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Abstract

The subject of this thesis is the dynamics of charge carriers and optical excitations in semicon-

ducting chalcogenides, specifically compounds that contain sulfur or selenium. Chalcogenides

are fascinating, as they display a wide array of properties that are attractive for both solar

energy conversion and optoelectronics. With band gaps in the visible and near infrared, they

strongly absorb light in the visible range, resulting in the excitation of charge carriers with

long lifetimes and high mobility. Some of these materials exhibit room temperature ferroelec-

tricity and ferroelasticity, pronounced nonlinear optical effects, and topologically protected

surface states. Their properties can be further tailored by their structure and dimensionality,

from bulk, three-dimensional (3D) materials to nanocrystals and inherently two-dimensional

(2D) van der Waals materials. 2D chalcogenides are particularly appealing, as they feature

enhanced light-matter interactions due to reduced dielectric screening, confinements of charge

carriers in individual layers, and no dangling bonds at their surfaces. They are flexible and

can be deposited on a variety of substrates.

This thesis discusses photoexcited carrier dynamics in a number of 2D and 3D chalco-

genides: GeS, GeSe, SnSe, SnS2, PbS, Bi2S3, and (Bi1-xInx)2Se3. Of them, 2D GeSe and GeS

have strongly anisotropic electronic and optical properties, owing to robust room temperature

ferroelectric polarization in the layers. 2D (Bi1-xInx)2Se3 undergoes a transition from a topo-

logical to trivial band insulator behavior with the indium content increasing from zero to a

few percent, and exhibits pronounced changes in its carrier density, mobility, and response to

photoexcitation. Another 2D chalcogenide, SnS2, was investigated as a possible photoanode

material due to its high optical absorption and mobility. Additionally, we discovered that

it also exhibits intriguing nonlinear effects upon photoexcitation that result in the emission

of terahertz (THz) radiation. Finally, the polycrystalline (quasi-3D) chalcogenides PbS and

Bi2S3 were investigated as photovoltaic and photodetector materials. Polycrystalline films
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are easy to deposit and more cost effective for large scale manufacturing, but, unlike bulk

single crystals, can suffer from deleterious effects of grain or domain boundary defects.

For all of these materials, their potential applications in photonic and optoelectronic

devices require a detailed understanding of the optical excitation, microscopic photocon-

ductivity, dynamics of optically injected charge carriers and photoexcitations, and their de-

pendence on chemical structure and morphology. Relevant photophysical processes, such as

free carrier absorption, carrier scattering, trapping, recombination, and interactions between

the optically injected carriers and lattice vibrational modes, occur over sub-picosecond to

nanoseconds time scales, and often have characteristic energies in the THz range (0.1 - 30

THz or 4 - 120 meV). The all-optical techniques in the THz spectroscopy toolbox use broad-

band, picosecond-duration, phase-stable THz pulses to probe the dynamics of low-energy

excitations in materials and microscopic photoconductivity without a reliance on electrical

contacts, and are therefore ideally suited for investigating photophysics in bulk as well as

nanoscale systems.

In this thesis we have used three experimental THz spectroscopic approaches: 1) time

domain THz spectroscopy, which probes intrinsic free carriers, low energy phonons, and

other low energy excitations, 2) time-resolved THz spectroscopy, which measures microscopic

transient photoconductivity following optical excitation, and 3) THz emission spectroscopy,

which provides a window into nonlinear optical properties and ultrafast photocurrents. With

these techniques, we have demonstrated generation of ultrafast shift currents, or bias-free bulk

photovoltaic effects, in 2D GeSe and GeS. We have observed the scattering of optically excited

carriers from bulk conduction band states into two distinct sets of high mobility topological

surface states in 2D Bi2Se3, and showed that the dynamics of the photoexcited free carriers

are affected by these twin domain boundaries and are sensitive to the disorder introduced by

indium substitution in 2D (Bi0.75In0.25)2Se3 and (Bi0.50In0.50)2Se3. We have also characterized

the lifetimes of free photoexcited carriers, their mobility, and their interactions with interfaces

and boundaries in 2D SnS2 and GeS, and in polycrystalline Bi2S3 and PbS. Our experiments
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uncovered the dynamics of photoexcitation over sub-picosecond to nanosecond time scales,

and revealed the relationship between structure and optoelectronic properties in studied 2D

and 3D chalcogenide materials. We have set the stage for their applications in efficient

photovoltaic, photoelectrochemical and optoelectronic devices.
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Chapter 1

Introduction

Chalcogenides are compounds and alloys of chalcogens: sulfur (S), selenium (Se), and tel-

lurium, (Te). The metal chalcogenide family displays a wide range of electronic and optical

properties that are of interest to both fundamental science and practical applications in areas

as varied as solar energy conversion, light sources and detectors, thermoelectrics, and chem-

ical sensors. Metal chalcogenides are typically semiconductors with band gaps in the visible

and infrared ranges. The wide variety of their properties is further expanded by their ability

to create nanoscale structures, such as nanocrystals, nanowires, and two-dimensional (2D)

van der Waals systems, in which optical, mechanical, electronic, and other properties depend

critically on dimensionality and processes that occur at interfaces. In this work, we will

focus on the electronic and optical properties of select semiconducting nanoscale sulfides and

selenides, specifically: nanocrystalline lead and bismuth sulfides (PbS, Bi2S3) and 2D layered

germanium sulfide (GeS), germanium selenide (GeSe), and tin disulfide (SnS2). We will also

investigate a transition from a topological to band insulator in 2D selenide (Bi1-xInx)2Se3 as

a function of bismuth-indium concentrations. With the exception of PbS, these nanoscale

materials are made of non-toxic, earth-abundant elements. The chalcogenides studied here

are characterized by high carrier mobility and band gaps in the visible to near-infrared range,

and they show promise for a wide spectrum of applications, such as (opto)electronics, energy

storage and conversion, catalysis, biomedicine, and sensors.

Many of these applications require a detailed understanding of microscopic photoconduc-

tivity, the dynamics of optically excited carriers, and interactions with crystal lattice struc-

tures. Spectroscopy with broadband, phase-stable, picoseconds duration terahertz (THz)
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pulses enables investigation of these processes over a broad spectral range and with a sub-

picosecond time resolution. A major advantage of this technique is its ability to measure the

electric field of THz probe pulses, retaining both the amplitude and phase information. As a

result, complex, frequency-resolved dielectric function, or equivalently optical conductivity,

can be extracted without the need to apply Kramers-Kronig relations. THz time-domain

spectroscopy, TDS, provides intrinsic, static properties of the studies’ material in the THz

range. Time-resolved THz spectroscopy, TRTS, allows following the time evolution of the

complex dielectric function or optical conductivity following optical excitation with sub-

picosecond time resolution. Finally, in THz emission spectroscopy, TES, the photoexcited

sample itself is the source of THz emission, and the emitted THz waveform is analyzed to

gather information about the processes responsible for the emission such as optical rectifica-

tion, ultrafast currents, and charge transfer processes.

Using THz-TDS, TRTS, and TES, we can uncover new aspects of chalcogenides’ optoelec-

tronic properties and establish their relationships with structure and morphology. We have

found that nanocrystalline chalcogenides have a strong optical absorption and sufficiently

long lifetimes of photoexcited carriers, which is necessary for heterojunction solar cells. We

for the first time measured the effects of annealing on carrier lifetime in Bi2S3 nanocrystal

films, and studied the role of grain boundaries and interfaces in polycrystalline PbS.

Like other members of the 2D material family, 2D chalcogenides exhibit distinct proper-

ties that arise from the confinement of charge carriers in individual layers and light-matter

interactions that are enhanced due to reduced dielectric screening [1, 2]. The distinctive

characteristics of 2D GeS and GeSe stem from their highly anisotropic distorted orthorhom-

bic crystal structure, and they include room temperature ferroelectricity in individual layers

as well as strong in-plane anisotropy of electronic and optical properties that can be con-

trolled by external fields and strains. Here, we demonstrate that these materials exhibit

bias-free surface photocurrent, suggesting applications in next generation photovoltaics as

the novel efficient sources of THz radiation. We discovered that the exceptionally high mo-
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bility and long lifetime of photoexcited carriers make vertically aligned 2D SnS2 nanosheets

excellent candidates for photoanodes, and we used THz spectroscopy to determine nanosheet

dimensions that resulted in optimal device performance. We also found that above band gap

photoexcitation of a single-crystalline, multilayer SnS2 results in emission of THz radiation.

The exact origin of this effect is yet to be elucidated, but our preliminary studies point to

a complicated interplay between free carriers and optical excitation of phonon modes that

break inversion symmetry and enable second order nonlinear processes. Finally, in the case

of (Bi1-xInx)2Se3, we studied the evolution of photoexcited carrier dynamics as changes in

chemical composition resulted in a transition from a topological to band insulator. These

experiments illustrate the wide range of optoelectronic properties that can be achieved in

nanostructured chalcogenide materials, and they lay the foundations for future studies and

applications of chalcogenides in the next generation of photovoltaic, electronic, and photonic

devices.

This Thesis is outlined as follows: in Chapter 2, we introduce the experimental techniques

that were used to study chalcogenide materials. Specifically, we will provide an overview of

the generation and detection of broadband THz pulses, introduce THz-TDS, TRTS, and

TES experiments, and discuss the phenomenological models that were applied to analyze

experimental intrinsic and photoinduced complex THz conductivity. Chapter 3 details TRTS

studies of ultrafast carrier dynamics in GeS nanoribbons, (Bi1-xInx)2Se3 thin-films across the

transition from topological to band insulators, and single crystalline SnS2 compared to arrays

of vertical SnS2 nanoflakes. We also discuss the effects of annealing on the optical properties of

Bi2S3 nanocrystals and investigate the role of the boundaries in photoexcited carrier dynamics

in polycrystalline PbS and in PbS/ZnO heterojunction structures. In Chapter 4, we present

the evidence for an in-plane zero-bias photocurrent in response to above band gap excitation

in GeS, GeSe, and SnS2. Finally, Chapter 5 presents the outlook for continued investigations

of photoexcited carrier dynamics in nanostructured chalcogenide materials.
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Chapter 2

Experimental Methods

THz radiation occupies a range from approximately 0.1 to 30 THz, lying between the infrared

and the microwave ranges in the electromagnetic spectrum [4], as shown in Fig.2.1. Since

the first demonstration of THz-TDS in the late 1980s [5, 6], THz science and technology

has rapidly matured. Its domain of applications now includes materials science, information

technology and high speed wireless communications [4], biomedical imaging and genetic di-

agnostics [7, 8], non-destructive evaluation, homeland security through imaging and sensing

of explosives, weapons and drugs [9], quality control of food and agricultural products, and

global environmental monitoring [4, 10].

Frequency of 1 THz corresponds to a wavenumber of 33 cm−1, a wavelength of 300 µm,

a photon energy of 4.1 meV , thermal energy of 50 K, and a period of 1 ps. The energy

of a photon with a frequency of 1 THz is smaller than the characteristic thermal energy

of kbT = 25 meV at room temperature, and far smaller than the typical bandgap energy

of a semiconductor. Thus, THz spectroscopy has become a valuable tool for condensed

matter physics and materials science as it is well suited to probe low-energy processes and

excitations, such as free carrier absorption, carrier scattering [11, 12, 13, 14, 15], plasma

formation in semiconductors [16], lattice vibrations in solids [17], exciton orbital transitions

[18], and energy gaps of Bardeen–Cooper–Schrieffer superconductors [19].

The aim of this chapter is to describe the methods used to generate and detect THz

radiation using femtosecond optical pulses. It also provides a detailed description of the

THz-TDS, TRTS, and TES techniques that were used to study 2D and nanocrystalline

chalcogenides.
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Figure 2.1: Electromagnetic spectrum showing the THz range, in THz units. This figure is
reprinted from [3] with permission.

Figure 2.2: Typical THz pulse generated in ZnTe crystal in vacuum. Enclosed power
spectrum of the THz pulse (measured in the Ultrafast Spectroscopy Laboratory, University

of Alberta, PI F.A. Hegmann).
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Figure 2.3: Illustration of a biased Hertzian dipole antenna on a semiconductor (blue
material) pumped by a NIR fs pulse. (a) demonstrates its use as a source, and (b) as a

detector of THz pulses.

2.1 THz generation and detection

An example of a broadband THz pulse used in spectroscopic applications is shown in Fig. 2.2.

It is a nearly single-cycle electromagnetic transient with a duration of several picoseconds

and a corresponding bandwidth that extends up to ∼ 3 THz. A number of techniques to

generate broadband THz pulses using ultrashort optical pulses have been developed over

the past three decades. In this section, we will describe the four most common approaches:

photoconductive antennas, optical rectification in a nonlinear medium, plasma ionization in

air, and spintronic emitters.

2.1.1 Photoconductive antennas

Auston et al. were the first to use a photoconductive antenna to generate THz pulses in 1984

[20]. Since then, photoconductive antennas remain widely used as THz sources and detector

devices due to their excellent performance, low cost, and relative simplicity.

A photoconductive antenna consists of a pair of parallel electrodes with a small gap on

a semiconducting substrate. One of the most common types of photoconductive antennas is
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the Hertzian dipole antenna, where two metallic electrodes with an applied bias voltage form

a dipole with a gap separated by 5− 10 µm, as illustrated in Fig. 2.3 (a).

To generate a THz pulse, a short, above-bandgap optical pulse photoexcites carriers in a

semiconductor. The carriers are accelerated by the DC bias and then recombine. This creates

a transient current J(t), which emits an electromagnetic pulse with an electric field directly

proportional to the time derivative of the current, E(t) ∝ ∂J(t)/∂t, in the far field. If the

excitation pulse has a sub-picosecond duration, the emitted pulse has frequency components

in the THz range. It is collected and collimated by an attached lens (typically, Si).

To detect the generated THz radiation, another photoconductive antenna is used. In the

detector, the optical sampling pulse and a THz pulse are both focused into the gap between

the electrodes, but this time without an applied DC bias (Fig. 2.3 (b)). The optical pulse

photoexcites the carriers in the semiconductor. When the THz pulse is present, it drives

the charges from one side of the antenna to the other. The resulting current and current

direction are proportional to the amplitude and instantaneous direction of the THz electric

field, respectively. The optical pulse is much shorter than the THz pulse and coherently gates

the detection by photoexcitation. The THz pulse is then reconstructed in the time domain

by measuring the detector current while varying the time delay between the optical and THz

pulses. In general, shorter optical pulses and carrier lifetimes are advantageous for higher

bandwidth. For example, it has been reported that THz radiation in a low temperature

grown GaAs photoconductive emitter reaches 30 THz frequency with a 12 fs laser pulse [21].

Typically, photoconductive antennas have a bandwidth of ∼ 6 THz.

2.1.2 Nonlinear crystals

Another popular method of generating THz radiation is to use nonlinear crystals. As shown

in Fig. 2.4, shining an optical pump pulse with photon energy below band gap on the

crystal with a strong second order nonlinear response drives polarization oscillation, which

acts as a source of electromagnetic waves. This second order nonlinear effect is called optical
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Figure 2.4: Generation of THz pulses by optical rectification in ZnTe crystal.

rectification.

The polarization response P (t) of a material to an applied electric field is described by:

P (t) ∝ χ(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + ... (2.1)

where χ(n) is the nth order of electric susceptibility and E(t) is the applied electric field.

Higher order responses result from anharmonic acceleration of charges along the bonds within

the material in response to external electric fields. Optical rectification is a second order

process, originating from P (2) = χ(2)E2(t) - a nonlinear term. If the incident optical beam

has two frequency components, E1 = E0 cos(ω1t) and E2 = E0 cos(ω2t), the second order

nonlinear polarization will look like:

P (2)(t) = χ(2)E2(t) =
χ(2)E2

0

2
[cos(ω1 − ω2)t+ cos(ω1 + ω2)t] (2.2)

where the first term corresponds to the difference frequency and the second term corre-

sponds to the sum frequency generation. In a special case of ω1 = ω2, the difference frequency

term yields a quasi-DC polarization, or optical rectification. Since an ultrafast laser pulse

with sub-picosecond duration contains a range of frequencies, difference frequency mixing be-

tween the various frequency components results in the emission of an electromagnetic pulse
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that follows the excitation pulse envelope and has frequency components in the THz range.

This process also requires phase matching, or matching between the wave vectors of the fun-

damental and second order waves. In the far field, ETHz ∝ ∂2−→P (t)/∂t2 [22]. For example, a

Gaussian profile laser pulse with a center frequency of 800 nm wavelength and a pulse width

of 100 fs will contain optical wavelengths spanning a range of approximately 795 nm - 805

nm, which gives us the frequency bandwidth defined by the pulse envelope of ∼ 4.4 THz

[23].

There is a set of criteria that a crystal should satisfy to be an efficient THz source.

The crystal should be non-centrosymmetric, with a large second order susceptibility χ(2) or,

equivalently, electro-optic coefficient (rijk = −2χ
(2)
ijk(−ω,ω,0)

n2
in

2
j

, [24]). To avoid absorption losses

in the crystal, it should be transparent in both the optical and the THz frequency ranges.

In the THz range, the effective bandwidth of generated THz pulses is often limited by the

infrared active phonon resonances. Finally, phase-matching conditions must be satisfied: the

optical pulse and the induced THz pulse have to propagate in phase in order for the THz

pulse to be coherently amplified. The largest possible THz pulse amplitude will be produced

when the optical group index matches the phase index of the center frequency of the THz

bandwidth [25].

ZnTe crystals are one of the most common THz sources due to their relatively high electro-

optic coefficient (r41 = 3.9 pm/V at ωTHz = 0 [26]), large band gap (∼ 2.25 eV ), and little

phonon absorption in the range from 0.2 − 3 THz. Of critical importance is that the phase

matching of this crystal is satisfied for 800 nm laser pulses and collinear propagation of THz

pulses is achieved [25]. Terahertz generation is maximized for a (110) ZnTe crystal when

the optical pulse polarization is along the (111) direction. Other non-linear crystals used for

THz generation by optical rectification include GaAs, CdTe [27], GaP [28], GaSe [29, 30], and

organic crystals such as DAST (4-Dimethylamino-N-methyl-4-Stilbazolium Tosylate) [31, 32].

As discussed in Chapter 4, one of the potential applications of 2D chalcogenides GeS, GeSe

and SnS2 is as new efficient THz sources [33, 34] based on an ultrafast shift current, a
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process that occurs in response to the above band gap excitation but is governed by the

same nonlinear material properties [35, 36].

Another THz source is LiNbO3 [37], which has a high nonlinear optical coefficient of

r33 ∼ 20 pm/V [38]. Its major drawback is a large phase mismatch between the optical pump

pulse and the generated THz pulse, resulting in THz radiation being emitted into a cone in

a Cherenkov geometry [39]. Hebling et al. [40] proposed to achieve phase matching between

optical excitation and emitted THz radiation in LiNbO3 by tilting the optical pulse front to

coincide with the Cherenkov emission angle. With this approach, intense THz pulses with

peak electric fields reaching 1 MV/cm have been generated and applied to study nonlinear

processes in the THz range [41].

Non-linear crystals, such as ZnTe, GaP, and others, are also used to detect THz pulses

using a free-space electro-optic detection based on the Pockel’s effect, as illustrated in Fig.

2.5 [25]. In the absence of the THz pulse, a linearly polarized sampling beam traverses the

detector crystal with an unchanged polarization state. It is then converted to a circularly

polarized beam by the quarter wave plate and split by the Wollaston prism into two equally

intense beams with orthogonal linear polarizations. In this case, balanced photodiodes placed

behind the Wollaston prism measure zero differential signal. The THz electric field induces

birefringence in the detector crystal that is proportional to the THz electric field. If an optical

beam passes through the crystal at the same time as the THz pulse, its polarization state is

changed to elliptical, with the ellipticity proportional to the THz electric field. Changes in

THz-induced ellipticity are detected as a non-zero (positive or negative, depending on THz

electric field direction) differential signal measured by the balanced photodiodes. For small

changes, the differential signal is proportional to the THz electric field. By changing the

delay time between the THz pulse and the optical pulse, the entire THz waveform (Fig. 2.2)

can be reconstructed. Like in the case of photoconductive antennae, this results in coherent

detection of THz pulses. Using an optical chopper in the THz generation beam and lock-in

detection, a signal-to-noise ratio of up to 1000:1 can be achieved.
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Figure 2.5: Schematic of free space electro-optic detection for the detection of THz pulses.

In this work, a 1 mm-thick (110) ZnTe crystal was used as a THz source for the spec-

troscopy measurements in 0.2 − 2.5 THz range. The THz pulse polarization was oriented

parallel to the (110) direction for electro-optic detection.

2.1.3 Air Plasma

In recent years, a new method of generating THz pulses without the need for solid state

materials, biased electrodes, or forward propagating signal collection has emerged. It is

known as air plasma THz generation. Air plasma generates ultrabroadband THz pulses with

a bandwidth encompassing the entire THz range up to ∼ 100 THz, with peak electric fields

surpassing 1 MV/cm [42, 43, 44]. THz generation is achieved by focusing a laser pulse with a

center frequency ω along its second harmonic 2ω in air or a gas cell. Ultra-high optical fields

at the focus ionize gas, and the free electrons respond to an asymmetric two color laser field

inducing transverse currents that vary on the time scales of the laser pulse envelope [45].

The detection of the ultra-broadband THz pulses is achieved in air and other gases due

to a third order nonlinear susceptibility, and can be explained as a four wave mixing process
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Figure 2.6: Generation of THz pulses via a two color laser induced plasma.

[46, 47? ]. Implementation of plasma THz generation requires intense laser pulses from

an amplified laser system. ABCD detection relies on a high voltage signal with a square

waveform to provide a modulated biased field over the air sensor. While it is difficult to im-

plement, a plasma THz system has superior intensity and bandwidth, making it an attractive

option for THz spectroscopy.

2.1.4 Spintronic Emitters

Over the last few years, a conceptually new approach for THz generation has been explored.

Contrary to most solid-state emitters, which solely exploit physics related to electron charge,

it instead relies on three fundamental spintronic and photonic phenomena in magnetic metal

multilayers: ultrafast photoinduced spin currents, the inverse spin-Hall effect, and a broad-

band Fabry–Pérot resonance. This new approach has the potential to combine various ben-

efits in one device: large bandwidth, large THz field amplitude at low pump power, easy

operation, scalability, and low cost.
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Figure 2.7: Principle of operation of a spintronic THz emitter. This figure is reprinted from
[48] with permission.

