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Abstract 

 

Nanotechnology has recently enjoyed a tremendous interest, and many emerging 

nanoscale and low-dimensional materials and devices are under active investigation. This 

dissertation presents research work on the physics of the ultrafast terahertz (THz) response 

and the hot-carrier dynamics in two sample classes of state-of-the-art materials, namely 

graphene and semiconductor nanowires, by using ultrafast time-resolved THz 

spectroscopy. Thorough understanding of this physics is indispensable for the 

implementation of novel high-speed nanoelectronic and nanophotonic devices based on 

these materials.  

The dynamic THz response of a wide variety of high-quality graphene, including 

epitaxial and chemical-vapor-deposited, is systematically studied. In pristine epitaxial and 

chemical-vapor-deposited graphene, the dynamics depend critically on the doping density 

with relaxation times ranging from a few picoseconds in highly doped to hundreds of 

picoseconds in quasi-neutral layers; a microscopic density-matrix theory of carrier-carrier 

and carrier-phonon interactions accounts quantitatively for the experimental results. In 

multilayer epitaxial graphene with a few highly doped and many lightly doped layers, low-

energy relaxation times of hundreds of picoseconds are measured in the lightly doped 

layers consistent with a first-principles theory of interlayer energy transfer via screened 

Coulomb interactions. In semiconducting epitaxial graphene, the relaxation of the 

dynamics is up to two orders of magnitude faster relative to metallic epitaxial graphene 

attributed to large enhancement of the phase-space available for carrier scattering due to 

an energy gap. In epitaxial graphene nanoribbons, a highly anisotropic response arises from 

two-dimensional quantum confinement with carrier lifetimes of tens of picoseconds in the 

high-energy subbands.  



xvi 

 

The dynamic THz response of quasi-one-dimensional high-quality single-crystal 

germanium and germanium/silicon core/shell nanowires is also extensively investigated. 

The dynamics are characterized by fast few-picosecond intraband carrier relaxation 

followed by slower sub-nanosecond interband carrier recombination processes. Clear 

evidence for ballistic carrier transport on tens of nanometers is observed, and surface defect 

states are identified as the dominant carrier recombination and scattering mechanism 

limiting carrier lifetime and transport. Three possible physical origins giving rise to the 

observed highly anisotropic response are considered including free-carrier response, 

exciton response and quantum confinement effects. 
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Chapter 1 

Introduction 

Section 1.1 Dissertation Motivation and Organization 

Nanotechnology has for some time appeared to be the natural next state in the 

evolution of modern technology. Specifically, in electronics and photonics, the insatiable 

desire for ever smaller, faster, more powerful, less power-consuming, less expensive, more 

portable and in general more pervasive devices and systems has been long being appeased 

by "Cramming more components onto integrated circuits" [1], and has driven these 

technologies well into the nanoscale world. Not surprisingly, the research work into novel 

nanoscale and low-dimensional materials and devices has recently experienced 

astoundingly rapid progress fueled largely by a plethora of exciting applications in 

nanoelectronics and nanophotonics. Some of the most prominent applications include 

field-effect transistors, p-n junction diodes, lasers, light-emitting diodes, photodetectors, 

solar cells and optical modulators.  

In this dissertation, I study systematically the physics of the ultrafast terahertz 

(THz) response and the hot-carrier relaxation and cooling dynamics in two sample classes 

of state-of-the-art nanoscale low-dimensional materials, namely graphene and 

semiconductor nanowires. Both graphene and semiconductor nanowires have shown 

remarkable technological potential and have attracted tremendous interest by the scientific 

and engineering community. Graphene, a monolayer of carbon atoms arranged in a two-

dimensional (2D) honeycomb lattice, has been known and studied for decades in different 

forms [2, 3, 4], but it was not until the pioneering research work in the early 2000s [5, 6, 

7, 8, 9], when graphene was truly and widely recognized. Graphene boasts exceptionally 

high carrier mobility, excellent thermal conductivity, very long ballistic carrier mean free 

path and strong light-matter interaction among other supreme properties [10, 11, 12]. 

Within the brief timespan of about a decade, it began to be often referred to as a “wonder 
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material”. Semiconductor nanowires, cylindrical semiconductor structures with nanometer 

size diameters, were synthesized for the first time in the late 1990s. They also exhibit 

unique electronic and optical properties stemming from their quasi-1D nanostructure and 

possible quantum confinement effects [13, 14, 15, 16]. A particularly intriguing feature is 

the ability to synthesis semiconductor nanowires from the bottom-up with precise 

nanoscale control over their structure and composition, and then combine these diverse 

building blocks into larger and more complex functional systems.  

Graphene and semiconductor nanowires are among the emerging candidates for the 

industrial realization of novel, scalable, highly-integrated, multifunctional, high-

performance nanoelectronic and nanophotonic devices and systems operating into the THz 

frequencies. The design and development of such devices based on these two classes of 

materials would require further advances on both the science and the technology fronts. 

