reach the heterointerface location.
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Figure 2. THz electric field (a,b) and photocurrent (c,d) pulses measured at two different optical
wavelength beams impinging on sample A from the InP substrate side (a,c) and from the GaInAs
epitaxial layer side (b,d).
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Figure 3. THz excitation spectra of GaInAs/InP (a) and GaInAsBi/InP (b) heterostructure samples 
measured for cases of the layer-side photoexcitation (empty green triangles) and the substrate-side 
photoexcitation (full red circles). Blue crosses show the Monte Carlo simulation results.

Figure 3. THz excitation spectra of GaInAs/InP (a) and GaInAsBi/InP (b) heterostructure samples
measured for cases of the layer-side photoexcitation (empty green triangles) and the substrate-side
photoexcitation (full red circles). Blue crosses show the Monte Carlo simulation results.

The main part of the THz pulse is generated during the first 100–200 fs after pho-
toexcitation, that is, at the ballistic stage of photocarriers’ movement. When analyzing
THz surface emission, it is generally assumed that the transient photocurrent is directed
perpendicular to the illuminated semiconductor surface, along the built-in surface electric
field direction [1] or the induced spatial separation of photoexcited electrons and holes [19].
However, in cubic semiconductors, the absorption of linearly polarized radiation results in
the photoexcited electron momenta from heavy-hole valence subband directed mainly in
the plane perpendicular to the electric field of a light wave [11]. This optical alignment of
electron momenta can also result in the appearance of a lateral (parallel to the illuminated
semiconductor surface) transient photocurrent component. The THz radiation induced by
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this photocurrent component is predominantly directed perpendicular to the illuminated
surface, and hence it will be more efficiently out-coupled from the semiconductor [12].

When the photon energy is low and electrons with excess energy below the conduction
band offset U are excited in the narrow-gap part of the heterostructure, the photocurrent
arises as a result of electron reflections from the surfaces of the epitaxial layer and is
directed towards the layer/air interface. At higher photon energies, when the excess energy
becomes larger than U and is sufficient enough to overcome the potential step, the electrons
moving towards the substrate of the structure also start to take part in the photocurrent.
This photocurrent has an opposite direction to the current flowing in the epitaxial layer.
Starting from a certain photon energy slightly exceeding the threshold energy εg + U, the
contribution into the photocurrent of electrons transmitted into the substrate and electrons
reflected from the external surface at z = 0 can prevail over the photocurrent caused by
the reflection of electrons from the epitaxial layer from heterointerface, which results in
polarity inversion of THz field amplitude.

3.2. Model Calculations

Let us first consider a simple theoretical model for the formation of a photocurrent
in a heterostructure excited by femtosecond laser pulses. The structure under study is a
narrow-gap semiconductor layer grown on a wide-gap semiconductor substrate. We only
take into account the optical transitions of electrons from the heavy-hole subband, and
neglect the motion of holes. In addition, we neglect the screening effect caused by spatially
redistributed photocarriers and assume that the optical pulse is instantaneous with the
shape approximated by the δ-function. As the THz pulse reaches its peak during optical
excitation pulse, we neglect the bulk collisions of photoelectrons.

When optical radiation is incident on the structure from the narrow-gap top layer- side
located at 0 ≤ z ≤ L, the kinetic equation for distribution function fp(z, t) of photoelectrons
in this layer takes the form:

∂ fp

∂t
+ vpz

∂ fp

∂z
= Wpδ(t)e−αz, (1)

where νpz = pz/m1 is the z-component of electron velocity, εp is the energy of an electron
with momentum p, α is the optical absorption coefficient (the photon energy is assumed to
be lower than the wide-gap semiconductor’s bandgap). The rate of direct optical transitions
from heavy-hole subband to conduction band Wp is given by [11]:

Wp =
n

g
(
εp
) (1 − P2(cos γ))δ

(
εp − ε0

)
, (2)

where n is the photoexcited electron density at the surface z = 0, P2(x) is the second order
Legendre polynomial, γ is the angle between the p-vector and the exciting radiation’s
electric field, ε0 =

(
�ω − εg

)
/(1 + m1/m1h) is the excess energy of photoelectrons ex-

cited by femtosecond optical pulses with photon energy of �ω, εg is the bandgap of a
top-layer semiconductor, m1 and m1h are the electron and heavy-hole effective masses,

and g(ε) =
√

2m3
1ε/

(
π2�3) is the density of electron states in the conduction band. We

assume that for electrons at the boundary z = 0 that the mirror reflection condition is satis-
fied, and hence fp‖ ,pz(z = 0, t) = fp‖ ,−pz(z = 0, t), p‖, is the two-dimensional electron
momentum parallel to the surface.

