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ABSTRACT 

 

The world of condensed matter physics has unveiled numerous quantum states of 

matter, each with unique properties and applications. Among these, 3-dimensional 

topological insulators (3dTIs) have emerged recently as materials of significant interest 

with the potential of bringing transformative breakthroughs in various domains such as 

quantum computing, spintronics and photodetection technologies. The main attraction 

of the research community in investigating 3dTIs, from both fundamental and 

application points of view, is the presence of 2-dimensional (2d) helical Dirac fermions, 

topologically protected from backscattering. This novel 2d phase, on the surface of 

3dTIs, exhibits exotic electronic responses to various external stimuli, such as magnetic 

field, electric field, temperature, and ultrashort intense optical laser pulses. Bismuth 

telluride (Bi2Te3) and bismuth selenide (Bi2Se3), among others, are the widely used and 

extensively studied 3dTIs. They possess simpler surface electronic structure and 

comparatively large bulk band gap, with the potential to be exploited for room 

temperature applications. Investigating the response of metallic surface state in these 

two exemplary 3dTIs under various experimental conditions is the central theme of this 

thesis. The overall research work in the thesis has been categorized into three different 

sections based on magnetotransport, photo-assisted electrical transport, and ultrafast 

THz photocurrent studies in the 3dTIs. Initially, magnetotransport measurements were 

carried out to realize nontrivial topological characteristics of the surface states in 

magnetoresistance at low temperatures and low magnetic fields in single crystalline 

Bi2Te3. Also, the influence of magnetic fields on temperature-dependent resistivity was 

studied to capture the response of surface and bulk states in this system. These studies 

helped set the foundation for achieving the subsequent objectives in the thesis which 

have been achieved by optical probing. Bi2Te3 is a very good thermoelectric material 

with a very high value of Seebeck coefficient. Therefore, it is imperative to investigate 

photo-induced thermoelectric response of this material along with its pure optical 

response. We have studied photo-Seebeck effect induced photocurrent response of 

surface and bulk states in single crystalline Bi2Te3. Finally, femtosecond optical pulse-

induced ultrafast photocurrents on the surface as well as in the bulk of single crystalline 
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Bi2Te3 and Bi2Se3 systems, were investigated using THz emission time-domain 

spectroscopy. The study has revealed the role of temperature in modulating carrier 

dynamics in both the bulk and the surface states. Such an advanced methodology also 

helped to resolve some of the challenges that limit the efficiency of 3dTIs as potential 

sources of THz radiation. 
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सार 

 

संघनित पदार्थ भौनतकी की दुनिया िे पदार्थ की कई क्ांटम अवस्थाओ ंका अिावरण नकया 

है, नििमें से प्रते्यक में अनितीय गुण और अिुप्रयोग हैं। इिमें से, 3-आयामी टोपोलॉनिकल 

इंसुलेटर (3dTI) हाल ही में क्ांटम कंपू्यनटंग, स्पंटर ोनिक्स और फोटोनिटेक्शि प्रौद्योनगनकयो ंिैसे 

नवनभन्न िोमेि में पररवतथिकारी सफलता लािे की क्षमता के सार् महत्वपूणथ रुनि के पदार्थ के 

रूप में उभरे हैं। 3dTI की िांि में अिुसंधाि समुदाय का मुख्य आकर्थण, मौनलक और 

अिुप्रयोग दोिो ंदृनिकोण से, 2-आयामी (2d) हेनलकल िायराक फनमथयि की उपस्स्थनत है, िो 

स्थलीय रूप से बैकसै्कटररंग से संरनक्षत है। 3dTI की सतह पर यह िया 2d िरण, नवनभन्न 

बाहरी उते्तििाओ,ं िैसे िंुबकीय के्षत्र, नवद्युत के्षत्र, तापमाि और अल्ट्र ाशॉटथ तीव्र ऑनिकल 

लेिर दालो ं के नलए नवदेशी इलेक्ट्र ॉनिक प्रनतनिया प्रदनशथत करता है। नबस्मर् टेलुराइि 