A basic principle of THz spintronic emitters is shown on the Fig. 2.7, where a bilayer

structure consisting of ferromagnetic and non-ferromagnetic metal thin films is excited by a

femtosecond laser pulse. Electrons are excited in the metals to states above the Fermi energy,

thereby changing their band velocity and scattering rate. The ferromagnetic layer is magne-

tized in-plane, antiparallel to the y axis. Because the ferromagnetic and non-ferromagnetic

layers have different transport properties, a net current along the axis is launched. In ad-

dition, because the product of the density, band velocity, and lifetime of spin-up (majority)

electrons in ferromagnetic metals (such as Fe, Co and Ni) is significantly higher than that

of the spin-down (minority) electrons, the z current is strongly spin-polarized. On entering

the non-ferromagnetic layer, spin–orbit coupling deflects spin-up and spin-down electrons in

opposite directions by a mean angle γ. This inverse spin-Hall effect converts the longitudinal

(z-directed) spin current density js into an ultrafast transverse (x-directed) charge current

density jc = γjs, thereby acting as a source of THz radiation[48].
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2.2 THz Time-Domain Spectroscopy (THz-TDS)

THz-TDS relies on coherent detection of THz pulses in the time domain. Applying Fourier

transformation to the waveforms thus yields the amplitude and phase of all the spectral

components that comprise a THz pulse. Comparing the amplitude and phase of all the

spectral components of a THz probe pulse that has been transmitted through or reflected off

a sample to those of the reference THz pulse allows extraction of complex optical functions

over the entire accessible bandwidth. This is a critical advantage of THz-TDS over other

spectroscopic modalities, such as IR-UV-Vis spectroscopies, where measurements of intensity

are carried out in the frequency domain and phase information is not accessible. A simplified

diagram of a THz-TDS spectrometer operating in transmission geometry is shown in Fig.

2.8. A beam from a femtosecond laser (such as a Ti:Sapphire laser, which is used in the

studies discussed here) is split into two beams: the THz generation and sampling beams.

ZnTe nonlinear crystals are used for both generation and detection of the THz pulses. A

series of parabolic mirrors are used to guide the THz pulses from the emitter to the sample,

and then to the detector. A delay stage is used in the generation arm in order to vary the

arrival time of the signal with respect to the optical pulse used for detection. By scanning

the delay line, the electric field amplitude and phase of the THz waveform can be mapped

out as a function of time. To achieve a high signal to noise ratio of ∼ 1000:1, the THz beam

is modulated by an optical chopper, and the THz-induced modulation of the sampling beam

is extracted by a lock-in amplifier. A LabVIEW code was written to collect the electric field

amplitude as a function of time from a digital lock-in amplifier that measures the signal

from the detector. The pulse information acquired in the time domain is transformed to the

frequency domain using a Fourier transform, from which spectral information can then be

obtained [49].

A wide variety of applications have resulted in a number of different configurations of

THz spectrometers. Additionally, a full set of algorithms have been developed for extract-

14



Figure 2.8: Pulsed THz wave generation and detection setup.
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Figure 2.9: Transmission and reflection of light at an interface between two different
refractive index mediums.

ing the complex, frequency-resolved optical functions such as refractive index, absorption

coefficient, and complex conductivity without resorting to complex mathematical methods

such as the Kramers-Kronig relations from experimental THz-TDS data [50, 51, 52]. Here,

we review some of those which are particularly useful for experiments with thin films and

nanostructures.

Propagation of THz waves through samples, their transmission and reflection, can all be

analyzed using Fresnel equations. Let us consider an x-polarized beam propagating along

the z direction in a normal incidence geometry as shown in Fig. 2.9. For simplicity, we

assume that two media forming a planar interface are isotropic and described by the complex

refractive indices ñi = ni + iκi and ñt = nt + iκt, where n is the refractive index, and κ is the

extinction coefficient. From the boundary conditions at the interface between two dielectrics,

the tangential components of the electric and magnetic fields must be continuous:

Ei + Er = Et (2.3)

Hi +Hr = Ht (2.4)
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Figure 2.10: Incident, transmitted and reflected electric fields in a sample of thickness d.

where i, r, and t correspond to the incident, reflected, and transmitted light respectively.

Using the relations between the electric and magnetic field H = B/µ and E = c
n
B, where

µ is permeability, c is speed of light and n is refractive index, we obtain the reflection and

transmission coefficients:

r̃ =
Er
Ei

=
ñi − ñt
ñi + ñt

(2.5)

t̃ =
Et
Ei

=
2ñi

ñi + ñt
(2.6)

These equations describe the change in amplitude and phase of the electromagnetic radi-

ation as it crosses an interface of a bulk material.

Now let us examine transmission of an electromagnetic wave through a parallel-plate

sample with thickness d and refractive index n, such as a crystalline silicon wafer. The wafer

is surrounded by air (nair = 1), as shown in Fig. 2.10. The complex transmission function,
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defined as the ratio between the transmitted field Et and the incident field Ei, is represented

by Eq. 2.7 for the first transmitted pulse:

Et(ω)

Ei(ω)
= T (ω)eiφ(ω) = t12t21

P2

P1

=
4ñ

(1 + ñ)2
ei(ñ−1)ω

c
d (2.7)

In this equation, we take into account the complex Fresnel transmission coefficients at both

interfaces, and an additional transmission factor P = ei
ω
c
nd that accounts for propagation

though the material. This results in both a phase shift term proportional to the real index

of refraction (n), and an attenuation term proportional to the extinction coefficient (κ),

the imaginary component of the complex index of refraction (ñ = n + iκ). Furthermore,

the complex index of refraction is generally frequency dependent. Separating the real and

imaginary parts of the refractive index in Eq. 2.7:

T (ω)eiφ(ω) =
4ñ

(1 + ñ)2
ei(n−1)ω

c
de−κ

ω
c
d (2.8)

The spectral phase φ(ω) = (n − 1)ω
c
d encodes important information about the optical

properties of the material, in this case the refractive index, and the limit where the phase

accumulated through the bulk of the crystal is much larger than the phase change occurring at

the interface. It is possible to extract the index directly from the spectral phase analytically:

n(ω) =
φ(ω)c

ωd
+ 1 (2.9)

Eq. 2.8 also shows an attenuation term, the extinction coefficient κ(ω) = α(ω)c
2ω

, which is

proportional to the absorption coefficient. It in turn can be calculated as:

α(ω) = −2

d
log(

(n+ 1)2

4n
T (ω)) (2.10)

Figures 2.11 and 2.12 illustrate such measurements. The experimental THz waveforms

of the pulses that traveled through air and a 463 µm thick high resistivity silicon wafer are
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Figure 2.11: THz pulse that had propagated through air (blue, Eref ) and through a 463µm
thick single crystalline Si wafer (red, Esample). Recorded using Toptica TeraFlash THz TDS

spectrometer in the Photonics Lab for Education and Application Prototypes at WPI.
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Figure 2.12: Refractive index of Si, extracted by analyzing waveforms in Fig. 2.11.

shown in Fig. 2.11. Analyzing the waveforms as described in this section, we obtain the

frequency-resolved refractive index shown in Fig. 2.12. It shows good agreement with the

literature value of n = 3.46, independent of frequency in the THz range [50]. However, due

to the bandwidth limitations of our detector and low signal to noise ratio, we can see that at

the low frequencies (6 0.2 THz) and at the high frequencies (> 2.7 THz) our signal becomes

too noisy. Similarly, using Eq. 2.9 we are able to extract absorption of the material in the

THz range; however, in the case of high resistivity silicon, the absorption is around zero. The

Matlab scripts used for THz-TDS analysis are given in the Appendix A.

In some cases, it is more instructive to represent optical properties of materials determined

by the THz-TDS in terms of complex optical conductivity. The relations between the complex

refractive index, dielectric function, and complex conductivity are:
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ñ = n+ iκ

α =
2κω

c

ε̃ = ε1 + iε2 = ñ2 = 1 +
iσ̃

ε0ω

σ̃ = σ1 + iσ2

ε1 = n2 − κ2

ε2 = 2nκ

σ1 = ε0ε2ω

σ2 = −ε0(ε1 − 1)ω
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2.3 Time-resolved THz spectroscopy (TRTS)

While THz pulses are recorded in the time domain, THz-TDS is not a time-resolved technique.

The dielectric function obtained from the sample is static. However, a short duration and

phase stability of THz pulses allows their use in a pump-probe technique, time-resolved THz

spectroscopy (TRTS). This technique uses femtosecond optical pulses from the same laser to

photoexcite the sample, guaranteeing a perfect synchronization with the probe THz pulses

[53, 54, 55]. This technique is widely used to study the onset and evolution of ultrafast

phenomena occurring at low energies on femtosecond to nanosecond time scales in a variety

of material systems [17, 22, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65].

2.3.1 Experiment

As illustrated in Fig. 2.13, the TRTS setup is similar to a THz-TDS setup, with the addition

of the femtosecond optical pump pulse, and a second delay line used to control the relative

delay time between the THz probe pulse and optical pump pulse arrival at the sample.

This way, the rise and fall of the induced photoconductivity can be mapped in time, with a

resolution limited primarily by the width of the THz pulse. The power of this technique lies

in the ability to map the dynamics of the broadband optical response functions, such as the

complex optical conductivity, over THz frequencies as they evolve after photoexcitation.

The THz frequencies obtained in our setup are varied from 0.2− 2.5 THz, which means

that the size of the THz diffraction-limited spot is about 1.5 mm. This places restrictions on

the pump pulse spot size, requiring it to be larger than the THz spot to achieve a uniform

photoexcitation of the sample, so as to avoid experimental artifacts. In the setup used here,

optical excitation of a 800 nm or 400 nm beam was delivered to the sample through a 5

mm aperture in a 2 inch diameter parabolic mirror that focused the THz probe pulses onto

the sample. The optical pump and THz probe pulses are collinearly propagated to minimize

temporal smearing.
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Figure 2.13: Schematic of the experimental setup for TRTS spectroscopy based on THz
generation by optical rectification in ZnTe crystal and free-space electro-optic detection.
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Figure 2.14: Example 1-D TRTS scan, showed in arbitrary units. GeSe crystal
photoexcited by 100 fs, 400 nm pulses with 200 µJ/cm2 excitation fluence.

2.3.2 Data acquisition

When acquiring data in TRTS, it is possible to scan the probe delay line, the pump delay

line, or both, resulting in either one-dimensional (1-D) or two-dimensional (2-D) data sets.

In a (1-D) scan, such as the one shown in Fig. 2.14, we monitor the photoexcitation-

induced change in the peak to peak transmission of THz pulse through the sample as a

function of the time delay between the pump and probe beams. Our focus is on monitoring the

field amplitude attenuation as it traverses a photoconductive layer, neglecting the information

carried by pump-induced phase change. When the pump pulse and THz probe overlap in
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time at the sample, a change in transmission is observed due to pump-induced absorption,

or bleaching. These scans provide information about the timescale associated with the onset

of photoconductivity and the lifetime of that conductivity.

To perform such a scan, we first identify the maximum of the transmitted THz pulse,

where all its frequency components are in phase. The arrival time of the pump pulse relative

to the THz probe pulse is referred to as t0. Transient changes in THz peak transmission is

recorded by varying the time between the optical pump and THz probe. During the mea-

surement, the pump beam is modulated by an optical chopper at 500 Hz (1/2 the repetition

rate of the Ti:Sapphire amplifier, or blocking every second pump pulse), while the THz gen-

eration beam is chopped at 250 Hz. This way, the lock-in amplifier synchronized to the pump

chopper then monitors the modulation of the THz peak electric field at the frequency of the

pump chopper, effectively reading −∆T (t) = Tpump(t)−T0. Here, T0 is the THz transmission

at negative pump-probe delay times, or prior to pump arrival. At the same time, reading

the second lock-in amplifier synchronized to the THz generation beam chopper allows moni-

toring T0. This technique using two lock-in technique allows simultaneous monitoring of the

THz pulse peak and the pump induced change in its transmission, and thus calibration of

−∆T (t)/T0. This also allows us to eliminate systematic timing variations and provides a

higher signal to noise ratio.

In a (2-D) scan, we collect information by recording the full THz waveform at a fixed

pump delay time. This is done in a coherent way, allowing us to resolve the amplitude

and phase. From the THz waveform, we obtain the photo-excited absorption coefficient and

refractive index, and thus calculate conductivity. Not only can we measure the full waveform

at a specific time fixed after photoexcitation, we can also create a 2-D map by continuously

moving a delay stage with a small time step, limited only by the time duration of the optical

pulse. In this way, induced photoconductivity can be mapped. The benefit of doing a full

mapping is the possibility of extracting a 1-D scan simply by looking at the peak of a 2-D

map. However, the main drawback of conducting this measurement is that taking the full
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Figure 2.15: 2-D time resolved map of the differential change of the electric field amplitude
in frequency domain represented by color in a SnS2 sample, pumped with 50 µJ/cm2

fluence, 400 nm pulse. The first 20 ps delay time represents the time before
photoexcitation; the higher delay times represents changes after the photoexcitation for the

probe frequency up to 12 THz.

THz waveform for each pump-probe delay greatly increases the time needed to record the

data, which could present a problem for unstable samples. As an example, the pump induced

change in the THz field for a SnS2 sample has been measured, pumped with 50µJ/cm2 fluence

at 400 nm pulses and is shown in Fig. 2.15. Here, the color scale shows the maximum (yellow)

and minimum (dark blue) differential changes of the electric field.

It is worth examining the limitations of extracting photoinduced complex dielectric func-

tion or conductivity from full THz waveforms recorded at a fixed time after photoexcitation.

Similar to the THz-TDS technique, where we are comparing a waveform transmitted through

the sample and substrate to a waveform transmitted solely through the substrate, TRTS com-

pares the waveform of the photoexcited sample to the waveform of THz pulse transmitted

through the non-photoexcited sample. The step with which we record the points to construct

the THz waveform also sets the frequency resolution, thus ∆f = 1/N∆t. The resolution of

the scan for the THz waveforms typically is not a limiting factor as long as it is below the
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Nyquist frequency fc = 1/2∆t. We are also limited by the delay stage step. For our measure-

ments, we used ∆t = 20fs and fc = 2.5 THz, which also corresponds to the max bandwidth

of our ZnTe crystal. It is important to note the reflections, which may lead to Fabry-Perot

etalon fringes in the frequency domain that interfere with data analysis. Cutting out the re-

flections will limit the scan duration up to approximately 10 ps, and the resolution obtained

will be about 0.1 THz.

Finally, it is vital to consider artefacts introduced by recording the THz pulses transmitted

through the photoexcited sample by scanning the delay between the THz sampling beam

and both the THz generation beam and the optical pump (Fig. 2.13). In this case, each

point in the THz probe pulse experiences a slightly different pump-probe time delay. If

the conductivity is decaying on a time scale comparable to the THz pulse, earlier times in

the THz waveform could experience higher conductivity than later times. This was first

pointed out by the Schmuttenmaer group in 2001 [66]. This issue can be addressed by fixing

the THz sampling beam and scanning the other two beams instead. By scanning the THz

source beam, the delay between the sampling beam and the pump beam remains fixed, and

each point in the detected THz waveform experiences the same pump-probe time delay. I

have implemented this modification in the TRTS setup in the Ultrafast Optical and THz

Spectroscopy Lab at WPI LEAP.

2.3.3 Data analysis in TRTS: extracting complex photoconductiv-

ity

In many cases, including all experiments described here, TRTS is used to investigate tran-

sient photoconductivity. In this situation, the choice of the complex optical conductivity to

describe complex dielectric properties is natural. Two THz waveforms are needed to extract

the transient conductivity of a material. Fig. 2.16 shows the THz pulse waveform Epump(t)

transmitted through the photoexcited Si wafer 20 ps after photoexcitation with an 800 nm

pulse, and Eref (t) through a sample that has not been photoexcited. The ratio of the Fourier
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Figure 2.16: Time domain data for transient spectroscopy of Si photoexcited with an 800
nm pulses, 20 ps after excitation.

transforms of these two pulses provides the complex transmission function, which can be

analytically related to the complex conductivity.

To simplify data analysis, we can assume that the thickness of the optically excited

region in the sample is much smaller than the wavelength of THz radiation (d � λ or

nsampleωd/c� 1), and thickness d is much less than the overall sample thickness. If so, we can

then use the thin-film approximation for the amplitude transmission of the electromagnetic

radiation through a thin conducting film with conductivity σ̃ on a semi-infinite insulating

substrate with refractive index N [53].

First, let’s derive an expression for the complex transmission function through a thin
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Figure 2.17: Electric and magnetic field vectors after reflection and transmission of an
incident electromagnetic wave incident on a thin conducting film.

conducting film between two media with a real index of refraction, as shown in Fig. 2.17.

In our experiment, the first media would be air and the second the semi-insulating dielec-

tric substrate. The continuity equations describing the electric and magnetic fields at the

boundary are given by:

n̂× ( ~H1 − ~H2) =

∫ ∞
0

~Jdz = ~Jd (2.11)

n̂× ( ~E1 − ~E2) = 0 (2.12)

Eq. 2.11 and 2.12 could be simplified:

Hi −Hr −Ht = Jd (2.13)

Ei + Er − Et = 0 (2.14)

These are the same as the boundary equations used to derive the Fresnel transmission
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and reflection coefficients at the boundary of a dielectric. The ratio H/E is also known as

admittance, and can be rewritten as Y . Combining Eq.2.14, we can rewrite the expression

for the transmitted electric field as:

Et =
1

Y1 + Y2

(2Y1Ei − Jd) (2.15)

Where Y1 = Hi+Hr

Ei+Er
and Y2 = Ht

Et
. Solving for the transmission coefficient t = Et/Ei and

using the relationship between conductivity and current density J = σ̃Et, we obtain:

t̃ =
2Y1

Y1 + Y2 + σd
(2.16)

Making the substitution Ya = Na

Z0
, where Na is the index of refraction of the medium and

Z0 = 377Ω is the impedance of free space, we reach our final expression for the transmission

through a thin conducting film, known as the Tinkham equation [67].

t̃film =
2

N + 1 + Z0dσ̃
(2.17)

Using the transmission coefficient for the unexcited dielectric substrate tsubs = 2
N+1

, we

obtain the transmission function for a photoexcited layer with respect to the background

unexcited substrate.

T̃ (ω) =
tfilm
tsubs

=
Ẽpump(ω)

Ẽref (ω)
=

N + 1

N + 1 + Z0dσ̃(ω)
(2.18)

For deeply penetrating excitation, the distance traversed through the unexcited substrate

is sufficiently different from the excited substrate that an additional phase factor must be

added. In this case, the thin film equation is written as:

T̃ (ω) =
tfilm
tsubs

=
Ẽpump(ω)

Ẽref (ω)
=

N + 1

N + 1 + Z0dσ̃(ω)
e−iNd

ω
c (2.19)
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The Tinkham equation can also be used in the reflection geometry:

R̃(ω) = R(ω)e−iφω =
rfilm
rsubs

=
Ẽpump(ω)

Ẽref (ω)
=

1−N − Z0dσ̃(ω)

N + 1 + Z0dσ̃(ω)

1 +N

1−N
(2.20)

The phase shift in the THz pulse will be small if the complex conductivity is predomi-

nantly real. For Drude conductivity, this is satisfied if ωτ < 1, such that σ̃ ≈ σDC = neµ.

The negative differential transmission can then be related to the pump-induced change in

conductivity ∆σ:

−∆T (t)/T0 =
T0 − Tpump

T0

= 1− N + 1

N + 1 + Z0dσ
(2.21)

This equation can be solved to obtain conductivity:

σ(t) =
N + 1

Z0d

(
−∆T

T0

)(
1

1 + ∆T
T0

)
(2.22)

For small modulations |∆T/T0| < 20%

σ ≈ N + 1

Z0d

(
−∆T

T0

)
(2.23)

This means that differential THz transmission is directly proportional to the conductivity

of the film:

σ ∝ −∆T

T0

(2.24)

The validity of this approach depends on the response of the material being purely resis-

tive, such that the amplitude of the field is uniformly attenuated for all frequency components

in the pulse. If there is a significant change in phase across the bandwidth of the pulse, there

will be an associated temporal shift in the time domain of the THz pulse. Since in a one-

dimensional scan we monitor only the peak of the THz waveform, the time shift causes what

appears to be a differential transmission signal, even though there may be no attenuation

of the peak. The peak effectively moves in time, so we measure a dip in the transmission
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due to sliding off the peak. The direction of the time shift is important and reveals whether

the phase change is related to a Drude or Lorentz (below resonance) response, which will be

discussed later in this chapter.

Provided that the phase shift is small and the response is well described as Drude, we

can further analyze the differential transmission to obtain valuable information on the carrier

dynamics in the system, n(t), as well as extract important transport coefficients such as the

carrier mobility µ. However, in general the mobility can be time-dependent, in which case

σ(t) = n(t)eµ(t) and a more complex analysis is required to separate the carrier density from

the mobility response. If the mobility is time-independent, then the decay of the conductivity

is entirely due to the decay of free charge carriers.

2.4 Conductivity models

There are many theoretical models for the complex conductivity of materials that can be

used to described the data for σ1 and σ2 obtained from the THz experiments. The complex

conductivity completely describes both mobile and bound charges in the material. Analysis

of the frequency dependence of σ1 and σ2 can be used to distinguish between the various

models and help identify the nature of the observed conductivity. But it is also important to

be able to properly understand the obtained experimental data and to consider how carriers

move in response to the applied field.

Charge carriers are constantly undergoing collisions, energy and momentum exchanges,

and scattering into other states [68]. Of these, scattering plays an important role, as different

scattering rates can give us an understanding of their origin, whether it is defects, other

carriers, or even phonons. The carrier scattering rate contributes to the overall scattering

rate, and can be used as an identification factor. Let’s briefly take a look at the typical

scattering mechanisms.

Every material has defects that can be divided into either neutral or ionized categories.

32



Ionized defect scattering is usually dominant due to the interaction of a charge carrier with

the electric field. Mobile carriers are attracted by the defect, which screens the electric

potential exponentially on a length scale given by the Debye length, LD =
√
εkbT/e2n. The

higher kinetic energy (higher temperatures T > 100K), the less effect it has on the initial

momentum of the carrier, since the carrier spends less time in the effect of the defects. This

can be characterized by τ(k) = τ0(E/kbT )s, where s is a characteristic exponent for ionized

defects [68].

Another form of scattering is carrier-carrier scattering. It can be binary, such as electron-

electron, hole-hole, or electron-hole scattering, and collective when an electron or hole scatters

from plasmons. In electron-electron or hole-hole scattering, the total energy or momentum of

the distribution cannot be changed by self-scattering. As such, the mobility is only affected

through higher moments of the distribution. For electron-hole scattering, however, in the

center-of-mass frame of reference the event looks exactly like impurity scattering, and it can

contribute to a relaxation of the current. The scattering rate is calculated in a classical

regime to be 1
τ
≈ n| lnn|, approximately linear with excitation density [68].

For carrier densities below the dominating regime of carrier-carrier scattering, the most

important scattering mechanism at room temperature is due to carrier phonon scattering,

provided carriers have thermalized to the lattice. As the lattice moves it causes a change

in the lattice constant, which in turn causes a change in the band structure of the semi-

conductor. This perturbation leads to scattering of a charge carrier moving through the

lattice. Both acoustic and optical deformation potentials play a role, which act respectively

through the strain and displacement of the lattice. In polar semiconductors, the local vari-

ations in lattice spacing leads to a temporary change in the dipole moment between the

positively charged and the negatively charged atoms. This sets up an electric field that can

scatter charge carriers very efficiently, either through polar acoustic (piezoelectric scattering)

or polar optical phonons. The scattering time and temperature dependence can be shown as

τ(k) = τ0(E/kbT )s [68].
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In this section, we outline the three most common theoretical models of optical conduc-

tivity: the Drude model, the Lorentz model, and the Drude-Smith model.