At the heterointerface z = L, the boundary condition is written in the form
fp‖ ,−pz(z = L, t) = (1 − T) fp‖ ,pz(z = L, t) pz > 0, which takes into account the pos-
sibility of photoelectron penetration through the potential step into the wide-gap semicon-
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ductor. The transmission coefficient for electrons with energy ε incident on a potential step
at an angle θ is written as [20]:

T(ε, cos θ) =
4
√

m1m2ε(ε − U) cos θ cos θt(√
m2ε cos θ +

√
m1(ε − U) cos θt

)2 , (3)

where m2 is the electron effective mass in a wide-bandgap semiconductor, U is the conduc-
tion band offset; the angle θt between electron momentum and z-axis in a wide-bandgap
semiconductor is determined from the relation:

sin θt

sin θ
=

√
m1ε

m2(ε − U)
. (4)

Multiple electron reflections from the boundaries of the narrow-gap layer lead to a
quasiperiodic character of its motion along z-axis (at T = 0, the motion becomes strictly
periodic with a period 2L/vpz). The solution to Equation (1) is found by the method of
characteristics and it is represented by an infinite series of terms. Below, we neglect the
multiple reflections and restrict ourselves to considering the motion of electrons at times not
exceeding the time of one flight over a narrow bandgap layer (t< L/v0 (v0 = (2ε0/m1)

1/2).
The distribution function ftp(z, t) of electrons transmitted into a wide-gap semiconductor
(z > L) is found from the equation

∂ ftp

∂t
+ vtpz

∂ ftp

∂z
= 0, vtpz = pz/m2, (5)

together with the boundary condition of the electron flux continuity at z = L.
The in-plane vectors of the incident and transmitted electron momenta coincide

(p
′
‖ = p‖), while the z-component of transmitted electron momenta is determined as

p′z =
√

2m2(ε − U) cos θt =
√

2m2(ε − U)− 2m1ε + p2
z . (6)

The surface photocurrent determining the amplitude of a THz pulse is defined as

J = − e
4π3�3m




L∫

0

dz
∫

d3 pp fp(z, t) +
∞∫

L

dz
∫

d3 pp
′
ftp′ (z, t)


. (7)

Substituting the obtained electron distribution functions into (7) and carrying out the
integration over z, and, in a spherical coordinate system over absolute value of electron
momentum p and azimuthal angle ϕ, we obtain the surface photocurrent components to
be equal to

Jz = − 3env2
0t

8

1∫
0

d(cos ϑ) cos θ
(
2 − 2 sin2 ϑr cos2 θ − cos2 ϑr sin2 θ

)
× [2 cos θ×

×
(
1 − e−αL)+ T(ε0, cosθ

)
e−αL

(
cos θ + m1

m2

√
cos2 θ − cos2 θcr

)] , (8)

Jx =
3env2

0te−αL sin 2ϑr

8

(
1 − m1

m2

) 1∫

0

d(cos ϑ) cos2 θ sin2 θT(ε0, cosθ) (9)

where ϑr is the refraction angle of the optical radiation, which is supposed to be polarized
in xz plane, θcr = cos−1

√
1 − m2(ε0 − U)/(m1ε0) is the critical angle–electrons incident at

angles greater than θcr are totally reflected from the potential step. Here we assume that
the optical absorption length is higher than the thickness of the top layer, and hence, in the
ballistic mode which we are concerned about, the parameter αv0t can be assumed to be
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small. Therefore, when introducing Equations (8) and (9), we limited ourselves to the first
order in this small parameter.

Further on, for the sake of simplicity, we approximate the transmission coefficient
T(ε0, cosθ) by the step function: T = 1 for θ < θcr , and T = 0 for θ > θcr. After
integration over the variable cos θ in (8) and (9) we get the final expressions for the surface
photocurrent components

J1z = − env2
0t

5
{(

1 − e−αL) (1 + cos2 θr
)
+ e−αL

2
[
1 + cos2 θr−

− 5s3

4
(
2 − cos2 θr

)
− 3s5

4
(
3 cos2 θr − 2

)]} (10)

J2z = −
env2

0te−αL

4
m1

m2
(1 − s2)

3/2
(

cos2 θr −
(1 − s2)

5

(
3 cos2 θr − 2

))
, (11)

Jx =
env2

0te−αL sin 2ϑr

20

(
1 − m1

m2

)(
1 − 5

2
s3 +

3
2

s5
)

, (12)

where s is defined as

s =




1, ε0 < U
cos θcr, U<ε0 < U/(1 − m1/m2)
0, ε0 > U/(1 − m1/m2).

. (13)

Equations (10) and (11) represent the contributions to the normal component of
electron photocurrent in the upper narrow bandgap layer and in the substrate, respectively.
Thus, the normal component of the total photocurrent is defined as Jz = J1z + J2z.