(Bi2Te3) और नबस्मर् सेलेिाइि (Bi2Se3), अन्य के अलावा व्यापक रूप से उपयोग नकए िािे 

वाले और बडे पैमािे पर अध्ययि नकए गए 3dTIs हैं। उिके पास सरल सतह इलेक्ट्र ॉनिक 

संरििा और तुलिात्मक रूप से बडा बल्क बैंि गैप है, निसका उपयोग कमरे के तापमाि 

अिुप्रयोगो ं के नलए नकए िािे की संभाविा है। नवनभन्न प्रायोनगक स्स्थनतयो ं के तहत इि दो 

अिुकरणीय 3dTIs में धास्त्वक सतह स्स्थनत की प्रनतनिया की िांि करिा इस र्ीनसस का 

कें द्रीय नवर्य है। र्ीनसस में समग्र शोध कायथ को मैगे्नटोटर ांसपोटथ , फोटो-अनससे्टि इलेस्क्ट्र कल 

टर ांसपोटथ और अल्ट्र ाफास्ट THz फोटोकरंट अध्ययि के आधार पर तीि अलग-अलग वगों में 

वगीकृत नकया गया है। प्रारंभ में, एकल निस्टलीय Bi2Te3 में कम तापमाि और कम िंुबकीय 

के्षत्र पर मैगे्नटोरेनसस्टेंस में सतह की स्स्थनत की गैर-तुच्छ टोपोलॉनिकल नवशेर्ताओ ंका एहसास 

करिे के नलए मैगे्नटो-टर ांसपोटथ माप नकए गए रे्। इसके अलावा, इस प्रणाली में सतह और र्ोक 

राज्ो ं की प्रनतनिया को पकडिे के नलए तापमाि-निभथर प्रनतरोधकता पर िंुबकीय के्षत्रो ं के 

प्रभाव का अध्ययि नकया गया र्ा। इि अध्ययिो ंिे र्ीनसस में बाद के उदे्दश्ो ंको प्राप्त करिे के 

नलए िीवं तैयार करिे में मदद की, निन्हें ऑनिकल िांि िारा हानसल नकया गया है। Bi2Te3 

सीबेक गुणांक के बहुत उच्च मूल्य के सार् एक बहुत अच्छा र्मोइलेस्क्ट्र क पदार्थ है। इसनलए, 

इस पदार्थ की फोटो-पे्रररत र्मोइलेस्क्ट्र क प्रनतनिया के सार्-सार् इसकी शुद्ध ऑनिकल 

प्रनतनिया की िांि करिा अनिवायथ है। हमिे एकल निस्टलीय Bi2Te3 में सतह और र्ोक 
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अवस्थाओ ंकी फोटो-सीबेक प्रभाव पे्रररत फोटोवतथमाि प्रनतनिया का अध्ययि नकया है। अंत में, 

सतह पर और सार् ही एकल निस्टलीय Bi2Te3 और Bi2Se3 प्रणानलयो ं के र्ोक में 

फेमटोसेकंि ऑनिकल पल्स-पे्रररत अल्ट्र ाफास्ट फोटोकू्यरें ट्स की िांि THz उत्सिथि समय-

िोमेि पेक्ट्र ोस्कोपी का उपयोग करके की गई। अध्ययि से र्ोक और सतह दोिो ंस्स्थनतयो ंमें 

वाहक गनतशीलता को संशोनधत करिे में तापमाि की भूनमका का पता िला है। इस तरह की 

उन्नत कायथप्रणाली िे कुछ िुिौनतयो ंको हल करिे में भी मदद की िो THz नवनकरण के संभानवत 

स्रोतो ंके रूप में 3dTI की दक्षता को सीनमत करती हैं। 
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1.2 Topological characteristics of closed curves based on winding 
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Illustration of the non-continuous transitioning of curves with 
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1.3 

 

 