2.4.1 Drude Model

The most commonly used model for describing conductivity is the Drude model. It was

proposed by Paul Drude in 1900 to explain the transport properties of electrons in materials

[69]. This model treats electrons and holes as non-interacting particles that are free to move

in an external electric field. The average time between collisions of carriers with ion cores and

other scattering centers is τ , scattering or relaxation time. It is related to another important

concept, the mean free path between two scattering processes given by λ = τvt, where vt

is the average speed at room temperature. After each collision, the direction of the carrier

velocity is instantaneously randomized. In an applied electric field, the carrier motion is

described by the rate equation of motion:

m
d~v(t)

dt
= −m~v

τ
− e ~E(t) (2.25)

Taking into account that current density is ~J = −ne~v and that in a steady-state (DC)

field, d~v(t)
dt

= 0, a DC conductivity can be obtained using Ohm’s law:

σdc =
~J

~E
=
ne2τ

m
= ω2

pε0τ = neµ (2.26)

where n is carrier density, e is electronic charge, m is carrier mass, ω2
p = ne2/ε0m is a

plasma frequency, and µ = ~v
~E

= eτ
m

is mobility, which is defined as a ratio of the average drift

velocity of the carrier distribution to the electric field.

For the incident light with frequency ω < ωp, the dielectric function ε is a negative number,

and the complex refractive index defined as
√
ε is imaginary, given by iκ. In the experiment,

this translates to the light not being transmitted but rather being reflected. Alternatively, if

ω > ωp, ε is a positive real number, resulting in propagation of light into the material. This
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abrupt change in reflectivity at plasma frequency is known as the plasma edge.

In the case of the AC field ~E(t) = <{ ~E(ω)e−iωt}, the solution of Eq. 2.25 will be

~v(t) = <{~v(ω)e−iωt}. Using this solution gives us the next expression:

−iω~v(ω) = −~v(ω)

τ
− e ~E(ω) (2.27)

Taking into account the expression for current density ~J = −ne~v = σ ~E, we can rewrite

Eq. 2.27 in terms of the complex conductivity:

σ̃(ω) = σ1(ω) + iσ2(ω) =
σdc

1− iωτ
(2.28)

Extracting the expressions for the real and imaginary parts of the conductivity gives:

σ1(ω) =
σdc

1 + (ωτ)2
(2.29)

σ2(ω) =
ωτσdc

1 + (ωτ)2
(2.30)

Note that at ω = 0 (DC), we have σ1(ω) = σdc and σ2(ω) = 0, such that the complex

conductivity is purely real. For short relaxation times, such that ωτ � 1, σ2(ω) approaches

0 and σ1(ω) approaches σdc.

An example of the Drude conductivity for a high-resistivity Si is shown in the Fig.2.18,

where the conductivity of Si was obtained by using Eq. 2.28. In the Fig.2.18, the blue and red

symbols represent the real and imaginary parts of the measured conductivity, respectively,

while the blue and red lines are fits to their data that were performed by using the Drude

model as in Eq. 2.28. The data fits well to the Drude model [53].

In general, fitting the experimental complex conductivity spectra in the THz range to

the Drude model uses three fitting parameters: the carrier density n, the effective mass m∗,

and the relaxation or scattering time τ . If the effective mass m∗ is known and frequency-
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Figure 2.18: Optical conductivity of a high resistivity silicon wafer. Symbols represent the
experimental data, while solid lines correspond a fit to a Drude model.
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independent over the THz range, carrier density and carrier mobility can be determined from

the fit. It is important to note that σ1/σ2 = ωτ , and a crossover point is at the frequency

where σ1 = σ2, given by fc = 1/2πτ . Since the curvatures of σ1 and σ2 near fc in the Drude

model depend solely on τ , and fc usually lies in the THz frequency range. However, if ωτ � 1

at 1 THz, σ2 goes to 0 and σ1 is roughly independent and equal to σDC in the experimental

frequency range, making fitting of the experimental data to the Drude model unreliable.

2.4.2 Lorentz Model

The Lorentz Theory (1878) is based on the classical theory of light-matter interaction, and is

used to describe frequency-dependent polarization due to bound charges. In a simple idealized

picture, bound electrons react to an electromagnetic field by vibrating like damped harmonic

oscillators. Oscillating dipoles lose their energy through collision processes, resulting in

damping. Within the Lorentz model, the displacement x of the electrons in an applied

external electric field can be described by the following equation of motion:

m
d2~x(t)

dt2
+
md~x(t)

τdt
+ k~x(t) = −e ~Epump(t) (2.31)

where 1/τ is the damping rate, e is the electron charge, and E is the electric field of the

light wave. Each term from the left side of the equation represents the acceleration, damping,

and restoring force.The right side term represents the driving force exerted by the electric

field of the light of the form E(t) = E(ω)e−iωt. This is a single damped harmonic oscillator

with force constant k and driven by an electric field. Substituting this equation into Eq.2.31

and looking for solutions of the form x(t) = x(ω)e−iωt gives:

~x(ω) = − e

m

1

(ω2
0 − ω2)− iω/τ

~Epump(ω) (2.32)

where ω2
0 = k/m is the resonance frequency of the oscillator. The displacement of the

electrons will result in a dipole moment which varies with the time p(t) and contributes to
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Figure 2.19: Example of the application of the Lorentz model: complex conductivity of
BiOI single crystal determined by THz-TDS. The real (black symbols) and imaginary (red

symbols) parts of the conductivity are simultaneously fit to Eq.2.36 and 2.37. Resulting
global fit is shown as black and red solid lines.

38



the macroscopic polarization. The dipole moment per unit volume is ~P = −ne~x, and it is

related to the electric susceptibility by ~P = ε0χ~E. The dielectric function and the electric

susceptibility are related to each other by ε = ε0(1 + χ), and together with Eq.2.32 will give

us:

ε̃(ω)

ε0
= 1 +

ne2

m

1

(ω2
0 − ω2)− iω/τ

(2.33)

Using the relationship between the conductivity and the dielectric function

ε̃(ω) = 1 +
iσ̃(ω)

ε0ω
, (2.34)

we can rewrite Eq. 2.33 in terms of the complex conductivity:

σ̃(ω) =
ne2

m

ω

i(ω2
0 − ω2) + ω/τ

(2.35)

Real and imaginary parts for the conductivity are:

σ1(ω) =
ε0ω

2
pω

2(1/τ)

(ω2
0 + ω2)2 + (ω/τ)2

(2.36)

σ2(ω) = −
ε0ω

2
pω(ω2

0 − ω2)

(ω2
0 + ω2)2 + (ω/τ)2

(2.37)

where ωp is the oscillator strength. If ω0 = 0, the Drude model is recovered. It is

important to note that for free carriers in the Drude model, σ2 is always positive, while in

the case of bound charges in the Lorentz model, σ2 is negative for ω < ω0. For frequencies

well below the resonant frequency, the real part of the conductivity is zero, reflecting the

pure polarization response of the bound charges in a dielectric, where the index of refraction

is purely real and there is little or no absorption. Thus, for ω � ω0 and ω � 1/τ , we get:

σ2 ≈ −
ε0ω

2
pω

ω2
0

(2.38)
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This means that the low-frequency dielectric constant associated with the Lorentz oscil-

lator is:

ε1 ≈ 1 +
ω2
p

ω2
0

(2.39)

This value is larger than 1 and frequency independent. In this case, the dielectric constant

can also be defined by

ε̂ = ε1 + iε2 = ε∞ +
iσ̂

ε0ω
(2.40)

where ε∞ is the background dielectric constant that contains contributions to the real

part of the dielectric function from the Lorentz oscillators at higher frequency, and σ̂ is due

to any additional conductivity introduced into the material, whether by photoexcitation or

doping. Thus the total conductivity of the material can be expressed by a summation of the

Drude and Lorentz components and referred to as the Drude-Lorentz model:

σ = σDrude + σLorentz (2.41)

The Lorentz model is typically used to describe vibrational modes in materials. It can

also be used to describe the dielectric polarization of excitons at lower frequencies than

those associated with the binding energy of the exciton. Fig.2.19 shows an example of

Lorentz model applied to the THz-TDS spectrum of a BiOI single crystal. Here, the observed

Lorentzian peak at ∼1.2 THz represents a known infrared-active phonon mode.

2.4.3 Drude-Smith model

The Drude model assumes fully elastic isotropic scattering, resulting in complete momentum

randomization. Carriers do not have memory of the previous moment before each scattering.

In this case, the decay of the current to the impulse field has a single exponential character,

with a characteristic time of τ . The resulting Drude conductivity has a maximum σ1 at the

DC value and rolls off at higher frequencies. The imaginary σ2 rises to a peak at a frequency

corresponding to the scattering rate. The Drude model works very well in describing ordered
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Figure 2.20: Drude-Smith model conductivity example showing the real (black) and
imaginary (red) parts of the conductivity.
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systems such as single crystalline metals and photoexcited semiconductors, but is not suitable

for polycrystalline and disordered systems. Such systems show a suppression in the low

frequency σ1, rising to a peak at non-zero frequency, and a negative σ2 that represents a

capacitive, rather than a Drude-like inductive response. In a modification to the Drude

model proposed by N. Smith [70], he introduced ’carrier back-scattering’, described both

as backwards-biased carrier scattering and as a memory effect, where carriers retain some

information of their previous state after scattering. The Drude-Smith model has been widely

used to describe complex conductivity of nanostructured and disordered systems [53, 59, 71,

72]. Cocker et. al. [73] used first-principles modeling and Monte Carlo simulations to derive a

formalism that is similar in its functional form to the Drude-Smith model but relies on a more

physically appropriate picture of diffusion of carriers in systems with partially transmissive

barriers. A low frequency applied external electric field establishes a carrier density gradient

that leads to a diffusion current in the opposite direction of the drift current, reducing the

net conductivity. This result clarified the interpretation of the Drude-Smith model, which

remains invaluable to describe conductivity of a structurally confined electron gas. To the

first approximation,

σ̂ =
σDC

1− iωτ
[1 +

c

1− iωτ
] (2.42)

Separating the real and imaginary parts yields:

σ1 =
σDC

1 + (ωτ)2
[1 + (ωτ)2 + c(1− ωτ)2)] (2.43)

σ2 =
σDCωτ

1 + (ωτ)2
[1 + (ωτ)2 + 2c] (2.44)

where −1 ≤ c ≤ 0. If c = 0, the Drude model is recovered. If c = −1, this represents

a complete back-scattering of the carriers, which corresponds to full carrier localization.

Because of this, parameter c is sometimes called a localization parameter.
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The Fig. 2.20 shows the real and imaginary parts of Drude-Smith conductivity represented

by Eq. 2.43 and Eq. 2.44. It is clear that changes in the back-scattering parameter c results

in the suppression of the imaginary part of conductivity, σ2.
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2.5 THz Emission Spectroscopy (TES)

Another important technique within the THz spectroscopy family is THz Emission Spec-

troscopy (TES). In this technique, the sample itself acts as a THz emitter. By analyzing

the emitted THz waveform, we gain insight into the dynamics of underlying processes, such

as optical rectification, transient shift and injection currents, spin-currents, ultrafast charge

transfer and others [58, 74, 75, 76].

Fig. 2.21 shows a schematic diagram of the TES spectroscopy experiment that was used in

the experiments described later. Samples, placed on a rotation stage (not shown), are excited

at a normal incidence with 800 nm or 400 nm, 100 fs pulses, and emitted THz radiation is

detected in transmission geometry in the same way as THz probe pulses are detected in

THz-TDS or TRTS. Polarization of the optical excitation pulse is controlled by a half-wave

plate.

From Maxwell’s equations, we know that fast-varying currents, as well as transient changes

in electronic polarization or magnetization can act as source terms, radiating out electromag-

netic pulses. If the underlying processes evolve on sub-picosecond time scales, the result is a

very short electromagnetic pulse with frequency contents in the THz range.

Of the many mechanisms for THz generation, two have been described in Section 2.1:

transient photocurrents in a biased photoconductive antenna and OR in 2nd order nonlinear

crystals. OR is a dominant mechanism of THz emission when the optical excitation pho-

ton energy is below the band gap [36, 77]. When the energy of excitation photons is larger

than the band gap of a material, real transient currents contribute most to the THz emis-

sion. Without external bias voltage, possible mechanisms include the photo-Dember effect,

currents driven by built-in surface depletion fields, laser-induced Seebeck effects, photoex-

cited carrier transfer in heterojunctions, injection and shift currents and related phenomena

[78, 79, 80]. Here, we will briefly introduce the known mechanisms underlying bias-free tran-

sient photocurrents that need to be taken into consideration while interpreting the results of

44



TES experiments on 2D chalcogenides discussed in Chapter 4.

2.5.1 Seebeck effect

When an ultrafast laser excitation creates a temperature gradient across the material, the

resulting fast diffusion of free majority carriers can emit electromagnetic radiation. THz

emission by Seebeck effect has been observed in thermoelectric materials such as BiSnTe

and BiTeSe [81]. When evaluating the possible contribution of the Seebeck effect to THz

emission in photoexcited materials with pronounced thermoelectric properties, which include

GeS, GeSe, and other group-IV layered monochalcogenides [33, 82], it is important to consider

experimental geometry. Specifically, if the THz radiation is collected by the area with non-

uniform optical excitation, Seebeck currents resulting from the temperature gradients within

the THz detection area must be considered. In the experiments described here, emission was

collected from a ∼ 2 mm diameter spot defined by an aperture, and defocusing the excitation

beam to ∼ 5 mm diameter spot ensured uniform illumination of the area of interest.

While not directly relevant to the measurements described in this thesis, it is also worth

differentiating the ultrafast laser-induced spin Seebeck effect which can also be used as a

source of THz emission without any external bias. The spin Seebeck effect at the interfaces

between magnetic insulators (such as yttrium iron garnet) and non-magnetic metals (such

as Pt, Au or others) has attracted attention for its possible applications in spintronics, as

a way to inject spin-polarized currents [48, 83, 84, 85]. Femtosecond laser excitation nearly

instantaneously heats the metal layer, resulting in a temperature gradient that drives excited

metal electrons toward the interface with the magnetic insulator. There, electrons experience

torque from in-plane magnetization that is rectified by two subsequent interactions and results

in a net spin current into the metal, which is then converted into a transverse ultrafast charge

current density by the inverse spin Hall effect, as mentioned earlier in Section 2.1.4. This

current surge acts as a source of a THz electromagnetic pulse. In addition to the possible

applications of such structures as a THz source, investigating THz emission by the spin
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Figure 2.21: Schematic of the experimental setup for TES spectroscopy.

46



Seebeck effect provides a unique view of the ultrafast spin dynamics not accessible by other

means [48, 83, 84, 85].

2.5.2 THz emission observed at oblique incidence: mechanisms

Disentangling the contributions of various ultrafast processes to THz emission in response to

the above band gap excitation requires careful consideration of the experimental geometry,

viz. sample orientation and polarization, as well as incidence angle of excitation. Specifically,

several important mechanisms of ultrafast photocurrents in the absence of external bias can

only be observed at the oblique excitation and detection. Examples of such processes include

photon drag effect (PDE) and ultrafast photocurrents that flow normal to the sample surface,

such as those due to built-in surface fields and the photo-Dember effect, as well as the ultrafast

carrier transfer in stacked 2D semiconductors [86, 87]. Experiments described here were all

carried out at normal incidence (Fig. 2.21). However, future TES experiments at oblique

incidence, outlined in Chapter 4, will allow us to study these effects in 2D chalcogenides,

thus we briefly introduce some of them here.

The photon drag effect (PDE) originates from photon momentum, which has been

transferred to the free carriers via phonons after excitation [88]. It vanishes in experiments

carried out at normal incidence. The PDE is allowed in all materials, whether they possess

inversion symmetry or not, and can occur for both inter-band or intra-band transitions. How-

ever, the energy and momentum conservation imply that momentum transfer from photon to

electron (hole) requires participation of the lattice via the electron-phonon interaction. Since

ka� 1, where k is the wave vector and a is the lattice parameter, the photon-drag current in

most materials is negligibly weak. On the other hand, the acquired momentum and, hence,

the drag current survives for only the momentum relaxation time τp, which is also determined

by the interaction between carriers and phonons. That is, the stronger the electron-phonon

coupling, the higher the momentum transfer rate and the shorter the momentum relaxation

time [89, 90]. For 2D materials, large PDE has been theoretically predicted and observed in
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graphene, owing to the large carrier mobility and low carrier relaxation rate [90, 91].

Ultrafast photocurrents along the surface normal can be driven by the built-in surface

depletion fields formed by the band bending at the surface. The magnitude and direction

of the built-in surface fields, and therefore the amplitude and polarity of the emitted THz

pulses, are sensitive to surface roughness, composition, and the presence of defects that act

as charge traps [92, 93, 94, 95]. This sensitivity of the THz emission to the surface properties

inspired development of Laser THz Emission Microscopy, where oblique incidence optical

excitation is focused to a sub-µm spot and scanned over the sample surface to map out

local defect distribution [96, 97]. Application of TES to determine the band bending at the

surface is particularly important for unambiguous identification of Dirac surface states in 2D

chalcogenide topological insulators Bi2Se3 and Bi2Te3 [76, 85, 98].

THz emission by built-in surface depletion fields must be disambiguated from emis-

sion by photo-Dember effect currents that also flow along the surface normal. In the

photo–Dember effect, ultrafast photogeneration of charge carriers in the vicinity of a semi-

conductor surface can result in the formation of a transient charge dipole owing to the

difference of mobilities (or diffusion constants) for holes and electrons, leading to an effective

charge separation in the direction perpendicular to the surface. This effect is present in most

semiconductors but it is particularly strong in narrow-gap semiconductors with high electron

mobility such as InAs, Te, InSb [86, 87].

2.5.3 Shift and Injection currents

At the normal incidence geometry resonant, above band gap excitation can result in THz

emission due to shift and injection currents, depending on the polarization state of the ex-

citation pulse and the symmetry of the semiconductor structure. These processes were first

described in terms of nonlinear susceptibility by Sipe et al. [36]. In this situation, when

a pulse with a center frequency ω0 and temporal electric field E(t) =
∫
dωẼ(ω)e−i(ω−ω0)t

interacts with a semiconductor, the components Ẽ(ω) and Ẽ(ω − Ω) induce a nonlinear po-
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larization P̃ (Ω) via χ(2), where Ω is the sum of optical driving frequencies in the susceptibility

tensor. Neglecting carrier scattering effects and ignoring explicit tensor notation, for Ω� ω,

χ(2) takes the form:

χ(2)(−Ω, ω,−ω+Ω) = χ′2(−Ω, ω,−ω+Ω)+
σ2(−Ω, ω,−ω + Ω)

−iΩ
+
η2(−Ω, ω,−ω + Ω)

(−iΩ)2
(2.45)

The first term represents the nonresonant (rectification) component and reflects displace-

ment of virtually excited carriers; it is nonzero for all ω, since all pairs of valence, conduction

bands separated by a band gap E ′g with ~ω < E ′g can make a contribution. The other two

terms are associated with the production of carriers in the resonantly excited bands and

lead to electrical current. The second term arises from the spatial shift of the center of

charge during excitation and leads to a shift current if the subsequent carrier scattering

has an isotropic component. The third term reflects quantum interference between different

pathways (involving different polarization components of the same beam) linking the same

initial and final states in the valence and conduction bands. For materials of appropriate

symmetry, it can lead to injection of polar distributions of carriers and is therefore known as

an injection current.

Since carrier current is related to the time-derivative of the optically induced polarization

density, it can be shown that the rectification and shift currents induced by transform-limited

optical pulses take the form:

Jrect(t) = 2ε0χ
′
2

∂

∂t
E(t)E∗(t) (2.46)

Jshift(t) = 2ε0σ2E(t)E∗(t) (2.47)

The rectification current follows the time derivative of the optical pulse envelope whereas
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the shift current follows the envelope directly.

Shift and injection currents arise from different physical mechanisms and possess different

crystal symmetry properties [35]. The shift current, which has also been referred to as

“above band-gap optical rectification” or the “linear photovoltaic effect,” is the result of a

shift of the center of charge within a unit cell during optical excitation, e.g., during the

electron transitions from the valence to the conduction band. The injection current, which

has also been referred to as the “circular photogalvanic effect” occurs in only 18 of the 21

noncentrosymmetric crystal classes and involves the generation of a polar distribution of

charge in momentum space due to interference between absorption processes induced by

orthogonally polarized beams. It is maximal for circularly polarized excitation light. It leads

to a polar distribution of electrons or holes in momentum space, resulting in current injection

that temporally follows the optical intensity but whose decay characteristics are related to

momentum scattering [75, 99]. These currents can be distinguished by their dependence on

the optical polarization and sample orientation and, in principle, by their temporal behavior.
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Chapter 3

Ultrafast carrier dynamics in 2D nano-

materials

We have applied TDS and TRTS to study ultrafast carrier dynamics in 2D van der Waals

chalcogenides and in nanocrystalline chalcogenides. Studied 2D chalcogenides GeS, GeSe,

SnSe, SnS2, and Bi2Se3 stand out among other 2D materials as they are composed of non-

toxic, earth-abundant elements and exhibit high carrier mobility and band gaps in the visible

to near-infrared range [78, 98, 100, 101, 102]. Some of them also exhibit unique proper-

ties, such as room temperature ferroelectricity, strongly anisotropic electronic and optical

properties that can be controlled by external fields, and even topological insulator behavior

[101, 102, 103]. 2D chalcogenides have been proposed as candidates for chemical sensors, solar

energy conversion, and fast electro-optical devices. In this Chapter, we focus on the exper-

imental investigations of the dynamics of photoexcited charge carriers and photoexcitations

over sub-picosecond to nanosecond time scales aimed at revealing the relationship between

the structural and optoelectronic properties of these 2D chalcogenides. We also describe

investigations of carrier dynamics in nanocrystalline chalcogenide materials, specifically, in

Bi2S3 nanocrystal films, PbS nanocrystal films and across PbS/ZnO heterojunctions.

Work described in this Chapter has been reported in the following publications: Kushnir

et al.[104], Zhu et al.[105], Giri et al.[106], and Shi, Kushnir et al.[107].
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3.1 Photoexcited free carrier dynamics in Bi2Se3,

(Bi0.75In0.25)2Se3, and (Bi0.5In0.5)2Se3: from topo-

logical to band insulator.

Recently, topological insulators (TIs) have drawn much attention due to new transport and

optical phenomena that emerge in these systems. TIs are quantum materials where a full

band gap in the bulk coexists with gapless metallic surface states (SS) that are topologically

protected by time-reversal symmetry and spin-orbit interactions [108, 109]. Bi2Se3 is a TI

with a bulk band gap of ∼0.35 eV and topological surface states that have been observed

experimentally and described theoretically [109]. The electrons in these surface states ex-

hibit spin-momentum locking and have small masses, leading to large Fermi velocities and

low backscattering. Currently, the application of Bi2Se3 in devices is hindered by a lack

of a lattice-matched trivially band insulating (BI) counterpart for TI/BI heterostructures.