The expressions of the surface photocurrent components for the substrate-side excita-
tion case are calculated in a similar way. The corresponding expressions for the components
J2z and Jx are obtained from Equations (11) and (12) by omitting the factor exp(−αL); the
contribution from the top-layer photoelectrons to the normal photocurrent component is
obtained from Equation (10) after removing the factor exp(−αL) before the second term in
the square bracket and changing the sign in the first term.

Using Equations (10)–(13), we calculate the dependencies of photocurrents’ contribu-
tions on exciting photon energy (Figure 4). In the calculation, the following parameters are
used: L = 0.24 µm, εg = 0.5 eV, U = 0.28 eV, m1 = 0.042 m0 (GaInAsBi), m2 = 0.078 m2 (InP);

the optical absorption coefficient is approximated as α = 2.87·104 (
�ω − εg

) 1
2 /�ω [cm−1].
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Figure 4. Results of the analytical calculations of different photocurrent components by use of
Equations (10)–(13), for the excitation from the GaInAsBi layer side (a) or the InP substrate side (b)
Blue crosses show the Monte Carlo simulation results.

In the subthreshold photon energy range, when ε0 = �ω − εg < U, electrons cannot
surmount the potential step and only the carriers in the narrow-gap layer contribute to
the photocurrent. The corresponding expression follows from Equation (10) at s = 1 and
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for the excitation from the top layer-side Jz = −env2
0t
(
1 − e−αL)(1 + cos2θr

)
/5 (for the

excitation from the substrate side, this expression changes signs). It is evident that, in this
case, the photocurrent tends to zero when the top layer-width is narrower than the optical
penetration length (αL > 1) and it disappears completely for a uniform photoelectron
distribution. A slight growth of the photocurrent in the spectral region εg < �ω < εg + U
is caused by the dependences of parameters α and v0 on photon energy.

When the photon energy is higher than εg + U, the photoelectrons acquire enough
energy to pass into the wide bandgap substrate. At the excess electron energy slightly
exceeding the threshold energy U, only a small fraction of electrons traveling almost
perpendicularly to the interface pass into the substrate; most of the photoelectrons un-
dergo reflection. With increasing excess electron energy, the angle of total internal re-
flection increases, therefore, the photoelectrons incident on the heterointerface at greater
angles can also penetrate into the substrate. This leads to an increase in the fraction
of electrons that pass into the substrate and to a steeper growth of the substrate pho-
tocurrent in the spectral range εg + U < �ω < εg + U/(1 − m1/m2). At photon energies
�ω > εg + U/(1 − m1/m2) which corresponds to electron energy ε0 > U/(1 − m1/m2),
the angle of total internal reflection is θcr = π/2 and all electrons incident on the interface
pass into the substrate.

Figure 4 shows that after exciting the heterojunction from the substrate side, the
photocurrent depends on photon energy non-monotonically: at low photon energies, it
is negative, and at �ω ≈ 0.85 eV, it changes sign to positive. This feature is explained
by the fact that in the subthreshold photon energy range, photoexcited electrons in the
narrow bandgap layer move away from the substrate and, therefore, their contribution to
the photocurrent is negative. As the photon energy increases above the threshold value
�ω < εg + U, the contribution of J1z to the photocurrent decreases in absolute value
due to a decrease in the fraction of photoelectrons reflected from the heterointerface, and
changes its sign at a photon energy of �ω ≈ 0.9 eV. On the other hand, the contribution of
photoelectrons in the substrate J2z is positive and rises with increasing photon energy. As a
result, at photon energies lower than 0.85 eV, the total photocurrent is negative because
J1z contribution prevails, while at higher photon energies, the dominant contribution is
of those photoelectrons that are passed into the substrate, and the total photocurrent
becomes positive.

As it follows from Equation (12), the anisotropy of photoelectron momentum distribu-
tion can lead to the appearance of a lateral (parallel to the heterointerface) photocurrent
component Jx. This photocurrent component arises when the effective masses of electrons
in the narrow-gap layer and the substrate do not coincide, which leads to a difference
in the lateral components of the photoelectron velocities reflected from the interface and
transmitted to the substrate. When the structure is excited from the substrate side, the
photoelectrons are mainly located near the heterointerface and, in this case, the lateral
photocurrent is higher than under excitation from the layer side.