Quantum Hall insulating phase in 2-dimensional electron system with 

a strong magnetic field (B), applied perpendicular to the sample 

plane. The edge states are formed by the unidirectional skipping 

orbital motion of electrons. Bulk states are insulating due to cyclotron 

motion of electrons. 
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Insulating states of matter in 2-dimension with and without magnetic 

field. (a) Schematic of 2d topological insulator, also known as 
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Schematic of quantum Hall insulator in real space. The edge of the 
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contains unidirectional chiral modes with degenerate spin states. The 

presence of external magnetic field breaks TRS. Corresponding band 

structure with gapless edge state and gapped bulk state. 
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(a) Energy band diagram of 3d topological insulator in momentum 

space, representing the formation 2d Dirac cone. (b) Schematic real 

space diagram of 3d topological insulator. The direction of the 

electron’s momentum is uniquely determined by its spin due to spin 

momentum locking. Fig. a and b adapted from [17]. (c) Illustration of 

pure spin current and spin-polarized current in equilibrium and non-

equilibrium conditions. 
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1.7 Crystal structure of the Bi2Te3 family of topological insulators. (a) 
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represents the basal plane, indicating the high-symmetry σv-plane 

and C3 rotational axis (C-axis). 
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1.8 ARPES studies of Bi2Se3 and Bi2Te3. (a) Basic schematic of ARPES 
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at different angles (θ, ϕ). ARPES surface electronic band dispersion 

of (b) n-type Bi2Se3 and (c) n-type Bi2Te3.  Band dispersion of as-

grown samples of both Bi2Se3 and Bi2STe3 show the presence of bulk 

conduction band below the Fermi level. Adapted from [26] and [28]. 
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1.9 The Fermi energy EF relative to the conduction band minimum as a 

function of carrier density EBD. Below a certain bulk defect density, it 
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Fermi level is pinned above the conduction band minima for bulk 

carrier density above the critical value of 3 1014 cm−3. Adapted 

from ref. [62]. 

1.10 ARPES spectra for Bi2Se3 thin films of thickness 2 QL, 3 QL, and 5 

QL showing bandgap opening for 2nm and 3nm samples. Adapted 

from [67]. 
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due to thermoelectric effect. Thermoelectric currents are opposite in 

nature in p-type and n-type materials. 

19 
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absorption leading to electron-hole pair creation on the gapless 3dTI 

surface. (b) Depiction of surface band excitation in sub-5 nm 

samples, requiring photon energies to exceed the surface bandgap due 

to top-bottom surface state coupling. Adapted from [42]. 
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2.1 Optical images of the single-crystalline (b) bulk Bi2Te3, and (b) the 

clean and uniform surface of the thin leaf mechanically peeled from 

the bulk crystal. 

36 

2.2 X-ray diffraction analysis of p-type Bi2Te3, n-type Bi2Te3 and n-type 

Bi2Se3 samples. (a) Schematic showing diffraction of X-rays from the 

atomic planes of a typical crystalline material. (b) XRD spectra of 

Bi2Te3 and Bi2Se3 samples showing the presence of (0, 0, 3n) 

diffraction peaks from the highly oriented crystalline planes. 

37 

2.3 Raman scattering analysis of p-type Bi2Te3, n-type Bi2Te3 and n-type 

Bi2Se3 samples. (a) Schematic showing the atomic displacements of 

the five atoms within the primitive unit cell of Bi2Te3 or Bi2Se3 for 

Raman phonon modes at the bulk Brillouin zone centre. These modes 

include non-degenerate Ag and doubly degenerate Eg modes, which 

are accessible through Raman scattering. Figure adapted from ref. 

[1]. (b) Experimentally obtained Raman spectra showing the presence 
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of one in-plane (Eg
2) and two out-of-plane (A1g

1  and A1g
2 ) vibration 

modes. 