The (Bi1-xInx)2Se3 alloy opens up such a possibility. Substitution of Bi atoms with In in

(Bi1-xInx)2Se3 transforms it from a TI at x = 0 to a trivial metallic state at 3% ≤ x ≤ 7%,

and to a true BI at higher In content [110]. Varying In content in (Bi1-xInx)2Se3 thus enables

tuning the band structure and achieving unique electronic and optical properties. More-

over, the resulting alloy retains the rhombohedral D3d
5 crystal structure of Bi2Se3 for up to
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x = 1, and is structurally compatible with Bi2Se3 [109]. The lattice mismatch between Bi2Se3

and In2Se3 is only 3%, and high quality Bi2Se3 TI layers can be grown by molecular beam

epitaxy (MBE) on (Bi1-xInx)2Se3 with x up to 75% [103]. This allows the possibility of engi-

neering heterostructures where (Bi1-xInx)2Se3 layers with different In content, and therefore

different band structures are seamlessly integrated to yield new functionalities. Specifically,

(Bi1-xInx)2Se3 with In concentration in the trivial BI range can serve as a gate dielectric

material or tunnel barrier, essential components of TI field effect transistors, spin valves or

topological tunnel junctions.

The electronic band structure of Bi2Se3 has been investigated by angle-resolved photoe-

mission spectroscopy (ARPES) and Shubnikov-de Haas measurements, which confirm the

presence of spin-polarized Dirac SS that are well separated from the bulk states. In ad-

dition to these occupied SS, two-photon ARPES and time-resolved ARPES measurements

with ∼ 3-eV excitations have identified a second set of unoccupied Dirac SS ∼ 1.5 eV above

the conduction band minimum that are accessible by optical excitation [111]. ARPES also

showed that (Bi1-xInx)2Se3 undergoes a transition to a non-topological metallic state for x

≈ 4% and finally, to a trivial BI for x ≥ 10%. Conventional transport measurements cannot

readily disentangle the contribution of the SS states to room temperature electrical con-

ductivity from the large bulk carrier contribution (∼ 1017cm−3 to over 1019cm−3), as most

samples are heavily n-doped due to the presence of Se vacancies and antisite defects. In

addition to bulk carriers, the contributions of the quantum well states (QWS) that can form

in the top 3-4 quintuple layers (QLs) also obscure observation of SS conduction [112].

Recent THz-TDS studies of Bi2Se3 were successful at delineating SS, QWS, and bulk state

contributions [113]. They found that the mobility of carriers in the QWS is more than 50

times lower than that in the SS (54cm2/V s versus 2, 880cm2/V s), and followed the evolution

of the optical conductivity in (Bi1-xInx)2Se3 over the sequential phase transitions from TI

state to metallic and finally, to trivial BI state as a function of In content from 0% to 25%

[114, 115].
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Figure 3.1: AFM images of (Bi1-xInx)2Se3 thin films with indium concentration of x=0, 0.25
and 0.50 (left to right) show triangular pyramidal domains in all three samples. This figure

was reproduced with permission [107].

We have applied TRTS with 800 nm (1.55 eV) and 400 nm (3.1 eV) excitation to study the

dynamics of optically excited carriers and the evolution of photoconductivity in (Bi1-xInx)2Se3

with In content increasing to 25% and 50%, well above the onset of the trivial BI phase.

(Bi1-xInx)2Se3 with x values above the BI threshold is suitable for structurally-compatible

insulating layers for TI devices. We demonstrated that photoexcitation injects carriers into

the bulk conduction band of Bi2Se3, but those free carriers rapidly, over several picoseconds,

scatter to the high mobility topological surface states, resulting in high photoconductivity.

On the other hand, photoexcited carriers in In-containing films have significantly lower car-

rier mobility and are weakly confined over mesoscopic lengths scaled by the twin domain

boundaries and possible phase segregation. Thus, controlling In concentration during the

film growth allows tuning carrier mobility, photoconductivity rise time, and the lifetime of

photoexcited carriers, tailoring the ultrafast response of (Bi1-xInx)2Se3 films for high speed

optoelectronic devices, including TI/BI heterostructure devices.

3.1.1 Experimental methods

(Bi1-xInx)2Se3 thin films with different compositions and ∼ 100 nm thickness were grown

by the MBE on c-plane sapphire (∼ 0.5 mm thick). For indium-containing films, a two-

step growth method was used, that involved an initial seed-layer growth with the desired
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composition to maintain the correct phase and polytype [103]. Detailed thin film growth

information has been reported by Shi et al [107]. The AFM images of the resulting films

are shown in Fig. 3.1. The image of Bi2Se3 shows pyramid-like domains of ∼ 500 nm

size that have previously been attributed to twin boundaries [116]. The twin domains form

due to relative rotation ( ∼ 60o in hexagonal symmetry) of growth front direction. Both In-

containing films also show evidence of pyramid like domains, though the domains are smaller,

most probably due to the shorter diffusion length of In adatoms compared to Bi adatoms.

Equilibrium complex optical conductivity in (Bi1-xInx)2Se3 films was investigated using

THz-TDS in a transmission configuration, while the effects of optical excitation were studied

using TRTS with either 800 nm (1.55 eV) or 400 nm (3.1 eV), 100 fs optical excitation, as

described in Chapter 2.

3.1.2 Equilibrium conductivity in (Bi1-xInx)2Se3 films

Equilibrium complex THz-TDS spectra of the three films are shown in Fig. 3.2. Observed

conductivity of Bi2Se3 is in agreement with previous reports of THz sheet conductance

[110, 117]. It exhibits a broad free carrier Drude response at low frequencies that can be

extrapolated to a zero frequency, DC value, GDC ∼ (430± 30)× 10−51/Ω. In addition to the

low frequency Drude free carrier response, the THz complex conductivity of Bi2Se3 contains

a strong contribution of a bulk infrared-active in-plane α-phonon mode at ∼ 2 THz. In

the absence of a substantial interaction between the bulk phonon and topological SS, the

phonon resonance is symmetric, and the overall complex conductance can be described by a

Drude-Lorentz conductivity (Eq. 2.41) which combines a Lorentzian to represent the phonon

mode, and a free carrier Drude model to account for the free carrier response. In terms of

sheet conductance, it can be written as:

G̃(ω) = G̃Drude(ω) + G̃Lorentz(ω) =

(
ω2
p

ΓD − iω
+
Sαω(Γαω − i(ω2

α − ω2))

(ω2
α − ω2)2 + (Γαω)2

)
ε0d (3.1)

55



Figure 3.2: THz-TDS spectra: equilibrium conductance of (Bi1-xInx)2Se3 films with (a)
x = 0%, (b) x = 25%, and (c) x = 50%. Solid and open symbols represent real and

imaginary conductivity, respectively, with lines showing global fits of both the real and
imaginary conductivity to the Drude-Lorentz model. This figure was reproduced with

permission [107].
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Here, ΓD/2π is the Drude carrier scattering rate,((ωp/2π)2d) is the 2D Drude spectral

weight, with (ωp/2π) representing the plasma frequency, ε0 is the free space permittivity,

and d is the film thickness. Lorentzian contribution of the α-phonon with frequency ωα/2π,

is given in terms of the phonon damping constant in THz, Γα/2π, and Sα, the oscillator

strength. Similar to the previously reported studies, the phonon mode broadens, with Γα/2π

increasing from ∼ 0.25 THz to ∼ 0.55 THz for x = 25%. The phonon mode also shifts to

the higher energy due to lower atomic weight of In compared to Bi, appearing at ∼ 2.3 THz

for x = 25%, as reported earlier by Wu et al. [110]. For the even higher In concentration,

x = 50%, the phonon mode moves out of the experimental bandwidth and contributes only

to a broad positive real and negative imaginary conductance that slowly increases over the

experimental spectral window.

The dominant photon contribution and high free carrier scattering rate precludes us from

reliably fitting the low frequency free carrier response to the Drude model conductance spectra

to estimate carrier scattering time or carrier density. However, prior THz-TDS measurements

have demonstrated that the bulk free carriers contribute little to the equilibrium conductivity

of MBE-grown Bi2Se3 films of 16-100 QL thickness, with 2D conduction channels (SS and

QWS) playing a dominant role. Using the combined sheet carrier density of these two chan-

nels, N ∼ 3.32× 1013cm−2, and Hall effect mobility of µ ∼ 623cm2/V s, reported earlier for

a similarly prepared sample, we estimate that GDC = Nµe ∼ 330× 10−51/Ω, comparable to

our extrapolated value (Fig. 3.2(a)). For both In-containing films, GDC is nearly zero, with

any possible bulk free carrier response due to residual doping small enough to be entirely

obscured by the phonon contribution. This is expected for the trivial BI and agrees with

previous Hall measurements. Sharp discontinuities in the spectra at frequencies ∼ 1.1 THz

and ∼ 1.6 THz are experimental artifacts due to the absorption of THz probe pulses by the

rotational transitions of water molecules in ambient air. All conductivity fitting was weighted

by the spectral amplitude of the reference THz pulse to ensure these artifacts do not affect

experimental fitting parameters.
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Figure 3.3: (a) Schematic illustrating the band structure of Bi2Se3 with two sets of SS.
Excitation with 800 nm pulses excites carriers into the lower states of the bulk CB above

SS1, and 400 nm pulses can inject carriers into the higher lying states in CB above the SS2.
Following excitation, the photoexcited electrons scatter from CB to SS. Transient change in

THz (−∆T/T ∝ ∆σ) transmission of (Bi1-xInx)2Se3 films as a function of time after
photoexcitation with 400 nm (b-d) and 800 nm (e-g) pulses with excitation fluences

indicated in the legends. Solid lines in (b-d) represent fits of −∆T/T decays to either a
single exponential (b, e) or a double-exponential (c, d, f, g) decay functions with the decay

times indicated in the panels. Insets show the same data zoomed around the
photoconductivity rise, with solid lines showing singe-exponential rise fits. Second peaks

seen in (e), (f) and (g) result from re-excitation by an 800 nm pulse reflected from
substrate/air interface. In (c), (d), (f), (g), the solid symbols and the scale on the right

represent photoexcited carrier density extracted from the Drude-Smith analysis of transient
photoconductivity ∆σ = ∆Gd, where d is the layer thickness. This figure was reproduced

with permission [107].

3.1.3 Non-equilibrium photoexcited carrier dynamics

in (Bi1-xInx)2Se3 films.

A simplified schematic of Bi2Se3 band structure is shown in Fig. 3.3(a). It includes, in

addition to SS within the bulk band gap (SS1), a second set of unoccupied Dirac SS (SS2)

located ∼ 1.5 − 1.8 eV above the bulk CB edge that was previously identified in ARPES

measurements[118]. While the excitation with 800 nm (1.55 eV) pulses should predominantly

excite bulk free carriers into the lowest CB band, located 300-400 meV above the Fermi

edge,the 400 nm pulses can access higher bulk CB states located above the second set of SS.
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Figure 3.4: (a–c) Peak of −∆T/T at 800 and 400 nm as a function of the photon flux in an
excitation pulse. Symbols show the experimental data, and solid lines show power law fits

with fit results given in the panels. (d) Rise time of −∆T/T as a function of the excitation
fluence of 800 and 400 nm pulses for all three films. This figure was reproduced with

permission [107].

(Bi0.75In0.25)2Se3 and (Bi0.5In0.5)2Se3 are BIs with no surface states and the (indirect) band

gap increasing to ∼ 0.6 eV and ∼ 0.85 eV, respectively, while the higher bulk states that give

rise to the onset of direct optical transitions occur at ∼1.5 eV and ∼1.8 eV, respectively.

Transient dynamics of the photoexcited carriers are captured in −∆T/T traces, the nega-

tive change in transmission of the THz probe peak as a function of time after photoexcitation

(Fig.3.3 (b-g)), which is proportional to the transient photoconductance ∝ ∆Gd. We also

plot the peak values of −∆T/T for all three samples as a function of the photon flux (Fig.

3.4(a-c)), and the photoconductance rise time as a function of excitation fluence, determined

by fitting the early time dynamics to a single-exponential rise (Fig. 3.4 (d)).

Here, we underscore several important observations. First, the transient photoconduc-

tance ∆G, which is proportional to the negative transient change in peak THz transmission,

in Bi2Se3 is positive for both 400 nm and 800 nm excitation, for all studied fluences and

times after excitation, contrary to a transient suppression of THz sheet conductance in thin-

ner (< 20 QL) films in prior studies. Direct photoexcitation of SS, just like photoexcitation of

carriers in graphene, results in their rapid thermalization and an emergence of a population of

hot carriers subject to an increased scattering rate, resulting in lower conductivity observed
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in these studies. In ∼100 QL films studied here, photoexcitation initially injects free electrons

into the bulk CB (Fig. 3.3(a)). Carriers then relax to the lower energies within the bulk

CB and finally scatter into the unoccupied SS. This relaxation occurs over few picoseconds,

as evidenced by a slow build-up of photoinduced conductance in Bi2Se3 shown in the insets

of Fig. 3.3 (b, e), as well as in the plot of the rise time as a function of excitation fluence

(Fig. 3.4 (d)). The increase in conductance due to scattering of free carriers from bulk CB to

unoccupied high mobility SS states overwhelms the expected reduction in conductance due

to direct excitation of SS.

Second, the peak transient increase in conductance is significantly higher in Bi2Se3 com-

pared to both In-containing films, for comparable or even lower excitation fluence values.

This indicates that SS, characterized by significantly higher carrier mobility values than the

bulk states, or even the QWS, dominate the photoinduced response of Bi2Se3 after the initial

buildup of photoexcited carriers in SS. Dependence of the peak −∆T/T on of the photon flux

(e.g. number of incident photons per unit area of the sample in an excitation pulse) for both

800 nm and 400 nm excitation is shown in Fig. 3.4 (a-c), where the solid lines are power law

fits. For each film, peak photoconductance values for both 800 nm and 400 nm excitation

fall on the same curves, indicating that each absorbed photon eventually contributes one

electron-hole pair to the photoexcited SS population. For Bi2Se3, the peak photoinduced

change in conductance saturates with increased excitation, as indicated by the power law

exponent ∼ 0.35 (Fig. 3.4(a)). Saturation occurs as a result of filling of the SS bands.

Higher excitation fluences reduce the observed photoconductance rise time. Carrier-carrier

scattering at high fluences also plays a role of an additional relaxation channel, accelerating

scattering towards the SS. Finally, the rise time for most fluence values appear to be slower

for 400 nm excitation, likely an indication of the slower scattering of bulk carriers to SS2.

The peak also shows signs of behavior indicated by a power law exponent of ∼ 0.7 (Fig.

3.4(b)), albeit weaker, for (Bi0.75In0.25)2Se3. (Bi0.75In0.25)2Se3 film also has a fluence depen-

dent rise time, comparable to that of Bi2Se3, while for (Bi0.5In0.5)2Se3 film, the rise time is
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Figure 3.5: Photoinduced change in THz conductance in (Bi1-xInx)2Se3 films at different
times after excitation with fluences of 200 µJ/cm2 for 400 nm (shown in blue) and 225
µJ/cm2 for 800 nm (shown in red). Solid and open symbols indicate the real (∆G1) and

imaginary (∆G2) components of the transient conductance change. Solid and dashed lines
show are global fits of ∆G1 and ∆G2 to a Drude–Lorentz model (Eq.3.1) for Bi2Se3, and

the Drude-Smith model (Eq. 3.2) for Bi2Se3, (Bi0.75In0.25)2Se3, and (Bi0.5In0.5)2Se3. This
figure was reproduced with permission [107].

short and not dependent on fluence, ∼ 260 fs for 800 nm excitation, and ∼ 500 fs for 400 nm

excitation. Carriers in both In-containing films are still excited well above the CB minimum.

Many of them rapidly become trapped by bulk defect states or trap states associated with the

twin boundaries over the time scales smaller than our experimental time resolution (< 200

fs). In the absence of SS, the remaining carriers relax within the CB, likely ending up in

lower energy, higher mobility bands. Filling and emptying of those higher mobility CB states

may lead to a relaxation bottleneck, observed as a slow rise time in (Bi0.75In0.25)2Se3 at low

excitation fluence values. As increased fluence leads to a higher instantaneous carrier density,

carrier-carrier scattering processes contribute to accelerated relaxation. We hypothesize that

higher density of trap states, combined with a lower excess energy of the photoexcited carriers

due to the higher energies of CB states in (Bi0.5In0.5)2Se3 compared to (Bi0.75In0.25)2Se3,

accelerate trapping reduce possible band filling effects.

After photoinduced transient conductance reaches a peak, it decays within tens of picosec-

onds. In Bi2Se3, the SS photoconductivity decays to zero with 15-18 ps time constant. In
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both In-containing films, photoconductivity follows a two-exponential decay, indicating the

presence of at least two carrier-trapping mechanisms. Trap states may be associated with In

substitutions, phase segregation, non-uniform In concentration, and twin boundaries. Both

decay components are significantly shorter in x = 50% film (3 ps vs 6-20 ps, and ∼ 20 ps

vs 30-100 ps), suggesting an approach for tailoring carrier lifetime in (Bi1-xInx)2Se3 BIs for

applications in high-speed devices by changing In content.

Analysis of the transient complex, frequency-resolved photoconductance at different times

after the optical excitation provides a much more granular picture of ultrafast photoexcited

carrier dynamics. Examples of those spectra for 400 nm and 800 nm excitation for all three

films are given in Fig. 3.5.

Like in the case of static conductivity measured using THz-TDS, spectra of Bi2Se3 are dra-

matically different from those of (Bi0.75In0.25)2Se3 and (Bi0.5In0.5)2Se3; the transient change

in conductance is about an order of magnitude stronger for the same excitation fluence val-

ues in TI phase, and the spectral shape differs as well. Once the injected carriers scatter

to SS, the low frequency transient photoconductance of Bi2Se3 is dominated by a Drude

response of SS free carriers, described by the first term of Eq. 3.1. In (Bi0.75In0.25)2Se3

and (Bi0.5In0.5)2Se3, the suppressed real photoinduced conductance component ∆G1 at low

frequencies and negative imaginary photoinduced conductance ∆G2 are indicative of the ef-

fects of disorder and back-scattering of charge carriers, typically observed in nanostructured

and granular materials. The potential phase segregation and non-uniform In distribution, as

well as partially transparent twin domain boundaries may contribute to localization of free

optically excited bulk carriers over mesoscopic length scales and impede long-range trans-

port. We analyze photoconductance spectra within the framework of the Drude-Smith model

(Chapter 2, Section 2.4) It can be written in terms of film photoconductance as

∆GDS =
ω2
pε0τDS

1− iωτDS

[
1 +

c

1− iωτDS

]
d (3.2)

where N is the bulk charge carrier density, τDS is carrier scattering time (related to

62



the corresponding scattering rate as 2πΓDS = 1/τDS). The lines in Fig. 3.5(c-f) are the

global fits on the complex change in conductance to to Eq. 3.2. In the absence of highly

conductive SS, bulk volume carrier density N can be calculated from the plasma frequency

as N = (ω2εm∗)/e2, where m∗ = 0.15me is the carrier effective mass[103]. Time- and

excitation-dependent instantaneous photoexcited carrier density values obtained from the

fitting the frequency-resolved complex photoconductance spectra of x = 25% and x = 50%

films at 3 ps, 5 ps and 20 ps are shown alongside the −∆T/T decays in Fig. 3.3 (c-g). We find

that the photoconductivity decay tracks photoexcited carrier density for all excitation fluence

values. Using those values to estimate the photoexcited carrier density that corresponds to

the peak photoconductivity, and comparing it to the total injected carrier density estimated

from the photon flux, we find that only 3-5% of all carriers contribute to the observed

photoconductivity, while the vast majority are lost to rapid trapping.

The c-parameter values for In-containing films at different excitation fluence values and

times after excitation are shown in Fig. 3.6. In both samples, localization of carriers

is pronounced, and it is stronger in x = 50% film. We also find that the c parameter

becomes slightly more negative with time after excitation, going from ∼ -0.55-0.65 to ∼

-0.7 in (Bi0.75In0.25)2Se3, and from -0.7 to ∼ -0.8 in (Bi0.50In0.50)2Se3. Such behav-

ior of photoinjected carriers is common among nanocrystalline or granular semiconductors

[53, 71, 104, 105]. Carriers become more affected by localization as they thermalize with the

lattice. Lower localization at the early times experienced by the carriers excited by 400 nm

pulses compared to 800 nm pulses supports this hypothesis. Additionally, carriers trapped

at bulk defects and domain boundaries may impact long-range transport of the remaining

free carriers. For higher excitation fluence values, injecting more carriers also results in less

localization as higher injected hot carrier density takes longer to thermalize with the crystal

lattice by emission of phonons.

Finally, using the experimental Drude-Smith parameters τDS and c, we can also es-

timate short-range and long-range carrier mobility for photoexcited bulk free carriers as
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Figure 3.6: Time evolution of the Drude-Smith c parameter for photoexcited charge carriers
in (Bi1-xInx)2Se3 films with x = 25% and x = 50% for 400 nm (a, b) and 800 nm (c,d)

excitation. Excitation fluence values are given in legends. This figure was reproduced with
permission [107].
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Table 3.1: Drude-Smith τDS values for x = 25% and x = 50% films, obtained by fitting
photoconductivity spectra to Eq. 3.2. This figure was reproduced with permission [107].

µshort−range = eτDS/m
∗ and µlong−range = µshort−range(1 + c). The summary of the τDS values

is given in Table 3.1.

We find for (Bi0.75In0.25)2Se3, that µshort−range, describing carrier motion over the short

distance within individual domains is in the 400-600 cm2/V s range. Mobility over macro-

scopic distances, µlong−range is as high as 180-270 cm2/V s at early times, and decreases to 120-

180 cm2/V s at later times as the stronger carrier localization sets in. For (Bi0.50In0.50)2Se3,

µshort−range ∼ 200cm2/V s , and µlong−range decreased over time from 60 cm2/V s to 40

cm2/V s. This demonstrates that varying In content allows fabrication of (Bi1-xInx)2Se3

films with different lifetimes as well as mobilities of optically excited carriers, thus tailoring

the properties for a specific application.

In Bi2Se3, photoexcited carriers exhibit a Drude response with c = 0, as SS are not

susceptible to back-scattering. We also observe excitation-induced blue-shift of the α-phonon,

which manifests as a negative Lorentzian contribution in the differential conductance ∆G.

Blue shift of the α-phonon frequency has been reported in prior studies and attributed to

an increased lattice temperature that results from thermalization of optically injected hot

carriers. The lines in Fig. 3.5 (a,b) represent global fits of the real and imaginary parts

of the differential conductance ∆G and ∆Γ to Eq. 3.1 with negative time- and fluence-

dependent Lorentzian amplitude Sα and a damping rate Γα/2π ∼ 0.45 THz. From the

fitting, we obtain both the 2D Drude spectral weight and the Drude scattering rate. We

find that, for each excitation wavelength, the scattering rate appears to be a function of the
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Figure 3.7: Scattering rate ΓD as a function of photoexcited 2D Drude spectral weight in
Bi2Se3 at after photoexcitation with 800 nm and 400 nm. Lines are guides to the eye. This

figure was reproduced with permission [107].

Drude spectral weight, suggesting that carrier-carrier scattering is a limiting factor on carrier

mobility (µ ∝ τD ∝ 1/ΓD). Data in Fig. 3.7 also show that the scattering rate is significantly

lower for the carriers excited with 400 nm. This finding suggests the difference in properties

of the two sets of SS, SS1 which becomes populated following excitation with 800 nm pulses,

and SS2, which is accessible to carriers injected higher into the CB by 400 nm pulses (Fig.