Equations (10)–(13) do not describe the time dependences of photocurrents; more
detailed analysis of the photoexcited carrier transport in the heterostructures was per-
formed by the ensemble Monte Carlo (MC) method. The optical absorption coefficient,
electron and hole effective masses, conduction band non-parabolicity, deformation po-
tentials, optical phonon energies, and other parameters determining carrier scattering
probabilities in GaInAsBi were assumed to be equal to those of Ga0.47In0.53As and were
taken from [21]; the corresponding parameters for InP were as in [22]. The calculations for
different photon energies had been carried out under the condition of a constant photon
flux of W/�ω = 5 · 1011 cm−2, at �ω = 1.2 eV, it corresponds to W = 0.48 µJ/cm2. In the
calculation, an ensemble of 1,000,000 particles was used; the electric field was recalculated
for each 1 fs time step, the spatial step was 1 nm. The emitted THz electric field in the far
field region was defined by the time derivative of the surface transient photocurrent.

Figure 5 shows the time dependences of THz electric field emitted from the GaInAsBi-
InP heterojunction excited by 160-fs laser pulses with photon energies of 0.7, 1.0, and 1.2 eV
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from the layer and the InP substrate sides. It can be seen that at the excitation from the top
layer-side (Figure 5a), the amplitude of a THz field monotonically grows with increasing
photon energy. At photon energies higher than ~0.9 eV, this growth becomes faster because
the electrons have energies sufficient to surmount the barrier at the heterostructure interface.
When photoexciting from the substrate side (Figure 5b), this effect leads to the inversion
of THz field polarity at higher photon energies, because of the contributions of electrons
from the layer, and from the substrate to photocurrent having opposite signs. This is
confirmed by the MC simulation results shown in Figure 6, where the time dependencies
of photocurrents in the narrow-gap layer and the substrate are separately presented. It
can be seen that in the case of excitation from bismide layer-side, both contributions to the
photocurrent have the same sign (Figure 6a), while under excitation from the substrate
with 0.8 eV and 1.2 eV photons, the signs of these contributions are opposite (Figure 6b).
Figure 4b also shows that analytical calculations are in agreement with the MC simulation.
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Figure 6. The MC calculated contributions of GaInAsBi layer (solid lines) and InP substrate (dashed
lines) to the photocurrent for a heterojunction excited by femtosecond pulse optical radiation from
the top layer (a) and from the substrate side (b); the blue and red lines correspond to the photon
energies of 0.8 and 1.2 eV, respectively. The photocurrent in the substrate at 0.8 eV is zero.

In Figure 6, the MC method calculated photocurrents for substrate-side excitation by
femtosecond optical pulse with different photon energies are shown. It is seen that for
both structures, the MC simulation shows the polarity inversion of photocurrent at photon
energies close to the experimentally observed values. In the subthreshold region of exciting
photon energies, the calculations lead to the lower values of photocurrent amplitude in
comparison with the experimentally measured ones. This difference is most likely due
to the fact that the MC simulation took into account only the electric field caused by the
spatial separation of photoexcited electrons and holes, but neglected the built-in electric
field near the heterojunction boundary. In the considered heterostructures, the built-in
electric field would lead to an increase in the photocurrent.
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4. Conclusions

THz radiation pulses emitted from the Ga0.47In0.53As/InP and Ga0.47In0.53As1−xBix/InP
(x = 4%) heterostructures illuminated by femtosecond optical pulses from the narrow
bandgap layer-side and from the wide bandgap substrate-side were measured for a wide
range of optical pulse wavelengths. These pulses changed their polarity to the oppo-
site when the excess energy of the photoexcited electrons became comparable with the
conduction band offset in the investigated Bi-containing heterostructure. This effect was
analyzed both analytically and numerically by the Monte Carlo simulation, taking into
account the optical alignment of photoexcited carrier momenta and the quasi-ballistic
non-equilibrium electron propagation during the THz pulse emission. Good agreement
between the experiment and the theory was obtained when analyzing the results of a
well-known Ga0.47In0.53As/InP heterostructure; the conduction band offset U = 0.28 eV
was obtained for the heterostructure containing a Ga0.47In0.53As0.96Bi0.04/InP layer grown
on InP substrate. These results evidence that, at least for pure A3B5 semiconductors, the
carrier separation due to the optically aligned ballistic electron movement rather than their
random diffusive propagation (the photo-Dember effect) is responsible for the dynamic
electrical dipole formation and THz emission. Moreover, the proposed THz excitation
spectroscopy can be used as a direct method to analyze the energy band line-ups in semi-
conductor heterostructures.
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Thinner than 10 nm layers of bismuth were grown on (111) Si substrates by molecular beam epitaxy. Terahertz (THz) 
radiation pulses from these layers excited by tunable wavelength femtosecond optical pulses were measured. THz 
emission sets-on when the photon energy exceeds 0.45 eV, which was explained by the semimetal-to-semiconductor 
transition at this bismuth layer thickness. THz signal has both isotropic and anisotropic components that could be 
caused by the lack of balance of lateral photocurrent components and the shift currents, respectively.  
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