2.4 Transport measurements on Bi2Te3 and Bi2Se3 single crystalline 

samples in four-point probe geometry. (a) Hall measurement 

configuration. (b) Experimentally measured Hall resistivity as a 

function of applied magnetic field indicating naturally grown p-type 

Bi2Te3, n-type Bi2Te3 and n-type Bi2Se3 3dTIs. 
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2.5 The layout of the femtosecond laser system (Astrella) used for the 

experimentation in the current thesis work. It comprises of a seed 

laser Vitara (~20 fs, 80 MHz, ~800 nm) that is the source for the 

oscillator pulse, a regenerative amplifier, a section for stretcher and 

compressor, and a Q-switched nanosecond pump laser Revolution 
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2.6 Examples of a few applications of ultrafast THz waves generated 

through femtosecond laser. The illustration highlights key application 

domains in fundamental research: time-resolved pump-probe 

spectroscopy in the THz regime, nonlinear photocurrent generation, 

and THz radiation emission. 

43 

2.7 Schematic of the Ti:sapphire-based femtosecond laser working 

principle. (a) Absorption and emission spectra of titanium doped 

sapphire (Al2O3:Ti3+) and 4-level energy scheme of the lasing 

operation. (b) A typical cavity configuration of a Kerr-lens mode-

locked Ti:sapphire laser. The optical alignment of the laser includes a 

Brewster-cut Ti:sapphire gain medium within the resonator cavity 

and a pair of dispersion-compensator prisms. Figure (b) is adapted 

from ref. [18]. 
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2.8 Mechanism of high-intensity femtosecond pulse generation from 

Ti:sapphire based regenerative amplifier laser system (Astrella in our 

lab): Schematic showing operation principle of chirped pulse 
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amplification. Weak femtosecond pulses from the seed laser undergo 

temporal stretching in the stretcher, visualized by the colour gradient. 

Pockels cell PC1 selectively picks a pulse for amplification. After 

amplification, Pockels cell PC2 directs the pulse to the compressor, 

where it is recompressed and the final output represents high-

intensity, transform-limited femtosecond pulses. 

2.9 a) Schematic representation of the intensity autocorrelation setup 

based on second-harmonic generation (SHG). A combination of 

beam-splitter, a retroreflector, and mirrors are used to guide the 

pulses non-collinearly to the BBO crystal. Below the schematic, there 

is an illustration of the pulse duration relationship between a 

Gaussian-shaped pulse and its autocorrelation signal. (b) The second-

harmonic intensity autocorrelation signal of the amplifier output from 

our lab. The signal exhibits a FWHM of approximately 74 fs, leading 

to an estimated pulse width of around 50 fs after applying the 

correction factor. 
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2.10 (a) Schematic of the PSAC technique based on Michelson 

interferometric setup. (b) Autocorrelator output from Avesta (model: 

AA-10DD-12PS), showing a FWHM pulse width of approximately 

48 fs. 
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2.11 Schematic showing optical parametric amplification process in a 

nonlinear BBO crystal. A high-intensity pump beam ω1 and a low-

intensity seed beam ω2 combine in the crystal to generate signal 

beam of frequency ω2 and idler beam of frequency ω3 along with the 

residual pump. 
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2.12 (a) Schematic and (b) actual layout of the Opera-Solo OPA. This two-

stage OPA system with the pump beam entering from input port A0 

and the seed beam from white-light generation (WLG) in sapphire 

crystal. The nonlinear crystals NC1 and NC2 are used in PA1 and 
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PA2 stages. 

2.13 Schematic representation of electromagnetic spectrum showing 

different regions from radio waves to X-rays. The transition from 

electronics to photonics is emphasized by the THz range. Key 

parameters such as frequency, wavelength, wavenumber, period, 

photon energy, and corresponding temperature values are also 

depicted for reference. Recreated from ref. [21,22]. 
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2.14 Applications of THz radiation across various domains. The top-left 

schematic illustrates the use of THz radiation in fundamental science 

via THz spectroscopy. The other schematics represent its applications 

in wireless communication infrastructure, medical diagnostics, 

agriculture, defence and security. Recreated from ref. [23-26]. 
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2.15 Schematic showing the temporal profiles of an excitation optical 

pulse from a femtosecond laser, the corresponding transient 

photocurrent generated in 3dTIs, and the resultant THz electric field 

radiated. 
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2.16 Schematic representations of various mechanisms responsible for 

THz wave emission from 3dTIs upon femtosecond optical excitation. 