3.3(a)). Finally, we note here that the scattering times τD, corresponding to the lower carrier

density limit, are ∼ 100 fs for SS1, and ∼ 80 fs for SS2. Taking the effective mass in the SS

to be 0.07me, we estimate the corresponding carrier mobility values to be ∼ 2,500 cm2/V s

and ∼ 2,000 cm2/V s.

3.1.4 Conclusion

In conclusion, we have characterized non-equilibrium dynamics of photoexcited free carri-

ers in three ∼ 100 QL thick, MBE-grown (Bi1-xInx)2Se3 films with x = 0, 25%, and 50%,

representing the end points of topological insulator- metal-insulator phase transition that
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occur as the indium concentration is increased. Excitation of charge carriers with 1.5 eV

(800 nm) and 3.1 eV (400 nm) pulses allowed investigation of the carriers injected into dif-

ferent CB energy levels. In the TI limit (x = 0), topological surface states dominate both

equilibrium and non-equilibrium properties. Carriers that are optically injected into the bulk

conduction band relax to the high mobility surface states over few picoseconds. We find that

photoexcited carriers in the second set of Dirac surface states, located ∼ 1.5-1.8 eV above the

conduction band minimum and accessible by 3.1 eV excitation, experience lower scattering

and have higher mobility than those in the lower-lying surface states within the band gap. For

indium-containing films, photoexcitation generates bulk free carriers that experience partial

localization over mesoscopic length scales, commensurate with the presence of the twin do-

main boundaries. Dynamics of the photoexcited carriers in In-containing (Bi1-xInx)2Se3 films,

including both the rise time of photoconductivity and the carrier life time, depend on In con-

centration, demonstrating that specific properties desired for high-speed photonic devices

can be achieved by composition engineering of (Bi1-xInx)2Se3. As insulating ((Bi1-xInx)2Se3

is structurally-compatible with TI Bi2Se3, ability to tune its optoelectronic properties makes

it highly desirable for applications in high-speed optical, electronic and spintronic devices

based on TI/BI heterostructures.

67



3.2 Carrier Dynamics in Vertical SnS2 Nanoflakes and

Bulk Single SnS2 Crystal

Another member of the van der Waals 2D layered materials family is tin disulfide, SnS2.

Its moderate bandgap, environmental stability and high carrier mobility makes it attrac-

tive for solar energy conversion applications. Here we explore how nanostructuring SnS2 in

the form of vertically-aligned nanoflakes impacts the lifetime and microscopic conductivity

of photoinjected carriers compared to the bulk single crystal SnS2. This material has po-

tential suitability for applications in electrochemical sensors, photodetectors, photovoltaics,

electrocatalysis, and electrochemical energy storage. SnS2 has a CdI2-type crystal structure,

wherein the triatomic layers are held together by weak van der Waals forces [119]. It is an

n-type semiconductor with an indirect bandgap of 2.08-2.44 eV, a high optical absorption

coefficient exceeding 104 cm−1, and high carrier mobility of 18-760 cm2/V s [120, 121]. In

addition, both its elemental constituents have relatively high earth abundance.

One of the promising applications of SnS2 is in the field of photoelectrochemistry (PEC),

specifically for water splitting. The CB and VB energies of bulk SnS2 straddle the oxidation

and reduction potentials of water [122]. However, efficient PEC application of SnS2 require

balancing light absorption and carrier transport, and vertically aligned nanoflakes provide

a way to achieve such balance. When the basal planes of SnS2 are perpendicular to the

current collector, photoexcited charges can be transported more efficiently because of the

high conductivity along the SnS2 basal planes [119]. Height of the nanoflakes needs to be
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optimized to ensure both optical absorption and efficient charge transport. Theory predicts

photocurrents as high as ∼ 11 mAcm−2 in SnS2 [123]. However, the previously obtained

photocurrent was only ∼ 1.5 mAcm−2 at the thermodynamic potential for water oxidation

(1.23 VRHE) in 0.5 M Na2SO4 [124]. Therefore, optimized morphology, high crystallinity,

and phase purity are needed to realize high PEC performance from SnS2 photoelectrodes.

We have conducted a detailed characterization of photoexcited carrier transport in SnS2

nanoflakes, as well as in a bulk single crystal, using TRTS. We find that intrinsic (intra-

nanoflake) carrier mobility in nanostructured SnS2, 330 cm2/V s, is comparable to that in

a single crystalline material, 800 cm2/V s. Combining the results from TRTS and time-

resolved photoluminescence (TRPL) experiments, we found that the optimal length of the

vertical nanoflakes for best PEC performance lies between this diffusion length of ∼ 1µm

and the optical absorption depth of ∼ 2µm, which balances the competing requirements of

charge transport and light absorption.

3.2.1 Experimental Methods

SnS2 nanoflake arrays were grown by the close space sublimation (CSS) method. A custom-

built CSS system was designed to allow independent control of source temperature (Tsrc),

substrate temperature (Tsub), and source-substrate separation (dss). Controlled experiments

were carried out to determine the optimal growth conditions. X-ray diffraction (XRD), scan-

ning electron microscopy (SEM), and PEC measurements with a Na2SO3 hole scavenger were

carried out to characterize the purity, morphology, and PEC performance of the nanoflakes

at each growth condition. Single crystal SnS2 was grown by chemical vapor transport (CVT).

Both synthesis methods and detailed structural and chemical characterization were reported

by [106].

The photoluminescence (PL) of SnS2 nanoflakes was measured using a Horiba iHR550

Spectrometer with a 405 nm fiber coupled laser and a Horiba Synapse CCD camera. Similarly,

time-resolved photoluminescence was measured using a Becker & Hickl time-correlated single
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photon counting system and an ID Quantique single photon avalanche photodiode. The pump

used was a 20 picosecond pulsed laser with a frequency of 19.4 MHz, average power of 0.5

µW , and spot size of about 1 mm2. Hence, the instantaneous peak intensity of the pulsed

laser incident on the sample was about 128 mW/cm2, which is similar to one-sun condition.

Intrinsic mobility of photoexcited charge carriers in SnS2 nanoflakes and single crystals

were characterized by TRTS using a duration of ∼ 100 fs and 400 nm pulses for above the

band gap excitation, as described in Chapter 2.

3.2.2 Results and discussions

SEM images of a series of SnS2 vertical nanoflake arrays grown by CSS at different substrate

temperatures, Tsub, and different distances from the source of SnS2 to the substrate at fixed

Tsub = 450oC are shown in Fig. 3.8. As the Tsub is increased from 424 oC to 453 oC, nanoflakes

grew taller and wider SnS2. Increasing Tsub further to 471 oC caused the formation of Sn2S3

nanorods. Decreasing dss from 19 mm to 10 mm resulted in taller nanoflakes with increased

opacity. In device measurements, described in detail in Ref. [106], the optimal performance

of the vertical nanoflake array as a photocathode producing the maximum photocurrent of

4.5 mAcm−2 were achieved using ∼ 1.5µm tall nanoflakes grown with dss = 10 mm.

For comparison, the SEM image of the CVT-grown bulk SnS2 in Fig. 3.9 shows a uniform,

single crystalline structure.

We measured the optoelectronic properties of the optimized nanoflakes and compared

them to the properties of the single crystal SnS2 to gain insights into the origin of the high

photocurrent and the reason for the existence of an optimum height of the SnS2 nanoflakes.

First, the Tauc plot in Fig. 3.10 (a) shows the indirect bandgap of SnS2 to be about 2.1 eV.

This indirect band gap also gives rise to a weak, broad PL peak centered at 588 nm (2.11

eV) in Fig. 3.10 (b). The radiative photoexcited carrier lifetime was determined using TRPL

decay of the 2.11 eV peak, corresponding to the band gap emission, after exciting with 405

nm laser at near one-sun peak excitation intensity (∼ 128mWcm−2), as shown in Fig. 3.10
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Figure 3.8: Optimization of SnS2 nanoflake growth by CSS. (a-c) SEM images of nanoflakes
synthesized with Tsub = 424 oC, 453 oC and 471 oC; (d-f) SEM images of nanoflakes

synthesized with dss = 19 mm, 15 mm and 10 mm. The insets show respective cross-section
views. This figure was reproduced with permission [106].

Figure 3.9: SEM image of the pristine single crystal SnS2. This figure was reproduced with
permission [106].
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Figure 3.10: (a) Indirect bandgap Tauc plot; (b) steady-state photoluminescence spectrum
and (c) time-resolved photoluminescence of vertical SnS2 nanoflakes following

photoexcitation with 405 nm, ∼ 20 ps pulses. This figure was reproduced with permission
[106].

(c). The observed decay can be fit to a double exponential function, with the fast component

of 78 ps due to the TRPL system response time, and the slow component corresponding to

the radiative carrier lifetime of ∼1.3 ns in SnS2 nanoflakes. This value provides an upper

limit of the free carrier lifetime that is relevant to the device performance, as in systems such

as the nanoflake arrays with defects, edges, and disorders. It is possible for the photoinjected

carriers to undergo trapping and de-trapping events and eventually to contribute to measured

device photocurrent. The other limit of the free carrier lifetime can be obtained by TRTS

which is sensitive to free carriers exclusively.

TRTS measurements of 1.5 µm-tall vertical SnS2 nanoflakes and of a single crystalline

SnS2 are shown in Figures 3.11 and 3.12. In Fig.3.11, samples were optically excited with

28 µ J/cm2, 400 nm laser pulses. We found that transient photoconductivity in both single

crystal SnS2 and vertical SnS2 nanoflakes exhibits a multi-exponential decay. In both, the

fastest component (2 - 3 ps) is more pronounced at higher excitation fluence values (Fig.

3.12 (a)), and can be thus ascribed to carrier-carrier scattering. The slower, 10 - 15 ps

decay observed in vertical SnS2 nanoflakes likely represents carrier trapping at defect and

edge states. Finally, a much slower component observed in both samples, decays over > 250

ps and cannot be determined accurately due to the limitation imposed by the available

pump-probe delay. We attribute this long-lived component to the free carrier recombination.

Therefore, by combining the information from TRTS and TRPL, we can place the lifetime of

72



Figure 3.11: (a) Time-resolved terahertz spectroscopy showing picosecond dynamics of
photoconductivity in single crystal SnS2 and vertical SnS2 nanoflakes following
photoexcitation with 400 nm, ∼ 100 fs pulses. Real (∆σ1) and imaginary (∆σ2)

components of THz photoconductivity of (b) single crystal SnS2 and (c) vertical SnS2

nanoflakes on quartz measured at 20 ps after the excitation. The lines in (b-c) represent
global fit for real and imaginary components of the conductivity to the Drude-Smith model.

This figure was reproduced with permission [106].
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Figure 3.12: (a) Time-resolved THz photoconductivity in single crystal SnS2 and vertical
SnS2 nanoflakes at two fluences: 28 µJ/cm2 and 55 µJ/cm2, following photoexcitation with

400 nm, ∼ 100 fs pulses. Real (∆σ1) and imaginary (∆σ2) components of THz
photoconductivity of (b) single crystal SnS2 and (c) vertical SnS2 nanoflakes on quartz

measured as a function of THz probe frequency at 3, 5 and 20 ps after the photoexcitation.
The lines in (b-c) represent global fits for real and imaginary components of the complex

conductivity to the Drude-Smith model. This figure was reproduced with permission [106].

the photoexcited carriers in the optimized vertical nanoflake array in (0.25 - 1.30 ns) range.

Complex, frequency-resolved photoconductivity spectra for both single crystalline and

nanostructured samples at 20 ps after excitation with 28 µJ/cm2, 400 nm pules are shown in

Fig. 3.11 (b) and (c). At 20 ps, carrier-carrier scattering is no longer appreciable, and thus

intrinsic carrier scattering time and mobility can be determined. In general, the complex

conductivity (σ̂) of both of these samples can be described by Drude-Smith model Eq.2.42.

The c-parameter and τDS were first determined by fitting the measured frequency-resolved

complex conductivity to this model. Then, intrinsic and long-range mobility of carriers in our

samples were estimated using Eq. 3.3, where a previously-reported value of effective mass
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m∗ = 0.375mewas used [125].

µintrinsic =
eτDS
m8

, µlong−range =
eτDS
m8

(1 + c) (3.3)

We find that for single crystal SnS2, Eq.2.42 reduces to the Drude model (with c = 0) and

the mobility is estimated to be 800 cm2/V s, which is similar to a theoretically-predicted value

of electron mobility in monolayer SnS2. However, for vertical nanoflakes, the localization

parameter is nonzero (c = −0.72) due to confinement of carriers within individual nanoflakes,

and the intrinsic and long-range mobilities are estimated to be 330 cm2/V s and 90 cm2/V s

respectively. This intrinsic mobility is slightly higher than that reported in previous studies

and approaches the theoretically predicted one, which is a testament to the high crystallinity

of the nanoflakes and low defect concentration. Since the important charge transport in PEC

applications occurs within individual nanoflakes, the high intrinsic mobility can improve the

overall photocurrent in SnS2 photoanodes.

Another important factor that impacts the performance of photoanodes is diffusion length

(LD) of the photoexcited charge carriers, which can be calculated from carrier lifetime (τ) and

mobility (µ) using Eq.3.4 , where kB is the Boltzmann constant, T is absolute temperature

and e is elementary charge:

LD =

√(
kBT

e
× µ

)
× τ (3.4)

Combining the carrier lifetime (0.25 - 1.30 ns) and TRTS mobility yields the diffusion

length of ∼ (0.4 - 1.0 µm) in the optimized nanoflake array. As expected, the optimized

nanoflake height of ∼1.5 µm falls in between ∼ 2µm thick SnS2, required to absorb most of

the incident photon energy, and the diffusion length.

Finally, Fig. 3.12 provides additional information into photoexcited carrier behavior in

single crystalline and nanoflake samples by examining the dependence of photoconductivity

from the photoexcitation fluences. We observe that photoconductivity in both single crys-
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tal SnS2 and vertical SnS2 nanoflake arrays slightly increase with fluence (Fig. 3.12 (a)).

More pronounced at higher excitation fluences, the fastest component that correspond to

trapping or recombination process linearly depends on excitation fluence, while the slower

process saturates so that the photoconductivity at times ∼ 50 ps after photoexcitation is

low and nearly independent on initial carrier injection. Additionally, analysis of the complex

THz photoconductivity as a function of time after optical injection with different excitation

fluences provides further insight into the role of edges and surfaces. Fig. 3.12 (b-c) summa-

rizes the results of the transient complex conductivity measurements and illustrates the time

evolution of the complex photoconductivity. From here we can see that time evolution of

the carrier scattering rate and parameter c related to the carrier localization are independent

of excitation fluence, and both parameters indicate that mobile carriers remaining in the

nanoflake array at later times after excitation experience less confinement and scattering.

We also find that the Drude-Smith c parameter becomes less negative, and scattering time

increases by more than a factor of 2 within the first 20 ps after photoexcitation. Based on

these observations, we hypothesize that the carriers in the thinnest nanoflakes are trapped

and/or recombine at surface and edge trap states rapidly, within the first 5-10 ps, leaving

behind the carriers in the thicker nanosheets. Taking the bulk SnS2 scattering time to be

∼ 64 fs, as determined from the single crystal measurements, we find that the average char-

acteristic nanoflake thickness experienced by the mobile photoexcited carriers changes from

6-10 nm at 2 ps after photoexcitation to 40-90 nm at 20 ps. The role of edges vs the surface

state in trapping the mobile carriers is being explored using edge passivation by the organic

ligands.

3.2.3 Conclusion

In summary, we have applied TRTS in combination with other optical characterization tech-

niques, uv-vis and TRPL spectroscopy, to uncover how achieving the balance between the

light absorption and photocarrier lifetime results in efficient photoelectrochemical perfor-
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mance of SnS2 nanoflake arrays. The optimized SnS2 nanoflakes exhibit high intrinsic carrier

mobility (330 cm2/V s) and long photoexcited carrier lifetimes (0.25-1.3 ns), which result in

large diffusion lengths of ∼ 1µm. We also demonstrated that the thinnest nanoflakes in the

array are the most susceptible to carrier trapping and/or recombination as surface and edge

states. Photoanodes made of these nanoflakes yield photocurrents as high as 4.5 mAcm−2

at 1.23 VRHE under simulated sunlight. High photocurrent results from the combination of

excellent optoelectronic properties, unique stepped morphology that exposes multiple edge

sites in every nanoflake, and the optimized nanoflake height (∼1.5µm) that balances light

absorption and charge transport.
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Figure 3.13: (a) GeS is synthesized through the VLS route. (b) GeS has an orthorhombic
crystal structure. (c–h) Morphologies grown are flat nanoribbons and sheets with either the
flat facet as (001) or (100). Most measurements here are presented on ribbons grown in the
(001) direction. (i) XRD, (j) EDS, and (k) Raman characterization show predicted crystal

structure and chemical composition. This figure was reproduced with permission [33].

3.3 Transient THz photoconductivity in

GeS nanoribbons

A layered van der Waals chalcogenide GeS belongs to a family of group-IV monochalco-

genides. Bulk group-IV monochalcogenides have been investigated for decades for their

outstanding thermoelectric and electronic properties [126, 127, 128]. Its bulk crystal struc-

ture, shown in Fig. 3.13(b) belongs to an orthorhombic Pnma (62) space group and consists

of puckered layers separated by a van der Waals gap of about 0.4 nm [129, 130]. Mono-

layers have a symmetry of the point group mm2. In the bulk, the unit cell includes two

adjacent layers. Recent theoretical investigations of GeS and other group-IV monochalco-

genides sparked renewed interest in these materials by demonstrating that their monolayers

exhibit a giant in-plane switchable spontaneous ferroelectric polarization [78, 129, 131, 132],

multi-valley band structure [133], band gap tunability with applied electric field [134], large

spin-orbit splitting of 19-86 meV [129], exciton binding energy up to 0.6 eV [132? ] and

78



carrier mobility that approaches that of crystalline Si [135]. Broken inversion symmetry in

GeS, GeSe, SnS and SnSe monolayers has been predicted to result in anisotropic electronic

and optical properties and pronounced second order nonlinear effects that will be discussed

in detail in Chapter 4 [78, 101, 102, 136, 137, 138]. With a moderate band gap (∼1.5 eV for

multilayer crystals) and high carrier mobility, GeS holds promise for solar energy conversion

devices. In this Section, we focus on transient photoconductivity in GeS with an eye on

potential applications in photovoltaics and other optoelectronic devices. We apply TRTS to

probe photoexcited carrier dynamics in GeS nanoribbons [139].

3.3.1 Sample preparation

GeS nanosheets were synthesized through the vapor–liquid–solid method using established

procedures as illustrated in Fig. 3.13 [139]. In brief, fused silica or sapphire substrates

were cleaned with acetone and then dried with high-purity nitrogen. Clean substrates were

coated with 20 nm Au nanoparticles as a catalyst. GeS powder (50 mg; Sigma-Aldrich) was

placed in the center of a quartz tube furnace with substrates downstream. Synthesized GeS

nanomaterials (Fig. 3.13 b) are characterized with X-ray diffraction, transmission electron

microscopy (TEM), scanning electron microscopy (SEM), energy dispersive X-ray (EDX),

and Raman scattering, shown in Fig. 3.13 (c–k). Resulting GeS nanoribbons vary from

10-100 µm in length and 1-100 µm in width, as well as 30-50 nm in thickness.

3.3.2 Results and discussions

Photoconductivity dynamics in an ensemble of GeS nanoribbons after excitation with 800

nm, 100 fs pulses were studied by TRTS as described in Chapter 2. Normalized transient

photoconductivity for GeS nanoribbons following excitation with 445µJ/cm2 is shown in

Fig. 3.14 (a). Photoconductivity decays as free photoexcited carriers become trapped at the

defect state, both in the bulk and at the nanoribbon edges, and eventually recombine. We

find that photoconductivity initially decays over ∼ 60 ps time scales, attributed to carrier
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Figure 3.14: (a) Normalized change in THz peak transmission in GeS nanoribbons following
photoexcitation with 800 nm, 100 fs pulses.(b) Real and imaginary components of THz
photoconductivity of GeS nanoribbons measured at 5 ps after the excitation. The lines
represent global fit for real and imaginary components of the conductivity to the Drude

model.

trapping, with a much longer lived component corresponding to the remaining free carriers

that finally relax by recombination.

A complex, frequency-resolved photoconductivity spectrum 5 ps after excitation is plotted

in Fig. 3.14 (b). We find that it is well described by the Drude model, Eq. 2.28 as lateral

dimensions of the ribbons are significantly larger that the mean free path of the free carriers,

resulting in bulk-like observed THz conductivity. From the Drude fit to the experimental

data, we find that the effective scattering times for the pure GeS is τD ≈ 65fs. The effective

carrier scattering time, which determines carrier mobility, includes contributions from all

possible carrier scattering processes, such as scattering by defects, interfaces, phonons, and

carrier-carrier scattering at high carrier densities. This value yields carrier mobility of µ =

350cm2/V s, comparable to literature values for monolayer µ = 3680cm2/V s [135].

The data presented in this Section represent preliminary measurements of ultrafast carrier

dynamics in 2D group-IV monochalcogenides. The ongoing efforts and future work, discussed

in more detail in Chapter 5, focus on in-plane anisotropy of carrier mobility in GeS, GeSe,

and SnSe, and on its dependence on excitation polarization, which allows controlled injection

of valley-polarized photocarriers. Another important aspect of ultrafast carrier dynamics in
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GeS and a related material, GeSe, involves bias-free nonlinear photocurrents occurring within

the first picosecond of photoexcitation. These so-called shift photocurrents are discussed in

detail in the Chapter 4.
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3.4 Charge carrier dynamics in polycrystalline Bi2S3

thin films: role of nanocrystal sizes and sulphur

vacancies

In addition to the layered, 2D chalcogenides, we have also investigated carrier dynamics in

polycrystalline (quasi-3D) systems. One example is thin films of polycrystalline Bi2S3. With

a band gap of ∼1.3 eV, this is a promising material for efficient generation of electricity

or chemical fuels from sunlight [140]. It is typically synthesized using successive ionic layer

adsorption and reaction (SILAR), resulting in nanocrystalline films where grain boundaries as

well as the sulfur vacancies negatively impact the optoelectronic performance of the material

and limit energy conversion efficiency. Density functional theory calculations predict that

sulfur vacancies form a deep trap state in the band gap of Bi2S3 which can act as a strong

recombination channel for photoexcited charges [88]. Annealing solution-deposited Bi2S3 in

argon at relatively low temperatures (< 300oC) was explored as a way to increase the grain

size to ∼ 20 nm [141], and sulfurizing of Bi(NO3)3 in elemental sulfur vapor at 180oC was

proposed as an approach to achieve Bi2S3 quantum dots with an average diameter of 6 nm

and low impurity content. However, these processes did not lead to highly crystalline Bi2S3

with high energy conversion efficiency.