Adapted from [29]. 
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2.17 Actual image of the THz time-domain spectroscopy setup. Guided 

arrows represent the path of the femtosecond laser beam, and the 

emitted THz radiation in the reflection and the transmission 

geometry. 
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2.18 Schematic of the time-domain THz emission spectroscopy setup in 

reflection geometry. The setup includes a Ti:sapphire based 

regenerative amplifier, a beam splitter for dividing the laser output, 

an OPA, a motorized stage for providing a delay to the probe pulse, 

and off-axis parabolic mirrors for collecting emitted THz pulses. The 

detection involves using an electro-optic sampling scheme with a 
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quarter wave plate, a Wollaston prism, and a balanced photodiode. 

2.19 Experimental setup for the detection of THz waveform using electro-

optical sampling method. The detection is done using a (110) oriented 

ZnTe crystal. Probe polarizations in the absence and in the presence 

of THz field, before and after the QWP and WP, is depicted. QWP 

and WP are used for separating orthogonally polarized components of 

the electric fields of the probe pulse. The difference in the probe 

pulse intensity (ΔI) from PD1 and PD2 is measured using a lock-in 

amplifier. 
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2.20 Schematic showing the relative orientation of polarization of probe 

beam and THz electric field with respect to (001) axis of the (110-

oriented) ZnTe crystal for the detection of THz electric field using 

EOS technique. 
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2.21 Schematic of the time-domain THz emission measurement setup 

integrated with a low-temperature optical cryostat for varying the 

sample temperature from room temperature to 10 Kelvin (K). 
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2.22 The Janis model SHI-4-2-XG closed-cycle helium cryostat system 

operating from 5 K to 400 K temperature range. 
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2.23 (a) Cryostat sample chamber with polypropylene window suitable for 

THz experiments. (b) Gold-plated copper sample mount with fitted 

10-pin electrical connections. (c) Turbomolecular pump and (d) Lake 

Shore model 335 temperature controller. 
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3.1 Electronic band of pristine and stacking faulted structure of single 

crystalline Bi2Te3 (a) Hexagonal unit cell of Bi2Te3 crystal structure. 

(b) Electronic band structure including spin orbit coupling along 

selected high symmetry direction. The Bi-p is denoted by the blue 

circles, while the green circles represent the Te-p character. (c) Band 

structure of the (001) surface Brillouin zone. The shaded blue region 

marks projected bulk bands, and sharp lines identify the surface 
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states. (d) Crystal structure of Bi2Te3 with a stacking fault between 

the hexagonal layers. (e) Electronic band structure of the faulted 

structure. (c) Surface spectrum of faulted Bi2Te3 along the high 

symmetry direction of (001) surface. 

3.2 (a) Schematic of the experimental arrangement for four-probe 

electrical measurements during R-T and MR experiments of the 

single-crystalline bulk Bi2Te3. The sample dimensions are also 

mentioned. (b) A representative result from the temperature-

dependent resistance measurement using four-probe geometry at a 

fixed DC bias current. 
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3.3 (a) Schematic representation of the WAL effect in 3dTIs showing 

quantum interference through two time-reversed scattering loops, one 

moving clockwise and the other anti-clockwise. The electron loops 

have rotations of +π and −π, respectively. (b) A representation of the 

variation in conductivity (Δσ) with the magnetic field (B). The graph 

demonstrates the logarithmic change in conductivity due to the WAL 

effect.  
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3.4 (a) The measured magnetoresistance (%MR) as a function of the 

magnetic field B strength. (b) Magnetic field induced correction in 

the magnetoconductance, 𝛥𝐺 = 𝐺(𝐵) − 𝐺(𝐵 = 0), for T = 10 K. The 

solid black line shows the fit to the data using HLN model as 

described in the text. 
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3.5 The MR data (from Fig. 3.3a) plotted here for (a) the low-

temperature regime, T < 230 K, and (b) the high temperature-regime, 

T > 230 K, to highlight different behaviour. Continuous lines in (a) 

are linear and in (b) are quadratic fits. The dashed line in (a) connects 

the magnetic field values for each isotherm below which the high 

field dependence deviates from the linear behaviour. 
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3.6 (a) Temperature dependent resistance plots for Bi2Te3 at various 79 
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magnetic field values. The inset shows the variation of the residual 

resistance Rr vs B(T). (b) Differential plots of same R-T graph at 0.0, 

2.5, 4.5 and 6.5 Tesla which have been shifted vertically by constant 

values for clarity. (c) 𝛥𝑅(𝑇)|𝐵 = 𝑅(𝑇)|𝐵 − 𝑅(𝑇)|𝐵=0, plots of the 

same R-T graphs at 2, 4.5 and 6.5 Tesla. 𝑅(𝑇)|𝐵=0 is the resistance 

without any magnetic field. 

4.1 Working principle of photoconductive effect. (a) Schematic of the 

laser illumination on the surface of Bi2Te3 topological insulator and 

corresponding photoconductive current generation. (b) Band diagram 

representation of the electron-hole pair generation due to 

photoconductive effect. Fig. (b) adapted from [12]. 

88 

4.2 Working principle of the photoinduced thermoelectric effect. (a) 

Schematic of the asymmetric laser illumination on the surface of p-

type Bi2Te3 topological insulator near one of the electrical contacts, 

and corresponding thermoelectric current generation. (b) schematic 

representation showing the development of thermoelectric potential 

ΔV =  𝑆 × (Th - Tc) due to temperature difference ΔT =  Th - Tc. Fig. 

(b) adapted from [12]. 

89 

4.3 (a) Experimental geometry used in the photocurrent measurements 

with light illumination region on the sample being varied between the 

two contacts of opposite polarity. (b) I-V curve for the sample and (c) 

the photoinduced current at 6 K and 300 K. 
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4.4 (a) P-S current at 442 nm photoexcitation near contact A and contact 

B taken at various sample temperatures. (b) Summary of the 

temperature dependence of the absolute P-S current for near contact 

A and contact B illumination at the two excitation wavelengths. (c) P-

S current as a function of incident laser power at the two excitation 

wavelengths measured at 6K and 300 K sample temperatures. (d) 

Normalized photocurrent response as a function of temperature for 

near contact A and contact B illumination. Magnitude of the 

92 



xxiv 
 

overshoot current (IOS) as a function of temperature is shown in the 

inset. 

4.5 Experimental configurations for the light illumination (a) near contact 

A and (b) near contact B. The arrows indicate the directions of the 

photocurrent IP and the Seebeck current IS. Temperature dependence 

of (c) the Seebeck current and (d) photocurrent following 

photoexcitation at 325 and 442 nm wavelengths. 

96 

5.1 THz emission measurements on ultrafast photoexcited single crystals 

of three-dimensional Bi2Te3 and Bi2Se3 topological insulators. (a) 

Schematic of a part of the experimental setup arranged for THz 

emission in the reflection geometry for incident angle θ=45° from the 

crystal surface normal, i.e., C-axis, and for the fixed azimuthal angle, 

ϕ. (b) Experimentally measured temporal waveform and (c) FFT 

spectrum of the emitted THz pulses from the crystals at linearly 

polarized 800 nm femtosecond pulsed excitation light.  