In this work, we have investigated an alternative approach to improving both crystallinity

and phase purity of the solution-deposited Bi2S3. Polycrystalline Bi2S3 thin films were

synthesize by high-temperature annealing of solution-deposited nanocrystalline Bi2S3 in a

sulfur vapor environment. Sulfur annealing increases the grain size and phase purity, fills in

sulfur vacancies, and improves optical absorption. We then used TRTS to study the effects

of annealing on photoexcited carrier lifetime and mobility. We found that sulfur annealing

increases the photoexcited carrier lifetime by orders of magnitude, from sub-picosecond to

∼ 30 picoseconds. TRTS also revealed that the intra-grain carrier mobility in the S-annealed
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films is ∼ 165cm2/V s and the long-range mobility is ∼ 111cm2/V s at early times after

excitation, indicating that carriers are able to hop across grain boundaries, which is critical

for the extracting optically injected carriers. These improvements in optoelectronic properties

also led to an increase in the internal quantum efficiency of a PEC solar cell device from ∼10%

to ∼40%. These results indicate that annealing in sulfur vapor can produce simultaneously

high light absorption and charge separation efficiencies by achieving a carrier diffusion length

that is comparable to the light absorption depth, leading to high solar energy conversion

efficiencies in Bi2S3.

3.4.1 Experimental methods

Bi2S3 films with thickness of 150 nm were synthesized by solution deposition and annealing

in a sulfur vapor environment as discussed in detail in Ref. [105]. Morphologies, crystal

structures, and chemical compositions of the Bi2S3 thin films were characterized by SEM,

TEM, XRD, XPS. As shown in SEM and TEM images in Fig. 3.15, the crystallite size of

the un-annealed Bi2S3 nanocrystals was ∼ 10 nm, while the average crystallite size of the

S-annealed film was calculated to be ∼ 45 nm from the XRD pattern and SEM micrographs.

Furthermore, the XRD showed that annealing the solution-deposited Bi2S3 film in sulfur

vapor at 445oC results in a XRD pattern with peaks that can be indexed to pure orthorhombic

Bi2S3 (Figure 3.15 (d)), demonstrating that sulfur vapor annealing increases not only the

crystallite size of the solution-deposited Bi2S3 but also the crystallinity of the grains.

The wavelength-dependent optical absorption properties of the samples were obtained

using illumination from a Xe lamp. The PEC measurements were performed in a three-

electrode configuration, using a potentiostat under back-side broadband illumination from a

Xe lamp. Transient photoconductivity and photoexcited carrier lifetime were analyzed with

TRTS using 400 nm optical excitation, as described in Chapter 2. Absorption of both un-

annealed and S-annealed Bi2S3 films was similarly high at 400 nm. Thus, comparing transient

photoconductive response at this excitation wavelength allows us to focus exclusively on the
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Figure 3.15: Top-view and cross-section SEM images of 10 layers of (a) un-annealed and (b)
S-annealed Bi2S3 thin films on FTO substrate. (c) TEM image of un-annealed Bi2S3

nanocrystals. The background is the amorphous carbon film of the TEM grid. (d) XRD
patterns of un-annealed and S-annealed Bi2S3 thin films.

effect of annealing on microscopic conductivity and carrier lifetime.

3.4.2 Results and discussion

Transient photoconductivity, represented as a change in transmission of the main peak of the

THz probe pulse, −∆T/T , following excitation of both films with 400 nm, 378 µJ/cm2 pulse,

is shown in Fig. 3.16 (a). We find that peak photoinduced conductivity is more than twice

higher in the S-annealed film as a result of a less prevalent fast trapping and recombination

of photoinjected charge carriers on a timescale that is shorter than our instrumental response

time of about 300 fs. Moreover, photoconductivity of un-annealed film is very short-lived

and decays on sub-picosecond time scale due to both rapid carrier recombination inside the

small Bi2S3 crystallites and fast trapping of photoexcited carriers in trap states at crystallite

boundaries. Larger grain size, lower concentration of sulfur vacancies, and reduced number
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Figure 3.16: Time-resolved THz spectroscopy of un-annealed and S-annealed Bi2S3 thin
films. (a) Transient photoconductivity (lines) and instantaneous photoexcited carrier

density (symbols) for S-annealed film. Smooth lines represent fits of experimental transient
photoconductivity to single- (un-annealed) and bi-exponential (S-annealed film) decays. (b)

Real and imaginary components of transient photoconductivity at different times after
optical excitation for S-annealed film. Symbols represent experimental data, and lines – fits

of experimental data to the Drude–Smith conductivity. (c) Drude–Smith c parameter for
S-annealed film.

of interface defects in S-annealed Bi2S3 film translates into a significantly longer lifetime of

mobile carriers (Fig. 3.16 (a)). Photoconductivity in the S-annealed sample follows a bi-

exponential decay with a fast (∼ 3 ps) and a slower (30 ps) component. The fast decay

time is dependent on excitation fluence, increasing from 2.6 ps to 4.4 ps as excitation is

decreased six-fold to 63 µJ/cm2. This suggests that the process responsible for this fast

photoconductivity decay is recombination of mobile carriers. On the other hand, the slower,

30 ps component is fluence-independent and represents trapping of carriers at sulfur vacancies

and interface states that do not become saturated in the studied fluence range.

The complex-valued, frequency-resolved THz photoconductivity spectra as a function of

time following the photoexcitation are shown in 3.16 (b). The real component of conduc-

tivity decreases with time while the imaginary one stays almost unchanged and close to
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zero. We analyze this progression by fitting both real and imaginary conductivity to the

Drude–Smith model (Chapter 2). Solid lines in Fig. 3.16 (b) are Drude–Smith fits to the

experimental complex conductivity. Using the carrier effective mass, m∗ = 0.246me [142], we

have extracted instantaneous photoexcited free carrier density, plotted as circles in Fig. 3.16

(a). We observe that the free carrier density follows the same trend as the bi-exponential

decay of photoconductivity, indicating that trapping and recombination of mobile carriers

is responsible for the observed transient reduction in photoconductivity while the intrinsic

carrier mobility stays unchanged.

The Drude-Smith effective scattering time τDS (Chapter 2) is determined by both intrin-

sic, bulk scattering time and the average time between collisions with the grain boundaries

τboundary as

1

τDS
=

1

τbulk
+

1

τboundary
. (3.5)

Effective carrier scattering time τDS is unchanged over the first 10 ps and equal to 23

± 5 fs, corresponding to the carrier mean free path of ∼3 nm. As the mean free path is

significantly smaller than the ∼45 nm average grain size, contribution of grain boundary

scattering to the effective relaxation time is negligible, and intrinsic, intra-grain mobility

(µint) can be estimated as

µint =
eτbulk
m∗

≈ eτDS
m∗
≈ 165cm2/V s (3.6)

However, long-range, inter-grain mobility decreases as carriers, while free to move within

the individual grains, become more localized inside those grains. This phenomenon is reflected

in the time dependence of the c parameter, which changes from ∼ -0.43 ± 0.04 at 2 ps

to −0.63 ± 0.04 at 10 ps after excitation, as has been observed in other polycrystalline

systems [56, 71, 72, 143]. This occurs as the barrier heights experienced by the carriers at

the grain boundaries increase over time. As carriers get trapped at inter-grain boundaries,

the electrostatic field associated with trapped charges increases the height of the potential
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barrier experienced by the free carriers. As a result, the long-range, dc-mobility of the film,

µdc = (1 + c)µint decreases as a function of time after excitation from 111 cm2/V s at 2 ps to

61 cm2/V s at 10 ps. Based on a carrier lifetime, t, of 30 ps and an inter-grain mobility (µdc)

of 61 cm2/V s, the carrier diffusion length (LD) can be calculated as

LD =

√
kTµdct

e
≈ 68.6nm (3.7)

This carrier diffusion length is similar to the light absorption depth at ∼ 70 nm, which

suggests that simultaneously high light absorption and charge separation efficiencies can be

achieved in the S-annealed Bi2S3 thin films, leading to high overall solar energy conversion

efficiencies [144]. Low signal-to-noise ratios in the complex conductivity spectra did not

permit accurate measurement of mobility for un-annealed Bi2S3 films.

3.4.3 Conclusions

We have used TRTS to elucidate the effects of annealing of Bi2S3 thin films in sulfur envi-

ronments. Structurally, this process leads to more, larger crystallites that have less sulfur

vacancies. TRTS shows that this improvement in structure significantly (more than 30-fold)

increases the lifetime of photoexcited carriers. Over the initial 5-10 ps after photoexcitation,

inter-crystallite transport of charges is possible. Device measurements are consistent with

these improved optoelectronic properties, as solar energy conversion efficiency is increased

four-fold.
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3.5 TRTS as a Probe of Dynamics of Photoexcited Car-

riers at Heterojunctions

Due to their band gaps in the visible and infrared ranges, the most attractive device ap-

plications of chalcogenides use them as light absorbers. This invariably requires extraction

of optically injected carriers from chalcogenide absorbers to carrier transport structures.

Thus, interfacial phenomena play a critical role in the device operation, and knowledge of

carrier dynamics at hetero-interfaces between chalcogenides and candidate carrier transport

materials is paramount. Here, we demonstrate how TRTS can be applied to probe carrier

injection from a chalcogenide absorber (polycrystalline PbS film) to the candidate charge

collector (ZnO). We have applied TRTS (Chapter 2) in combination with time-resolved

microwave photoconductivity (TRMPC), a complimentary all-optical technique for probing

photoconductivity over longer times scales compared to TRTS, to study the impact of the

grain boundaries and interfaces on dynamics of photoexcited charge carriers within the PbS

films and at PbS/ZnO interfaces [145]. Narrow band gap bulk-like PbS with high absorp-

tion in the infrared paired with a wide band gap metal oxide ZnO current collector holds

promise for infrared photodetectors and photovoltaics. However, heterojunction interfaces

play a crucial role in device performance, as they often harbor a variety of trap states and re-
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combination centers. Surface states at PbS grain boundaries serve as efficient electron traps,

and trap-mediated carrier recombination at PbS/ZnO interfaces limits the performance of

PbS/ZnO heterojunction photovoltaics and other optoelectronic devices [146, 147, 148]. All-

optical tools such as TRTS can provide critical information about the behavior of carriers at

interfaces.

3.5.1 Introduction

Owing to its narrow bandgap of about 0.37 - 0.41 eV [146], lead sulfide (PbS) is attractive

for infrared photodetectors and solar cells that can efficiently utilize the infrared range of

the solar spectrum. Generation of multiple carriers for one absorbed photon in the visible

and ultraviolet range has been observed in both bulk PbS and PbS quantum dots, bringing

forth the possibility of PbS photovoltaics with efficiencies that exceed the Shockley-Queisser

limit [149]. Carrier extraction in PbS optoelectronic devices can be achieved by forming p-n

heterojunctions. Here, we have studied carrier dynamics at the the interfaces of a p-type

PbS absorber and an n-type wide band gap transparent metal oxide semiconductor ZnO.

In this case, the band alignment favors rapid injection of electrons from PbS into the oxide

[150, 151]. It has been shown in recent studies using transient optical absorption and time-

resolved photoluminescence that lifetimes of photoexcited carriers in PbS quantum dots are

reduced in the vicinity of PbS/ZnO interfaces, suggesting carrier injection from quantum-

confined states in PbS quantum dots into ZnO. Our focus in this study was on the ultrafast

dynamics of photoexcited carriers in bulk-like, polycrystalline PbS and at the PbS/ZnO

interfaces.

The average size of the polycrystalline domains in the investigated PbS films are about

∼ 150 nm, significantly larger than the 20 nm exciton Bohr radius[152]. Combined with weak

exciton binding in PbS [153, 154, 155], this removes excitonic effects from consideration in

the studied system at room temperature. Furthermore, PbS crystallites were not capped by

organic or inorganic ligands, as the goal of this study is to elucidate the role of PbS grain
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boundaries and PbS/ZnO interfaces on carrier dynamics. We compare transient photocon-

ductivity in polycrystalline PbS films that are deposited either on quartz or on a ZnO film.

We find that the lifetime of photoexcited carriers in the polycrystalline PbS film deposited

on quartz is extremely long, reaching 1 ms, and the intrinsic carrier mobility within the crys-

tallites is large, at ∼ 750cm2/V s. At the same time, inter-crystallite transport in the film

is limited to a short ∼ 10ps time window after excitation. At longer times, inter-grain in-

terfaces impede long-range conductivity. On the other hand, the population of photoexcited

free carriers in the polycrystalline PbS film deposited on ZnO decays on timescales shorter

than our experimental time resolution of < 300fs, consistent with previous reports based

on transient optical absorption measurements. However, instead of being injected into the

highly conductive ZnO layer, we find that the vast majority of those carriers recombine at

the ZnO/PbS interface. This conclusion underscores the importance of interface engineering

in PbS and other heterojunction optoelectronic devices.

3.5.2 Experimental Methods

Sample Preparation and Characterization

PbS films were deposited at room temperature using a chemical bath containing lead, sulfur

precursors, and reducing agent (NH2OH ·HCl) [156]. The concentration of NH2OH ·HCl

has been adjusted to achieve a nearly single layer of ∼ 150nm cubic PbS grains.

Continuous, polycrystalline ZnO films were grown on a portion of a quartz substrate prior

to PbS deposition, by a modification of an existing procedure from Zn precursor [157]. The

resulting structure, schematically illustrated in Fig.3.17 (a), consists of two distinct regions,

one with PbS deposited on ZnO, and another one with PbS grown directly on the quartz

substrate. Scanning electron microscopy (SEM) images of ZnO and PbS films on quartz and

on ZnO are shown in Fig.3.17 (c-d).

90



Figure 3.17: (a) Schematic of the sample structure and experimental geometry that allows
us to investigate identical PbS layers grown on quartz and on a ZnO film. (b)

Cross-sectional SEM image of the ZnO film. (c,d) Top-view SEM images of PbS nanocrystal
film on quartz (c) and on the ZnO layer (d). Scale bar in (b), (c), and (d): 1µm.
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TRTS and TRMPC

TRTS measurements were used to study transient photoconductivity over the first ∼ 200 ps

after excitation. Polycrystalline PbS films on quartz and on ZnO were excited by ∼ 100fs

duration, 800nm pulses. With a band gap of 3.5 eV, ZnO is transparent to 1.55 eV (800 nm)

pump pulses, and the polycrystalline PbS film was found to absorb ∼ 75% of the incident

beam.

For quantifying the photoconductivity over longer, nanosecond-to-millisecond time scales,

TRMPS was used [158]. The in-house-fabricated instrument utilized 38 GHz, Ka-band mi-

crowave radiation that radiated into free space at the end of a WR28 microwave waveguide,

whose face was parallel to the optical bench that contained the instrument. The PbS-on-

quartz and PbS-on-ZnO-on-quartz samples were placed on an insulating spacer directly above

the waveguide such that the PbS faced the guide while the quartz faced upward toward the

pulsed illumination source. A laser diode produced ∼ 10ns illumination pulses at 905 nm

to photogenerate carriers in the PbS semiconductor as illuminated through the quartz as in

Fig.3.17(a). The diode generated ∼ 1011 photons per pulse that illuminated a ∼ 0.05cm2

area as measured at a calibrated photodiode in a reverse-bias circuit (Thorlabs, FDS100-Cal),

resulting in a photon flux of ∼ 2×1012 photons cm–2 pulse–1 or ∼ 0.4µJcm–2pulse–1. A pulse

rate of 20 Hz afforded sufficient time for all photogenerated carriers to recombine before a

subsequent illumination pulse.

The absorptivity of polycrystalline PbS films at 905 nm is comparable to its absorptivity at

800 nm and yields nearly uniform photogeneration of charge carriers throughout the∼ 150nm

thick PbS grains. A finline detector with sub-ns responsivity collected the reflected microwave

power, where transient changes in the reflected power are proportional to the density of

free carriers in the semiconductor conduction band as generated by the diode illumination.

Acquisition and digitization of the finline detector signal at a 100 MHz-bandwidth oscilloscope

(PicoScope 2208B, Pico Technology, Tyler, Texas) establishes a ∼ 50ns time resolution of

the microwave instrument. A custom LabVIEW-based program averaged oscilloscope data
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for at least 1500 pulse acquisitions for each recorded sample.

3.5.3 Results and Discussion

Part I. Polycrystalline PbS on Quartz: Role of Grain Boundaries

Transient photoconductivity in a polycrystalline PbS film on a quartz substrate over short

(< 200 ps) and long (∼ 2 ms) time scales is shown in Fig. 3.18. Early time dynamics were

captured for 800 nm excitation fluence ranging from 25 to 255 µJ/cm2, corresponding to ∼

1014 to 1015 photons/cm2. We found that the photoconductivity exhibits biexponential decay

with a fast in the picoseconds, and an additional long-lived component that decays sufficiently

slowly relative to the 1 ms period between subsequent ultrafast pulses. Quantitatively, the

time constant of the fastest decay component, shown in an inset to Fig. 3.18 (a), increases

from ∼7 to ∼12 ps as the excitation fluence increases to 128 µJ/cm2, and remains ∼12

ps for higher fluences. After ∼100 ps, the photoconductivity in Fig. 3.18 (a) is nearly the

same, regardless of excitation fluence and, correspondingly, regardless of photoinjected carrier

density. With a significantly slower pulse repetition rate (20 Hz vs 1 kHz) and much lower

pulse fluence (0.4 vs ≥ 25 µJ/cm2), the microwave experiment demonstrates that the lifetime

of the photoexcited carriers is on the order of 1 ms Fig. 3.18 (b). The fluence dependence

of the fast, 7–12 ps component of the transient photoconductivity dynamics suggests the

presence of multiple trapping and recombination channels for photoexcited carriers, some

of which exhibit saturation under increasing excitation. Our observation of a very long,

> 100µs, lifetime of photoconductivity as revealed in Fig. 3.18 (b) is consistent with previous

reports of electron traps that exist in PbS grains, which rapidly trap photoexcited electrons

and leave holes free to conduct [159].

Insights into the mechanisms that govern photoexcited carrier dynamics can be gained by

examining the time-evolution of frequency-resolved complex conductivity following photoex-

citation with varying fluence (Fig. 3.19). Comparing the transient THz photoconductivity

spectra of the polycrystalline PbS at different time delays after excitation with 25 and 255
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Figure 3.18: Time-resolved photoconductivity of PbS nanocrystalline films. (a) Picosecond
dynamics of photoconductivity following photoexcitation with 800 nm, ∼ 100 fs pulses of

varying fluence. Inset: fast decay time as a function of excitation fluence. (b)
Nanosecond-to-millisecond photoconductivity dynamics following photoexcitation with 908

nm, ∼ 10 ns pulses.
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µJ/cm2 fluence of the 800 nm pump, we observed a pronounced difference in the photocon-

ductivity spectra for different fluence values at early times (5 ps) after photoexcitation. How-

ever, by 100 ps the spectra are indistinguishable, despite the order-of-magnitude difference in

excitation fluence. Furthermore, as expected in a polycrystalline film, photoconductivity at

all fluences and time delays exhibits strong suppression of real conductivity at low frequencies

and negative imaginary conductivity in the experimental frequency range. We analyzed the

spectra using the Drude–Smith model, Eq. 2.42.

Drude–Smith fitting parameters (N , c, and τDS) at different times after excitation as a

function of excitation fluence are plotted in Fig. 3.19.

The density of photoexcited carriers at 5 ps after excitation ranges from ∼ 2 × 1017 to

∼ 5 × 1017 cm–3 depending on excitation fluence, which is nearly two orders of magnitude

lower than the photoinjected carrier density that would be expected if each absorbed photon

resulted in an electron-hole pair. This indicated that most of the carriers become trapped

or recombine non-radiatively over the timescales that are shorter than our experimental

resolution of ∼300 fs. After that, most photoexcited electrons are trapped, and the remaining

holes exhibit long lifetimes, as discussed earlier. The c-parameter that is close to -1 in most

spectra, with an exception of early times after excitation with high fluence, shows that most

photoexcited carriers are localization within the individual grains. The early time (5 ps)

c-parameter that reaches -0.9, and the corresponding non-zero long-range conductivity σDC

at higher excitation fluences shows that some carriers can travel across intergrain boundaries.

This transient occurrence of long-range transport correlates with high ( > 3× 1017 cm–3)

carrier density and can be explained by a previously proposed model of PbS grains and grain

boundaries [159] Fig. 3.19 (d). Positively charged defects at the boundaries result in an ∼80

meV energy barrier for holes, across which holes can travel by thermally activated transport

or tunneling. At high excitation fluence, large initial carrier density increases the probability

of electrons becoming trapped at the grain boundary defects, temporarily reducing the energy

barrier for hole transport and resulting in increased long-range conductivity. As the boundary
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Figure 3.19: (a) Real (black and green) and imaginary (red and blue) photoconductivity for
two different values of pump fluence in PbS on quartz; (b) real (green) and imaginary

(blue) photoconductivity for high pump fluence in PbS on ZnO. The lines in (a,b) represent
a global fit of real and imaginary components of the conductivity for each fluence and time
delay value to the Drude–Smith model Eq. 2.42. (c) Drude–Smith fitting parameters as a
function of the excitation fluence for different times after excitation. Dotted blue lines in
the graph of τDS as a function of fluence show extrapolation of the scattering time to zero

fluence. (d) Schematic energy level diagram at the interface between two PbS grains.
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defect states are filled by ∼8-10 ps, the barriers are restored. Slowing of the fast (8 - 10 ps)

decay components at higher excitation fluence suggests transient saturation of the electron

traps in the PbS grains, which leaves more electrons to be trapped at grain boundaries and

lower intergrain barriers for mobile holes. Transient conductivity at times >100 ps after

excitation varies slowly and is independent of initial injected carrier density. When the

density of free carriers falls to ∼ 0.8×1017 cm–3, the system reaches quasi-equilibrium, which

persists for hundreds of microseconds. This carrier density corresponds to ∼300 carriers

(holes) per PbS crystallite of 150 nm size, which can be used as an estimate of the electron

trap density in the PbS grains. Slow decay of photoconductivity over hundreds of picoseconds

and slower timescales then proceeds by recombination of trapped electrons and mobile holes.

High carrier density at early times after excitation, particularly with high optical fluences,

also manifests in reduced τDS as carrier–carrier scattering contributes to scattering time as

described by 1
τDS

= 1
τint

+ 1
τboundary

+ 1
τcarrier−carrier

. Extrapolating τDS to zero fluence, as shown

in the bottom graph of Fig. 3.19 (c), yields the lower limit to τDS = 97±10 fs in the absence

of carrier-carrier scattering. Using the average grain size of 150 nm and carrier thermal

velocity of 107 cm/s to estimate contribution of grain boundary scattering, we find that the

intrinsic mobility of carriers is ≈ 750cm2/V s, comparable to that in single crystalline PbS

[160]. At the same time, long-range mobility is negligibly small at µlong−range = µint(1 + c)

because of the grain boundaries.

Concluding, we found that room temperature chemical bath deposition results in poly-

crystalline PbS films that consist of cubic crystallites with high optical absorption and

large ∼ 750cm2/V s intrinsic carrier mobility but suppressed long-range, intergrain trans-

port. Intergrain mobility can be transiently increased by photoexciting the film using high,

> 100µJ/cm2 fluence. However, the question remains: can photoexcited electrons be effi-

ciently extracted from PbS crystallites into a wide band gap, conductive material like ZnO?
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Part II. Polycrystalline PbS on ZnO: Role of the PbS/ZnO Interface

Earlier studies using transient optical absorption, time-resolved photoluminescence, and time-

resolved surface photovoltage spectroscopy have demonstrated rapid decay of photoexctited

carrier density over sub-picosecond timescales in PbS nanocrystals in the presence of ZnO

owing to the band alignment that favors injection electrons from PbS quantum dots into

ZnO. In the case of bulk-like PbS, Fermi level equilibration may either in injecting result in

a noninjecting (1) or an injecting (2) junction, as illustrated schematically in Fig. 3.20 (a).