100 

5.2 Helicity-dependent THz emission measurements on ultrafast 

photoexcited single crystals of Bi2Te3 and Bi2Se3. (a) Schematic for 

THz emission in the reflection geometry by varying excitation light 

helicity from LCP (α = -45°) to RCP (α = +45°) as defined by the 

QWP angle, for incident angle θ=45° from the crystal surface normal, 

i.e., C-axis, and for the fixed azimuthal angle, ϕ. QWP: quarter wave 

plate; LP: linear polarization; LCP: left circular polarization; RCP: 

right circular polarization. Temporal waveform of helicity-dependent 

THz emission from (b) Bi2Te3 and (c) Bi2Se3. 
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5.3 Experimental data of excitation wavelength-dependent THz emission 

from (a) Bi2Te3 and (b) Bi2Se3 single crystals for LP, LCP, and RCP 

excitation light. Data in (a,b), for different excitation wavelengths, 

are shifted horizontally for clarity only. 
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5.4 Peak-to-peak of the THz signals plotted as a function of the pump- 103 
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wavelength at different helicities of the pump light for (a) Bi2Te3 and 

(b) Bi2Se3 single crystals. 

5.5 (a) Schematics of the optical excitation by LP, LCP and RCP light 

and THz emission from Bi2Te3 and Bi2Se3 3dTI single crystalline 

samples. The surface and bulk contributions to THz emission can be 

distinguished from these experiments, as discussed in the text. (b) 

Band structure of a 3dTI depicting the excitation of carriers from the 

surface states by linearly and circularly polarized light. 
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5.6 (a,b) Contributions due to SIPD and CPGE  as a function of 

excitation wavelength from Bi2Te3 and Bi2Se3 (see text for details). 

(c) 𝐸𝑝𝑝 at varying azimuthal angle to determine the contribution from 

surface optical rectification. Continuous curves are fitting of the data 

using Eq. (5.3). 
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5.7 Surface and bulk contributions to THz emission from Bi2Te3 and 

Bi2Se3. (a) Absolute surface and bulk contributions to the THz 

generation, and (b) ratio of surface to bulk contributions indicating 

rapid increase in the THz generation from the surface carriers at 

shorter wavelengths. 

109 

6.1 THz emission from c-axis oriented thin flakes of high quality single 

crystalline Bi2Te3 and Bi2Se3 samples (a) THz-waveforms reproduced 

from Fig. 5.3 of Chapter-5 for LP excitation. (b) Peak-to-peak value 

of the THz-field as a function of the excitation wavelength. (c) Peak-

to-peak electric field amplitudes calculated using Eq. 2.6 in Chapter-

2. 

114 

6.2 Analysis of the FCA limited THz emission (within the single source 

formalism) from Bi2Te3 and Bi2Se3 3dTIs excited by linearly 

polarized femtosecond laser pulses. (a) Formalism-I, considering THz 

generation from a point that is a penetration depth, 𝛿 underneath the 

surface. Amplitude of the THz pulse generated inside (𝐸𝑝𝑝
𝑜 ) and that 

117 



xxvi 
 

measured outside (𝐸𝑝𝑝) the crystal at varying excitation wavelengths 

within the formalism of Eq. 6.1 for (b) Bi2Te3 and (c) Bi2Se3. 

6.3 The peak-to-peak THz electric field, 𝐸𝑃𝑃 is plotted against the 

excitation fluence (peak intensity) and measured at 800 nm for Bi2Te3 

and Bi2Se3. 

120 

6.4 Analysis of the FCA limited THz emission (with the modified 

multiple source formalism) from Bi2Te3 and Bi2Se3 3dTIs excited by 

linearly polarized femtosecond laser pulses. (a) Formalism-II, 

considering THz generation from generation at various points within 

the penetration depth inside the crystals. (b, c) Amplitude of the 

resultant THz pulse inside (𝐸𝑝𝑝
𝑜 ) obtained by integrating the emission 

at all points within the penetration depth and that measured outside 

(𝐸𝑝𝑝) the crystal at varying excitation wavelengths within the 

formalism of Eq. 6.4. The horizontal lines in (b) and (c) represent 

constant mean values of 𝐸𝑝𝑝
𝑜  for the two crystals. 