In both cases, electrons in the conduction band of PbS can get trapped in interface defect

states. Even in the case of injecting junction (2), interface trapping may be sufficiently

rapid to prevent appreciable injection of mobile electrons into ZnO. The electrons trapped

at PbS/ZnO interfaces are then expected to attract mobile holes and result in their rapid

recombination. Here, we have leveraged the unique sensitivity of TRTS to free carriers to

comparing transient THz photoconductivity of the polycrystalline PbS film on ZnO and on

quartz in order to investigate whether the injection of free, conductive electrons into ZnO

occurs following photoexcitation.

Both microsecond and ultrafast carrier dynamics reveal further insights into the recom-

bination processes. The intensity-normalized TRMPS decays in Fig. 3.20 (b) demonstrate

significantly shorter free carrier lifetimes for PbS on ZnO (blue symbols) as compared to PbS

on quartz (red symbols). Fig. 3.20 (c) shows the THz photoconductivity decay dynamics in

polycrystalline PbS film on quartz (red) and on ZnO (blue), with absolute values of −∆T/T

on the left, and normalized −∆T on the right. The presence of ZnO decreases the peak

photoconductivity by over an order of magnitude at all fluence values and speeds up carrier

trapping. The small residual photoconductivity in the PbS/ZnO system after the first few

picoseconds is due to the photocarriers in a small fraction of the PbS grains that are not in

contact with ZnO, as can be seen from transient frequency-resolved THz conductivity spectra

(Fig. 3.19 (b)). The complex conductivity in PbS/ZnO system is qualitatively the same as

in polycrystalline PbS on quartz (Fig. 3.19 (a)), with fully suppressed long-range transport
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Figure 3.20: (a) Band diagram at PbS/ZnO interface (after Sun et al.[161] and Ehrler et
al.[162]). (b) Normalized change in microwave conductivity for PbS-on-quartz (red

symbols) and PbS-on-ZnO (blue symbols) samples for 0.5 ms following a 10 ns illumination
pulse at 905 nm. (c) Left: time-resolved THz photoconductivity of PbS polycrystalline film

on quartz (red) and PbS film on top of ZnO layer (blue) of 800 nm 100 fs pump pulse
measured for different fluences. Normalized decays are shown on the right.
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Figure 3.21: Transient photoconductivity in ZnO film.

at times ≥ 100 ps and small nonzero σ(ω = 0) at 5 ps, and differs only by the magnitude

that is 10 times smaller because of the lower carrier density. Specifically, we do not observe

injection of mobile carriers into the ZnO layer, which would result in significant long-range

conductivity at longer times, as shown in the Fig. 3.21 where ZnO photoexcited with a 400

nm pulse.

While the band gap of bulk ZnO is 3.3 eV, photoexcitation of the ZnO film grown on a

quartz substrate with a high fluence (∼ 1mJ/cm2) 400 nm (3.1 eV) pulses does result in a

small but measurable photoconductivity due to absorption by the band tail states. Resulting

lifetime of photoexcited carriers is very long, as no appreciable photoconductivity decay is

observes in 550 ps after photoexcitation, and photoconductivity spectra at 5 ps and 200 ps

yield a very short, ∼ 20 fs scattering time and c-parameter of -0.6 due to the presence of

defects and grain boundaries in solution-deposited ZnO. Both the scattering time and local-

ization parameter for carriers in ZnO differ significantly from the photoconductivity observed
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in PbS/ZnO system, confirming the photoexcited electrons are trapped at the interface be-

tween PbS and ZnO rather than injected into ZnO and that this occurs over scales below

our time resolution of ∼300 fs. As a result, highly mobile photoexcited holes are attracted

to the PbS/ZnO interface, where they recombine with trapped electrons.

3.5.4 Conclusion

In summary, TRTS and TRMPC measurements of polycrystalline PbS films deposited on

ZnO and on insulating quartz showed evidence of long-lived (∼ ms) photoexcited holes with

high, ∼ 750cm2/V s intrinsic mobility within individual crystallites but suppressed long-

range, intergrain transport. We also found that PbS/ZnO interface states facilitate rapid

trapping and recombination of carriers photoexcited in PbS, reducing the lifetime of mo-

bile carriers by over an order of magnitude compared with the PbS film on quartz. We do

not observe injection of mobile carriers into the ZnO layer over timescales of hundreds of

picoseconds. Instead, the only mobile carriers in both systems are found within PbS crystal-

lites, characterized by strong localization by PbS grain boundaries and intrinsic mobility of

∼ 750cm2/V s. This observation underscores the need for chemical passivation of PbS/ZnO

interfaces to achieve efficient injection of photoexcited carriers into ZnO for application of

room temperature CBD-grown polycrystalline PbS on ZnO in photovoltaics and photodetec-

tors. Increase of efficiency of electron injection from PbS quantum dots into ZnO has been

demonstrated using inorganic buffer layers [163], organic ligands [164], or self-assembled

monolayers [165]. Future work is needed to establish whether similar approaches of using

buffer layers to minimize interfacial recombination and enable transfer of photoexcited elec-

trons from PbS into ZnO electrodes are also applicable to small band gap, polycrystalline

PbS.
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Chapter 4

Ultrafast Photocurrents in Group-IV

Chalcogenides
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4.1 Ultrafast Zero-Bias Photocurrent in GeS and GeSe

Shift current is the prevailing mechanism behind bulk photovoltaic effect (BPVE), as exci-

tation of an electron from the valence to the conduction band results in a spatial shift of the

electron charge density on the order of a lattice constant and subsequent ballistic quantum

coherent carrier transport [77, 166]. The possibility of a zero-bias photocurrent without the

need for a p-n junction makes materials that exhibit strong BPVE attractive candidates for

new types of solar cells with efficiencies not constrained by the Shockley-Queisser limit [167].

Hot shift current carriers can rapidly travel to electrodes where they can be collected, pro-

vided that required travel distance is comparable to their mean free path, which is estimated

to be on the order of 10–100 nm. Large second-order electric susceptibilities responsible for

nonlinear optical effects such as optical second harmonic generation, optical rectification and

shift current [130] are particularly pronounced in ferroelectric materials. Lattice distortion

that is responsible for a nonzero intrinsic, spontaneous polarization also results in a broken

inversion symmetry [168]. As a result, ferroelectrics can exhibit shift current response to un-

polarized excitation light, unlike nonpolar noncentrosymmetric materials that can generate

shift currents only when excitation is linearly polarized [168, 169].

Recent theoretical investigation predict that monolayer 2D group-VI monochalcogenides

are multiferroic and capable of generating significant shift currents [78, 102, 138, 170]. In-
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plane electric polarization results from an elastic distortion of the lattice (Fig. 4.1a), as the

top and the bottom atoms shift in the armchair direction [78, 100]. This breaks the inversion

symmetry of the monolayer, and can enable second order nonlinear optical effects such as

OR, a non-resonant effect, and a shift current, a resonant effect that is expected to dominate

for above the band gap photoexcitation conditions [78]. Optical excitation results in an

instantaneous spatial shift of electron density distribution along the S–Ge or Se-Ge bond,

as shown in the Fig. 4.1 [78]. Using ab initio tight binding calculation within a two-band

model, Cook et al. predicted that the shift current in monolayer GeS and GeSe is peaked for

excitation energy directly above the bandgap [78]. Here we present experimental observation

of ultrafast shift in group-IV monochalcogenides GeS and GeSe currents by detecting THz

emission from these materials in response to above bandgap photoexcitation (Fig. 4.1). TES

(Chapter 2.5) has also been previously applied to detect shift currents in GaAs, CdS, CdSe,

Bi2Se3, and other materials. Shift current in response to excitation with ultrafast pulses

gives rise to THz emission that varies as ~Eshift ∝ ~Jshift immediately above the surface of the

photoexcited material [98] (Chapter 2.5.3).

As the samples we have studied are not monolayers but rather multilayer, bulk crystals,

we attribute THz generation due to the shift current response in the surface layer. While the

stacking sequence of the layers in this van der Waals material yields a centrosymmetric bulk

structure that corresponds to the D2h (mmm) point group (Fig. 4.1 a), inversion symmetry

is broken at the surface, and a spontaneous surface polarization can exist in the armchair

direction just as it does in a monolayer [171]. Excitation fluence, orientation, and excitation

polarization dependence of the THz emission confirms that shift currents flow along the

direction of surface layer spontaneous polarization.

Pronounced nonlinear optical effects in the visible range that can be tuned by strain and

external fields made monolayer of group-IV monochalcogenides a promising platform for a

variety of applications in lasers, electro-optic modulators, switches, and frequency conversion

devices.
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Figure 4.1: (a) A spontaneous electric polarization vector along the armchair direction in
the surface layer of GeS or GeSe. b) TES experiment. THz waveforms taken at different

sample orientations, indicating that rotating sample by 180o reverses polarity of the emitted
pulse in (c) GeS (15µJ/cm2 excitation) and (d) GeSe (190µJ/cm2 excitation)
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4.1.1 Experimental methods

GeS nanosheets (space group: Pnma) are synthesized through the vapor-liquid-solid method

using established procedures as illustrated in Fig. 3.13(a). Their multilayer thickness and

large lateral dimensions makes these structures essentially bulk-like in the context of the

phenomena discussed here. GeSe single crystals were synthesized using a chemical vapor

transport growth technique using high purity Ge and Se pieces. A more detailed description

of this growth can be found in the previous chapter (Chapter 3) and in the Refs [33, 34].

We have used TES to explore generation of THz radiation in multi-layer GeS and GeSe

crystals in response to the above band gap excitation with ultrashort laser pulses. For the

measurements, samples were excited at normal incidence with 400 nm or 800 nm, 100 fs laser

pulses as illustrated schematically in Fig. 4.1. A pair of off-axis parabolic mirrors focused

the emitted THz pulses onto a [110] ZnTe crystal where they were coherently detected

by free-space electro-optic sampling. The wire-grid polarizer ensured that only a vertically

polarized component of the generated THz pulses was detected. Sample orientation was

varied by rotation of a sample stage through an angle Θsample, and the direction of the linear

polarization of the optical pump pulse relative to the THz detection was varied by using a

half-wave plate (not shown). As discussed in the last section of Chapter 2, normal incidence

geometry precludes us from detecting photocurrents due to the photo-Dember effect, built-in

fields, or photon drag. Single color, linearly polarized excitation precludes injection current.

Thus, emission in response to above band gap, linearly polarized excitation in the absence of

external electrical bias suggest that its origin is shift current. Data shown in Fig. 4.1 (c) and

(d) have been taken with the pump polarization unchanged and parallel to the THz detection.

Rotating the sample by 180o reverses the polarity of emission for both GeS and GeSe while

the temporal shape of the waveform shows only minimal change. This demonstrates that

the emission polarity is dictated by the symmetry breaking due to the intrinsic ferroelectric

polarization and supports the surface shift current as a mechanism of THz generation in bulk

GeS and GeSe.
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4.1.2 Results and discussion

THz emission from GeS and GeSe can be analyzed using a model proposed by Braun et al.

[98]. Within its framework, photoexcitation results in an instantaneous charge displacement

x0H(t), where x0 is a spatial shift of electron density along the S(Se)−Ge bond predicted to

be ∼ 0.52Å [78] and H(t) is a unit step function. Transient shift current is then given by the

convolution of the temporal derivative of this charge displacement with the pump intensity

envelope Ip(t): Jsh ∝ ∂
∂t

[H(t)e−t/τsh]∗Ip, where τsh is a phenomenological decay time that

accounts for hot carrier relaxation.

Analysis of the excitation power and polarization dependence of the shift current provide

further information beyond the dynamics. Amplitude of the shift current that is responsible

for BPVE is expected to be linear in incident intensity and can be expressed as

Ja =
cε0
2
κabbEb(ω)Eb(−ω) (4.1)

where Ja is current in the a direction, Eb(ω) is the electric field of the optical excitation

at frequency ω polarized in the b direction, κabb is a photoresponsivity tensor, c the speed

of light, and ε0 the permittivity of free space. In GeS and GeSe, shift current flows in the

plane of the sheet in the direction of displacement x, or in our case armchair direction (e.g,

Ja = Jx), resulting in a strongly polarized THz emission. Given a significant structural

anisotropy of the crystal lattice structure between the armchair and zigzag direction, the

observed independence of the shift current on pump polarization is unexpected. Theory

predicts that κxxx is large for above-gap excitation, while κxyy is near zero [78].

To confirm this hypothesis and demonstrate that the shift current magnitude direction and

the corresponding amplitude and polarity of the emitted THz pulses are dictated primarily

by the intrinsic polarization, we have explored how rotating the samples while maintaining

an unchanged pump polarization affects the resulting THz transient seen at the detector. In

both cases the peak of THz emission polarization has a cosine dependence on the angle that
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Figure 4.2: Selected THz waveforms excited by 400 nm pulses with different pump
polarizations, (a) bulk GeSe and (b) GeS nanosheets.

the sample makes with respect to the detection direction. Overall emission is strongest when

the sample is aligned along the detection direction. For any two waveforms taken with the

sample rotated by 180o, the polarity of the emission reverses while the amplitude shows only

minimal change, as shown in Fig. 4.1 (c) and (d).

Since the band gaps for GeS nanosheets and bulk GeSe are Eg ∼ 1.6eV and ∼ 1.2eV

respectively, THz emission in GeS is not observed after photoexcitation with 800 nm. How-

ever, in the case of GeSe, we observe THz generation after excitation with both 400 and 800

nm. Shift current resulting from excitation with ultrafast pulses gives rise to THz emission

that varies as ~Eshift ∝ ~Jshift immediately above the surface, and again, reimaged onto the

ZnTe detector crystal with the help of the parabolic mirrors.

By varying the excitation pulse polarization while keeping the sample orientation un-

changed relative to THz detection direction (Θsample = 0o) for both samples we found that

the amplitude, shape and polarity of the emitted THz waveforms are insensitive to the linear

polarization of the pump pulse (Fig. 4.2). This is in agreement with our prediction and indi-

cates that shift current is dictated by the intrinsic polarization and symmetry breaking in the

surface layer. While the GeS sample contains an array of nanosheets with different orienta-

tions, emissions by different nanosheets do not fully cancel out due to accidental preferential
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Figure 4.3: Excitation fluence dependence of THz generation in (a) GeS and (b) GeSe.
Inset: Peak electric field as a function of absorbed fluence; red line, linear fit.

orientation of sheets within the 1.5 mm observation spot.

We have also studied the fluence dependence of THz emission from GeS and GeSe. From

Eq. 4.1, we expect shift current to depend linearly on excitation fluence. Fig. 4.3 shows that

the electric field of THz pulses emitted by both GeS and bulk GeSe is linearly dependent on

absorbed fluence of 400 nm pulses, while the shape of THz waveforms is unchanged. The

THz pulse peak value is shown in the inset, and the red line is a line fit to experimental

data (black squares). Linear fluence dependence of the emitted THz pulse electric field, and

therefore of transient current in the sample, is consistent with the shift current being the

mechanism behind the observed effect.

Additional information can be gleaned from analyzing the bandwidth of the emitted THz

pulses. As shown in the Fig. 4.4 (c), the detection bandwidth of a ZnTe detector crystal is

limited to ∼ 0.2 - 2.5 THz, and it acts as a band-pass filter, removing all frequencies outside

the range. Modeling the shift current in GeS as was shown earlier [98], we predict the emission

in response to the pump pulse of 100 fs duration extends to 10 THz. The observed bandwidth

is limited by the detector crystal. However, in the case of GeSe crystal, GeSe emits nearly

single-cycle THz pulses in response to both 800 nm (1.55 eV) or 400 nm (3.10 eV) excitation

(Fig. 4.5) as both excitation energies are larger than ∼ 1.2 eV band gap. For both excitation

energies, the observed bandwidth of THz emission is limited to ∼ 1 THz. The sample itself

is a limiting factor in uncovering the true ultrafast transient behavior of the surface shift
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Figure 4.4: THz waveforms generated by photoexciting (a) GeS nanosheet and (b) GeSe
crystal (c) the corresponding amplitude spectra for GeS (blue), GeSe (green) and ZnTe

(black) (d) depicted B3u phonon (∼ 2.56 THz) for GeSe crystal.

currents from the THz pulses detected in the transmission geometry. GeSe crystal absorbed

over 80% of incident THz radiation that was generated in a 1 mm thick [110] ZnTe crystal,

with absorbance increasing nearly five-fold between 0.2 to 1.8 THz. Strong THz absorption

can be attributed to low frequency B3u and B1u infrared active phonons centered in the 2.5-

2.6 THz range. B3u phonons in particular are associated with opposite motion of Ge and Se

along the armchair direction and couple strongly to the THz radiation polarized along this

direction. As a result, GeSe crystal itself acts as a low pass filter, attenuating THz pulses

emitted by the surface layer and broadening them to 1-2 ps in duration, as shown in the Fig.

4.5 (b).

We also observe that the magnitude of the detected THz pulses is significantly lower for

800 nm excitation compared to 400 nm excitation. This observation also supports the surface
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Figure 4.5: (a) THz waveforms emitted by the GeSe crystal as a result of excitation either
with ∼ 190µJ/cm2, 100 fs, 400 nm pulses (left panel) or with ∼ 130µJ/cm2, 100 fs, 800 nm
pulses (right panel), with Θpump = 0o in both cases. Rotating the crystal by 180o reverses
polarity of the emitted pulse. (b) Amplitude spectra of the THz waveforms excited with

400 nm and 800 nm pulses taken with Θsample = 75o .

origin of the observed THz emission. Assuming that the shift current in the top surface layer

of a GeSe bulk crystal is qualitatively similar to that in a monolayer, shift current magnitude

is expected to peak strongly immediately above the band gap and then fall off at higher

energies [102]. As the optical penetration length of both 400 nm and 800 nm is significantly

shorter than the thickness of the crystal, the bottom surface does not contribute. We find

that the spectrally integrated amplitude of the THz waveforms emitted following excitation

with 800 nm (1.55 eV) is nearly 20% of that for 400 nm excitation (3.10 eV) (Fig. 4.5 (b)).

Taking into account a ∼ 30% difference in excitation fluence, 400 nm pulses result in ∼ 3.5

times stronger emission for equivalent incident excitation fluence. However, the absorption

coefficient is ∼ 10-fold higher at 400 nm compared to 800 nm (∼ 0.078nm−1 vs ∼ 0.009nm−1

at 800 nm). Taking into account reflection losses (∼ 47% for 400 nm and ∼ 41% for 800 nm),

and using 0.25 nm as the thickness of a GeSe monolayer, we calculate that equal incident

excitation fluence results in ∼ 7.7 times higher fluence or, equivalently, ∼ 3.85 times higher

number of photons absorbed in the top-most GeSe layer. Assuming that each absorbed

photon promotes one electron from the valence to the conduction band, it is not surprising
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that we find the contribution to the THz emission of each photon absorbed in the surface

layer to be approximately equal regardless of its wavelength. These observations are fully

consistent with the surface shift as an origin of the THz emission. Fig. 4.5 (a) also shows

that rotating the sample by 180o while maintaining an unchanged pump polarization reverses

the polarity of emission while the amplitude and temporal shape of the waveform show only

minimal change. This observation unequivocally shows that the inversion symmetry breaking

in the surface layer of GeSe dictates the emission polarity and supports the surface shift

current as a mechanism of THz generation.

Fig. 4.6 provides a detailed analysis of THz emission dependence on sample orientation.

While the amplitude of the THz emission is nearly an order of magnitude lower for 800 nm

excitation, the waveforms for the two excitation wavelengths are qualitatively the same for

every sample orientation. As Fig. 4.6 (a) and (d) demonstrate, the observed waveform shape

for both 400 nm and 800 nm excitation is well-described by a sum of two simple single-cycle

bipolar Gaussian waveforms (e.g., the first derivatives of the Gaussian pulses, Fig. 4.7).

This decomposition of THz emission into two single cycle transients at all sample orien-

tations suggests the presence of two crystal grains within a 1.5 mm photoexcited area on the

GeSe crystal, each characterized by a specific spontaneous polarization vector ~P that dictates

the direction of the surface shift current. Fig. 4.8 (c) schematically illustrates the two grain

as side-by-side as a result of a stacking fault; however, it is also possible that they fully or

partially overlap, or that they originate from a rotational misalignment between GeSe layers

within a crystal.

Each of the two transients is bipolar. Within the model described by Braun et al. [98],

this indicates that momentum relaxation time is shorter than the pump pulse duration and

does not affect the emitted waveform shape in a significant way. One of the single cycle

waveforms (labeled as Wfm 1) has a Gaussian full width at half maximum (FWHM) of

1.0 ps ± 0.3 ps. Another one (Wfm 2) is delayed by 1.1 ps ±0.2 ps and has a FWHM of

1.9 ps±0.6 ps. Delay in arrival time and longer duration of the second waveform indicate
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Figure 4.6: Dependence of THz emission excited with ∼ 190µJ/cm2, 100 fs, 400 nm pulses
(a-c) or with ∼ 130µJ/cm2, 100 fs, 800 nm pulses (d-f), with Θpump = 0o in both cases. (a)

and (d) show examples of decomposition of the observed emission in two single cycle
transients, waveform 1 (Wfm 1) and waveform 2 (Wfm 2), corresponding to two crystal
grains with different intrinsic surface polarizations in the excitation spot, as illustrated

schematically in Figure 2c. (b) and (e) show emitted waveforms (black curves) and model
fits to two transients (red curves) at different sample orientations. (c) and (f) show area

under the first peak of each of the two waveforms as a function of sample orientation.
Symbols show the areas obtained from best model fits to the observed THz transients, and

solid lines represent the fit of the data to a cosine function.
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Figure 4.7: Model single cycle waveforms (Gaussian pulse derivatives) used to represent
THz waveforms emitted by the surface shift current and transmitted through a few µm

thick GeSe crystal. Each of the two waveforms represents emission by a shift current in a
single crystalline grain, with the current direction determined by a spontaneous surface

electric polarization in a specific grain, as illustrated in a schematic on the right. Based on
the experimental observations, studied GeSe crystal had two distinct grains in a 1.5 mm

diameter field of view, one with the polarization ∼ - 68o relative to the detection axis, and
another one - ∼30o.
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Figure 4.8: Illustration of the experimental geometry where sample orientation and linear
polarization of an optical pump pulse are varied relative to the fixed polarization of the

detected THz pulses. Schematic depiction of a GeSe crystal consisting of two crystal grain,
each characterized by a spontaneous electric polarization vector along the armchair

direction in the surface layer of GeSe.
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that the thickness of the crystal grain that emits Wfm2 is larger. Fig. 4.6 (b) and (c)

show model fits to experimental THz waveforms excited by 400 nm and 800 nm pulses.