120 

7.1 (a) Real-time THz scans measured at different sample temperatures 

for LCP and RCP femtosecond optical pulse excitations. (b) 

Temperature-dependence of the THz generation efficiency for LCP 

and RCP excitations from the behavior of the peak-to-peak value of 

the THz electric field. Inset: Percentage absorptivity (A) at the 

excitation wavelength determined from the experimentally measured 

reflectivity of the sample at all temperatures. 
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7.2 Transport measurement on Bi2Te3 single crystalline sample. (a) 

Temperature-dependent longitudinal resistance showing metal-like 

nature of the samples. (b) Experimentally measured Hall resistivity at 

various temperature values. The inset of the figure shows a zoomed 

view of the experimental data for better clarity. (c) Temperature-

dependent carrier mobility and carrier density extracted from a and b. 
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7.3 Extracted values of the THz amplitude contributed by both the 128 
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surface and the bulk states as a function of the sample temperature for 

n-type Bi2Te3. 

7.4 Schematic representation of the photothermal Seebeck effect-induced 

THz generation from Bi2Te3 under symmetrical light illumination, 

highlighting the generation of parallel and perpendicular components 

of thermoelectric current. 
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7.5 (a) Schematic representation of spatially resolved THz peak 

amplitude from Bi2Te3, demonstrating constant values with edge-

related deviations, implying the absence of Seebeck effect 

contribution. (b) Temperature-rise of the Bi2Te3 crystal due to the 

photo-Seebeck effect for the investigated temperature range of 10-

300 K.  
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7.6 Transient photocurrent generation mechanisms due to band bending 

and photo-Dember effects in the bulk of a femtosecond pulse excited 

Bi2Te3 sample. (a) Schematic representation of the band bending 

effect and subsequent THz emission by the transient drift current. The 

valence and conduction bands of the material and the depletion 

region below the surface are indicated. (b) Illustration of the photo-

Dember effect indicating how ultrafast laser excitation induces a 

transient current by carrier diffusion and hence emission of a THz 

pulse. 
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7.7 Transient photocurrent generation mechanisms due to photon drag 

effect in the bulk of a femtosecond pulse excited Bi2Te3 sample. (a) 

Schematic representation of the photon drag effect, resulting from the 

transfer of photon momentum to free carriers, constitutes a transient 

charge current along the light propagation direction and hence 

emission of a THz pulse. The possible processes of photon 

momentum transfer to intrinsic free carriers and the photogenerated 

carriers are indicated by dashed arrows. The horizontal dashed line in 

the conduction band is drawn to indicate the Fermi level and the 
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metallic nature of the Bi2Te3 sample. 

7.8 (a) Experimentally extracted bulk THz emission and its temperature 

dependence fitted using Eq. (7.1). (b) Components of the emitted 

THz field strength, 𝐸𝑝𝑝
𝑃𝐷𝑟 and 𝐸𝑝𝑝

𝑃𝐷𝑒 +  𝐸𝑝𝑝
𝐵𝐵𝑒 due to bulk photon drag 

(PDr) effect and the photo-Dember + Band bending (PDe + BBe) 

effects, respectively. 
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7.9 Temperature-dependence of CPGE induced photocurrent generated 

THz radiation from the surface states in Bi2Te3. (a) THz signal from 

the surface reproduced from Fig. 7.3. A horizontal dashed line is 

drawn to indicate the region of nearly constant THz emission. The 

surface and bulk Debye temperatures of Bi2Te3 crystal are marked by 

vertical arrows. (b) Schematic illustration of distinction between the 

optical excitation of surface and bulk carriers, and the interband 

transitions due to phonon and impurity scattering in physical and 

momentum space.  

136 

7.10 Temporal shift in the THz signals with the varying sample 

temperatures. (a) Time-domain THz signals as obtained in the 

experiments by varying the sample temperature from 300 K to 10 K. 

The THz signal displacements at the lowering temperatures goes 

much beyond the sample thickness in our experiments. (b) Schematic 

to show the alteration in the THz beam path due to thermal expansion 

in the sample holder while increasing the temperature of the cryostat. 

(c) Calculated values of the optical path length change, 𝛥𝐿/√2 due to 

thermal contraction of the sample holder at varying temperatures 

below the room temperature. Those from the experiments and the 

corresponding values estimated from known physical parameters of 

the sample holder are compared. 
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