While simple Gaussian derivative pulses cannot account for a possible spectral chirp in each

of the constituent pulses after propagation through the crystal, they adequately capture

sample orientation dependence of emitted THz waveforms. Fig. 4.6 (c) and (f) plot the

area under each of the model single cycle bipolar waveforms, with a sign that accounts for

the polarity of the first peak of each waveform. For both waveforms, sined area follows

a cosine dependence on the sample orientation. As we detect only one linearly polarized

component of the emitted transient electric field, cosine dependence on sample orientation

confirms that the shift current direction is determined by the intrinsic spontaneous surface

polarization and associated with inversion symmetry breaking of each crystalline grain. Shift

current flows along the spontaneous polarization and emits electromagnetic radiation with

an electric field along this direction. Experimental waveforms represent a component of the

emitted electromagnetic transient polarized along the detection axis. We find that for both

400 nm and 800 nm, waveform 1 has a positive maximum when the sample is rotated by 68◦

± 4◦ from the (arbitrarily chosen) origin, while waveform 2 peaks at -30◦ ± 4◦, with ∼ 98◦

between the polarization directions in the two grains. Those angles indicate the direction of

the photoexcited shift current in each of the grains.

As discussed earlier, we hypothesize that the shift current flows in the armchair direction

of GeSe lattice. We also expect strong THz absorption due the B3u phonon which involves

motion of Ge and Se atoms in opposite directions along the armchair direction. Indeed, as

shown in Fig. 4.9, the incident THz pulse from a ZnTe source is not only strongly attenuated

but also split into two pulses delayed by ∼ 1.1 ps due to transmission through the two, a

thinner and a thicker, grains in the 1.5 mm diameter THz spot size on the studied GeSe crystal

(Fig. 4.9 (a)). Attenuation of the pulse transmitted through each grain is the strongest when

it is polarized along the same direction as the THz pulses emitted by GeSe surface layer.

For Θsample of 150o or 330o, spontaneous electric polarization of the thicker grain ( ~P2) is
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Figure 4.9: (a) Schematic diagram of measurement of absorption of incident THz pulses
generated in a ZnTe source by GeSe crystal as a function of GeSe orientation. (b)

Transmission of a THz pulse through two grains with different thickness and orientations
splits the incident pulse into two. When polarization of the incident THz pulse has a large

component parallel to the spontaneous electric polarization in a grain, its absorption is
significantly stronger.
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approximately parallel to the incident THz polarization, and the second (delayed) peak is

not present. At the same time, the polarization of the thinner grain has a large component

that is perpendicular to the incident THz polarization, resulting in an incomplete attenuation

of the first peak. We observe the opposite trends for sample orientations of 90o and 270o

where the first peak is almost fully attenuated while a small fraction of the second peak

remains after propagation through the crystal. These results confirm that polarization of

the THz pulses emitted by the surface shift current in GeSe coincides with the direction of

strongest attenuation by the infrared active phonons, underscoring that thinner crystals will

result in a much brighter THz source.

4.1.3 Conclusion

In summary, we have presented experimental evidence of shift current generation in GeS

nanosheets and bulk GeSe in response to above band gap excitation, supporting recent the-

oretical predictions of the shift current in these materials due to a spontaneous ferroelectric

polarization that breaks inversion symmetry in the monolayer [78]. While the stacking se-

quence of the layers in this van der Waals material results in the inversion symmetry in the

bulk, this symmetry is broken at the surface. We find that photoexcitation of GeS nanosheets

with 400 nm pulses at normal incidence leads to emission of nearly single-cycle THz pulses

without external bias voltage. In the case of GeSe crystals, radiation of nearly single-cycle

THz pulses appears in response to either 800 nm (1.55 eV) or 400 nm (3.10 eV) excitation.

Stronger THz emission in response to 400 nm excitation compared to the fluence of 800 nm

excitation stems from stronger absorption of 400 nm light by GeSe which leads to the higher

excitation of a surface layer. Excitation fluence, sample orientation and excitation polariza-

tion dependence of the THz emission confirm that shift current flowing along the spontaneous

polarization of the surface layer is responsible for the observed emission in both cases. Highly

efficient shift current in response to photoexcitation on the both short- and long-wave edges

of the visible spectrum suggest applications of these layered materials in solar cells based on
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the bulk photovoltaic effect. Efficient THz emission that is potentially tunable by strain can

also be harnessed in the new nonlinear photonic devices, sensors and THz sources.
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4.2 THz emission in SnS2 single crystals

We have earlier discussed 2D SnS2 as a promising for optoelectronic and solar energy con-

version applications (Chapter 3.2). In this section, we focus on the TES experiments in-

vestigating potential excitation of ultrafast photocurrents in single crystalline SnS2. Like in

GeS and GeSe, THz emission in this material appear to be a function of crystal orientation.

Observed only for above the bandgap excitation, it suggests that its origin is also a shift

current. This observation is surprising due to inversion symmetry of unexcited SnS2 even

in a monolayer limit. We hypothesize that excitation of an in-plane phonon mode by the

photoexcitation dynamically breaks this symmetry and results in THz emission. A detailed

theoretical investigation of the impact of possible impulsive excitation of in-plane phonons,

and the influence of these coherent lattice oscillations on the shift current, is still outstand-

ing. However, we present here the results of experimental studies that can provide important

inputs and checkpoints for theory of nonlinear effects in SnS2.

4.2.1 Experimental methods

Synthesis of SnS2 single crystals has been discussed in Chapter 3.2, and detailed procedures

can be found in Giri et al [106].

TES measurements were carried out in the same geometry discussed earlier in this Chap-

ter. SnS2 samples were excited at normal incidence with 100-400 µJ/cm2, 400 nm pulses, as
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Figure 4.10: Scheme of the sample photoexcitation.

shown in Fig. 4.10.

4.2.2 Results and discussions

Above bandgap photoexcitation of SnS2 crystals results in transient photoconductivity and

emission of THz pulses, as shown in the Fig. 4.11, where on top of the decays additional wave-

form that correspond to the THz generation can be seen. THz emission by SnS2 crystals is

dependent on sample orientation while transient photoconductivity is not. Transient photo-

conductivity dynamics were obtained in previous Chapter 3.2 by subtracting THz generation

by the sample from TRTS decay. More detailed information about transient conductivity of

SnS2 single crystals can be found in the Chapter 3.2. Here, we focus on THz emission that

has been observed in multiple (over 10) studied SnS2 crystals in response to excitation with

400 nm pulses.

THz generation exhibits clear three-fold symmetry with respect to sample rotation, as

shown in the Fig. 4.12. The solid line in Fig. 4.12 (c) on the left is a fit of THz signal

peak amplitude to A cos(3Θsample + Θ0). The observed bandwidth of the emitted pulses is

likely limited by the bandwidth of the ZnTe detector (0.2-2.5 THz), indicating that processes

responsible for the THz emission occur on a sub-picosecond timescale.
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Figure 4.11: Transient photoconductivity and emission of THz pulses.
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Figure 4.12: THz emission of SnS2 crystal with the response to sample orientation. Optical
pump polarization is fixed.
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Figure 4.13: THz emission of SnS2 crystal with the response to optical pump polarization
orientation. Sample orientation is fixed.

THz generation exhibits four-fold symmetry with respect to pump polarization, as shown

in the Fig. 4.13. Four-fold symmetry instead of three-fold symmetry is a result of detection of

only one (vertical) component of the emitted THz radiation, as has been discussed in reports

of THz as well as second harmonic generation from MoS2 monolayers and surfaces [172].

What can be the mechanism of THz generation of SnS2 single crystals? Since it is observed

in response to above bandgap excitation (400 nm) but not below bandgap excitation, a

transient current rather that a transient polarization acts as a source of electromagnetic

pulse emission. As discussed earlier in Chapter 2.5 and Chapter 4.1, experiments carried

out at normal incidence without external bias rule out the photo-Dember effect, built-in
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surface depletion fields, or photon drag. Uniform illumination with a spot size larger than

the focus of THz-collecting optics eliminated laser-induced Seebeck effect, and single-color,

linear polarization of excitation excludes injection current. Moreover, a three-fold symmetry

of emission as shown in Figure 4.12 is compatible with the crystal lattice structure and

suggests that we are observing either ultrafast photocurrents flowing in a direction from

sulfur atom to tin along the bonds (shift currents) or THz emission by a coherently excited

infrared-active in-plane phonon mode [173, 174].

In either case, coherent lattice dynamics are likely to play a pivotal role. Shift current

is a second-order nonlinear effect and is therefore prohibited in centrosymmetric materi-

als. SnS2 (space group P3m1) has inversion symmetry in both bulk as well as monolayer

form, unlike, for example, MoS2 where monolayers are non-centrosymmetric. In order to

explain experimental results, we hypothesize that linearly polarized photoexcitation results

in a dynamic, transient breaking of inversion symmetry by coherent excitation of a specific

phonon mode. Photoexcitation with femtosecond pulses have been shown to excite coher-

ent lattice oscillations in a variety of materials such as crystalline Te, GaAs, Bi2Te3, etc

[175, 176, 177, 178, 179]. A coherent phonon then results in a transient inversion symmetry

breaking. THz emission in this case can occur either as a direct result of emission by a

phonon mode [173, 174], or due to a shift current excited by a ∼ 100 fs optical pulse during

the half-period of a phonon. A candidate phonon mode in SnS2 is an infrared-acive Eu mode

at ∼ 6.1 THz [175], but other modes, including those not at a Brillouin zone center, can

contribute. Elucidation of the exact mechanism and development of a model that captures

its properties requires a first principles dynamical calculation of phonon structure, and this

work is on-going.

Understanding the mechanism behind THz emission in SnS2 without external bias will

pave the way to novel applications in solar energy conversion and ultrafast electro-optical

devices.
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Chapter 5

Conclusion and future work

This thesis has outlined experiments that advanced the use of the time resolved THz spec-

troscopy and THz emission spectroscopy techniques. We have reported on our use of these

tools to study chalcogenide semiconductors, which are of interest from both a technological

and experimental point of view. These materials are characterized by high carrier mobility

and band gaps in the visible to near-infrared range, and are well suited for efficient solar

energy conversion applications. They can be produced using inexpensive, high throughput

deposition methods, and do not suffer from the environmental toxicity and instability that

plague conventional perovskite solar cells. Chalcogenides include a wide range of sulfides and

selenides, such as GeS, GeSe, SnSe, SnS2, Bi2S3, and Bi2Se3 [34, 180, 181, 182, 183, 184, 185].

Over the course of this work, we have reported on time-resolved THz spectroscopy studies

of 2D chalcogenides (Bi1-xInx)2Se3, SnS2, and GeS, as well as polycrystaline systems of Bi2S3,

PbS, and PbS/ZnO.

In the case of (Bi1-xInx)2Se3, which undergoes transformation from a topological to a

band insulator for x > 0.06, we have used time-resolved THz spectroscopy to investigate

photoexcited carrier dynamics. In Bi2Se3, we have measured the time it takes an optically

excited carrier to undergo transition from bulk conduction band states into high mobility

topological surface states, as well as the mobility of optically excited carriers in the two dis-

tinct sets of Dirac surface states at different energies in the conduction band. In the case

of (Bi0.75In0.25)2Se3 and (Bi0.5In0.5)2Se3, which are insulating without photoexcitation, trans-

port of photoexcited free carriers is affected by their twin domain boundaries and disorder.

We have also demonstrated that the mobility and lifetime of the photoexcited carriers in
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(Bi1-xInx)2Se3 films can be tuned by its indium content, enabling tailoring of band insula-

tors that have desired optoelectronic properties and are fully structurally compatible with

the topological insulator Bi2Se3 for applications in high-speed photonic devices based on

topological insulator/band insulator heterostructures [107].

In SnS2, TRTS allowed us to access intrinsic carrier mobility in vertical SnS2 nanoflake

arrays. We found that the intrinsic carrier mobility within the nanoflakes is exceptionally

high, 330 cm2/V s, and is comparable to the mobility observed in a single crystal SnS2 at 800

cm2/V s [186]. Similarly, we have investigated photoexcited carrier dynamics in nanoribbons

of GeS, a 2D semiconductor with high carrier mobility and a moderate band gap of ∼ 1.5

eV. Ongoing efforts are dedicated to investigating the influence of zero-valent metal interca-

lation on the photoconductivity of GeS. Our preliminary results show that intercalation of

Cu, Au, or Sn impacts the free carrier lifetime and carrier scattering time, highlighting the

potential of zero-valent metal intercalation for engineering the optoelectronic properties of

GeS nanostructures for application in high-speed electronic devices.

In addition to layered chalcogenides, we studied quasi-3D chalcogenide systems such as

nano- and polycrystalline Bi2S3 and PbS. In Bi2S3, we have shown that annealing nanocrys-

talline films increases photoexcited carrier lifetimes and diffusion lengths, showing a pathway

to optimization of its properties for solar energy conversion [105]. In polycrystalline PbS,

carrier lifetime and mobility was found to be high within the grains, but injection of carriers

from the individual grains to ZnO, a charge collector, is suppressed by interface trap states.

This observation underscores the need for chemical passivation of PbS/ZnO interfaces to

achieve efficient injection of photoexcited carriers into ZnO. Future work will focus on using

buffer layers to minimize interfacial recombination and enable the transfer of photoexcited

electrons from PbS into ZnO electrodes [104].

We also used TRTS spectroscopy to study ultrafast photoexcited carrier dynamics in a

number of non-chalcogenide materials. Those results were not included in this thesis, but

can be found in several journal publications and conference proceedings. Specifically, we
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have studied the properties of reduced graphene oxide films for electromagnetic interference

shielding in the GHz and THz range, finding that their performance can be engineered by

intercalation of metals such as Zn, Ni or Fe. Another candidate conductive 2D material with

potential for electromagnetic interference shielding over a broad spectral range is an emerging

class of 2D transition metal carbides, MXenes. We have reported on the equilibrium and

non-equilibrium free carrier dynamics of Ti3C2Tx, gleaned from THz spectroscopic studies

for the first time. Ti3C2Tx showed high (∼ 2×1021cm−3) intrinsic charge carrier density and

relatively high (∼ 34cm2/V s) mobility of carriers with an exceptionally large (∼ 46000cm−1)

absorption in the THz range, suggesting that Ti3C2Tx is well suited for both THz detection

and electromagnetic interference shielding. We also demonstrated that Ti3C2Tx conductivity

and THz transmission can be manipulated by photoexcitation, as absorption of near-infrared,

800 nm pulses is found to cause transient suppression of the conductivity that recovers over

hundreds of picoseconds. The possibility of control over THz transmission and conductivity

by photoexcitation suggests the promise for application of Ti3C2Tx MXenes in THz mod-

ulation devices and variable electromagnetic shielding [187]. We have also applied TRTS

to organic semiconductors and elucidated photoexcited carrier transport in these materials,

which hold much promise for low cost, lightweight, flexible/stretchable organic semiconductor

structures that can harness solar energy [188].

Finally, this thesis reports on our investigations of ultrafast photocurrents in germanium

monochalcogenides GeS and GeSe using THz emission spectroscopy (TES). We presented

the first experimental evidence of emission of THz pulses in response to above band gap

photoexcitation of a GeS nanosheets and bulk GeSe crystals [33, 82]. Optical excitation in

these materials results in an instantaneous spatial shift of electron density distribution, giving

rise to shift current, a mechanism behind the bulk photovoltaic effect. While the stacking

sequence of the layers in both GeS and GeSe results in inversion symmetry in bulk, this

symmetry is broken on the surface. Excitation fluence, sample orientation, and excitation

polarization dependence of the THz emission confirm that shift current flowing along the
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spontaneous polarization of the surface layer is responsible for the observed emission in both

cases. Highly efficient shift current in response to photoexcitation on both the short- and

long-wave edges of the visible spectrum suggest applications of these layered materials in

solar cells based on the bulk photovoltaic effect [33, 82].

Using TES, we have also discovered that single crystalline SnS2 exhibits robust THz

emission, whose origin we believe to be a shift current resulting from transient symmetry

breaking by a linearly polarized excitation. Ongoing efforts focus on investigating ultrafast

dynamics of charge carriers and lattice excitations in this unique material, with the goal of

uncovering the mechanisms that drive THz emission.

The information gained from these studies comes at a crucial moment and will guide a

new generation of photovoltaics, nonlinear photonic devices and alternative THz sources.

129



Bibliography

[1] Chaoliang Tan, Xiehong Cao, Xue-Jun Wu, Qiyuan He, Jian Yang, Xiao Zhang, Junze

Chen, Wei Zhao, Shikui Han, Gwang-Hyeon Nam, et al. Recent advances in ultrathin

two-dimensional nanomaterials. Chemical reviews, 117(9):6225–6331, 2017. 2

[2] Hua Zhang. Ultrathin two-dimensional nanomaterials. ACS Nano, 9(10):9451–9469,

2015. 2

[3] Jason B Baxter and Glenn W Guglietta. Terahertz spectroscopy. Analytical chemistry,

83(12):4342–4368, 2011. 5

[4] Masayoshi Tonouchi. Cutting-edge terahertz technology. Nature photonics, 1(2):97–

105, 2007. 4

[5] Ch Fattinger and D Grischkowsky. Terahertz beams. Applied Physics Letters,

54(6):490–492, 1989. 4

[6] D Grischkowsky, Søren Keiding, Martin Van Exter, and Ch Fattinger. Far-infrared

time-domain spectroscopy with terahertz beams of dielectrics and semiconductors.

JOSA B, 7(10):2006–2015, 1990. 4

[7] Bradley Ferguson and Xi-Cheng Zhang. Materials for terahertz science and technology.

Nature materials, 1(1):26–33, 2002. 4

[8] Edward Philip John Parrott, Yiwen Sun, and Emma Pickwell-MacPherson. Terahertz

spectroscopy: Its future role in medical diagnoses. Journal of Molecular Structure,

1006(1-3):66–76, 2011. 4

[9] John F Federici, Brian Schulkin, Feng Huang, Dale Gary, Robert Barat, Filipe Oliveira,

130



and David Zimdars. Thz imaging and sensing for security applications—explosives,

weapons and drugs. Semiconductor Science and Technology, 20(7):S266, 2005. 4

[10] Sunil K Mathanker, Paul R Weckler, and Ning Wang. Terahertz (thz) applications in

food and agriculture: A review. Transactions of the ASABE, 56(3):1213–1226, 2013. 4

[11] CH Lui, AJ Frenzel, DV Pilon, Y-H Lee, X Ling, GM Akselrod, J Kong, and N Gedik.

Trion-induced negative photoconductivity in monolayer mos 2. Physical review letters,

113(16):166801, 2014. 4

[12] Zuanming Jin, Dominik Gehrig, Clare Dyer-Smith, Edwin J Heilweil, Frederic Laquai,

Mischa Bonn, and Dmitry Turchinovich. Ultrafast terahertz photoconductivity of pho-

tovoltaic polymer-fullerene blends: A comparative study correlated with photovoltaic

device performance. The journal of physical chemistry letters, 5(21):3662–3668, 2014.

4

[13] Tobias Kampfrath, Alexander Sell, Gregor Klatt, Alexej Pashkin, Sebastian Mahrlein,

Thomas Dekorsy, Martin Wolf, Manfred Fiebig, Alfred Leitenstorfer, and Rupert Hu-

ber. Coherent terahertz control of antiferromagnetic spin waves. Nature Photonics,

5(1):31–34, 2011. 4

[14] Sebastian Baierl, Matthias Hohenleutner, Tobias Kampfrath, AK Zvezdin, Alexey V

Kimel, Rupert Huber, and RV Mikhaylovskiy. Nonlinear spin control by terahertz-

driven anisotropy fields. Nature Photonics, 10(11):715, 2016. 4

[15] KT Butler, BJ Dringoli, L Zhou, PM Rao, Aron Walsh, and LV Titova. Ultrafast carrier

dynamics in bivo 4 thin film photoanode material: interplay between free carriers,

trapped carriers and low-frequency lattice vibrations. Journal of Materials Chemistry

A, 4(47):18516–18523, 2016. 4

[16] Rupert Huber, F Tauser, A Brodschelm, M Bichler, G Abstreiter, and A Leitenstorfer.

131



How many-particle interactions develop after ultrafast excitation of an electron–hole

plasma. Nature, 414(6861):286–289, 2001. 4

[17] M Schall, M Walther, and P Uhd Jepsen. Fundamental and second-order phonon

processes in cdte and znte. Physical Review B, 64(9):094301, 2001. 4, 22

[18] RHM Groeneveld and D Grischkowskyt. Picosecond time-resolved far-infrared ex-

periments on carriers and excitons in gaas–algaas multiple quantum wells. JOSA B,

11(12):2502–2507, 1994. 4

[19] Robert A Kaindl, Marc A Carnahan, Joseph Orenstein, Daniel S Chemla, Hans M

Christen, Hong-Ying Zhai, Mariappan Paranthaman, and Doug H Lowndes. Far-

infrared optical conductivity gap in superconducting mgb 2 films. Physical review

letters, 88(2):027003, 2001. 4

[20] David H Auston, Kin P Cheung, and Peter R Smith. Picosecond photoconducting

hertzian dipoles. Applied physics letters, 45(3):284–286, 1984. 6

[21] YC Shen, PC Upadhya, EH Linfield, HE Beere, and AG Davies. Ultrabroadband ter-

ahertz radiation from low-temperature-grown gaas photoconductive emitters. Applied

physics letters, 83(15):3117–3119, 2003. 7

[22] P Uhd Jepsen, David G Cooke, and Martin Koch. Terahertz spectroscopy and imaging–

modern techniques and applications. Laser & Photonics Reviews, 5(1):124–166, 2011.

9, 22

[23] Frank Träger. Springer handbook of lasers and optics. Springer Science & Business

Media, 2012. 9

[24] Patrick Steglich, Christian Mai, Claus Villringer, and Andreas Mai. Direct observation

and simultaneous use of linear and quadratic electro-optical effects. Journal of Physics

D: Applied Physics, 53(12):125106, 2020. 9

132



[25] Yun-Shik Lee. Principles of terahertz science and technology, volume 170. Springer

Science & Business Media, 2009. 9, 10

[26] Paul CM Planken, Han-Kwang Nienhuys, Huib J Bakker, and Tom Wenckebach. Mea-

surement and calculation of the orientation dependence of terahertz pulse detection in

znte. JOSA B, 18(3):313–317, 2001. 9

[27] A Rice, Y Jin, XF Ma, X-C Zhang, D Bliss, J Larkin, and M Alexander. Terahertz op-

tical rectification from¡ 110¿ zinc-blende crystals. Applied physics letters, 64(11):1324–

1326, 1994. 9

[28] Q Wu and X-C Zhang. 7 terahertz broadband gap electro-optic sensor. Applied Physics

Letters, 70(14):1784–1786, 1997. 9

[29] Rupert Huber, A Brodschelm, F Tauser, and A Leitenstorfer. Generation and field-

resolved detection of femtosecond electromagnetic pulses tunable up to 41 thz. Applied

Physics Letters, 76(22):3191–3193, 2000. 9
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Appendix A

Code to analyze THz-TDS data, thin

film approximation

The following Matlab code is used to calculate the basic parameters such as refractive index

and absorption coefficient as well as intrinsic conductivity of the material. In this code you

need to input reference waveform and sample waveform. Here shown a data obtained for Si

wafer, which could also be used as your reference point.
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