Firstly, the thorough understanding of the physics of their dynamic response and electronic 

transport up to THz frequencies is indispensable. Secondly, the device operation at these 

high frequencies would rely on high-energy and possibly ballistic carriers, and hence the 

hot-carrier behavior and the mechanisms responsible for carrier relaxation, cooling and 

recombination is essential. Thirdly, the electronic and optical properties and the nature of 

light-matter interaction in these nanoscale structures would be strongly influenced by 

quantum confinement, and hence these effects are critical. Finally, the ability to fabricate 

these devices in large quantities, with the same quality and with high yield is also vital. 

Previously, the semiconductor and optical communications technologies succeeded in 

establishing themselves as mature industries, because their components could be produced 

in the millions and by the kilometers with exceptional reliability.  

In this research work, I utilize ultrafast time-resolved THz spectroscopy, which is 

a relatively new experimental technique emerging in the late 1980s, when it was first 

demonstrated that near single-cycle THz pulses can be generated, propagated through free 

space and detected in the time-domain [17, 18, 19]. The THz spectroscopy has experienced 

very rapid development and found a wide spectrum of applications including in chemistry, 

biology, medicine and pharmaceuticals for chemical analysis and molecular spectroscopy, 

in physics for material spectroscopy and light-matter interaction studies in condensed-
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matter systems, and in engineering for THz imaging, remote sensing and failure analysis 

[20, 21]. Relevant for the area of material spectroscopy, this experimental technique has a 

number of useful characteristics including being convenient (could be used both in research 

and industrial settings), direct (directly accesses light-matter interaction), ultrafast (has 

sub-picosecond temporal resolution), broadband (has one decade or more spectral 

bandwidth), sensitive (can measure the response of a single atomic layer such as graphene), 

non-contact (does not require electrical contacts, which can largely complicate the 

interpretation of the experimental results), and non-destructive (does not require special 

irreversible material processing and does not physically alter the material). In addition, the 

THz (also referred to as far-infrared) radiation lies right between low electronics 

frequencies and high photonics frequencies in the so-called “THz gap” and can be 

considered as a natural bridge between electronics and photonics. Hence, the ultrafast time-

resolved THz spectroscopy is an ideal tool for investigating the physics of the ultrafast THz 

response and the hot-carrier relaxation and cooling dynamics in nanoscale low-dimensional 

materials such as graphene and semiconductor nanowires.  

The dissertation is organized as follows. In Section 1.2, we first introduce the 

ultrafast time-resolved THz spectroscopy technique, which we use to study the dynamic 

THz response and the hot-carrier relaxation and cooling dynamics in graphene and 

semiconductor nanowires. We describe essential details of the experimental set-up and the 

data analysis procedure.  

In Chapter 2, we discuss the dynamic THz response and the hot-carrier dynamics 

of graphene following ultrafast photoexcitation. We look at a wide variety of high quality 

graphene, including epitaxial and chemical-vapor-deposited (CVD). In Section 2.1, we first 

introduce graphene, focusing on the studied epitaxial and CVD types of graphene, and its 

electronic and optical properties. In Section 2.2, we discuss the dynamic THz response of 

pristine epitaxial and CVD graphene, which is characteristic for a pristine disorder-free 

graphene layer. In Section 2.3, we discuss the dynamic THz response of multilayer 

epitaxial graphene, in which interlayer interactions play an important role. In Section 2.4, 

we discuss the dynamic THz response of buckled epitaxial graphene, in which an energy 

gap has been carefully engineered. In Section 2.5, we discuss the dynamic THz response 
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of epitaxial graphene nanoribbons, in which quantum confinement effects become 

prominent. In Section 2.6, we finally present a brief summary of the results in Chapter 2.  

In Chapter 3, we discuss the dynamic THz response and the hot-carrier dynamics 

of semiconductor nanowires following ultrafast photoexcitation. We look specifically at 

high quality single-crystal germanium (Ge) and germanium/silicon (Ge/Si) core/shell 

nanowires (NWs). In Section 3.1, we first introduce the studied Ge and Ge/Si core/shell 

NWs. In Section 3.2, we discuss the THz carrier dynamics of the NWs. In Section 3.3, we 

discuss the full dynamic THz response of the NWs. In Section 3.4, we finally present a 

brief summary of the results in Chapter 3.  

In Chapter 4, we present a brief conclusion of the research work in this dissertation 

and remarks on some further directions in which the work can be continued in the future.  

Section 1.2 Ultrafast Time-Resolved THz Spectroscopy 

To study the dynamic THz response of graphene and semiconductor nanowires 

following ultrafast photoexcitation, we utilize ultrafast time-resolved THz spectroscopy 

[17, 18, 19]. The ultrafast time-resolved THz spectroscopy has established itself as a very 

powerful all-optical experimental technique for directly probing the relaxation and cooling 

dynamics of photoexcited carriers in wide variety of condensed-matter and solid-state 

systems, because it is sensitive to both the number of carriers and their distribution in 

energy. The experimental set-up is illustrated schematically in Figure 1.2.1. Our laser 

system consists of a Ti:Sapphire oscillator (Mira 900-F, Coherent) followed by a 

Ti:Sapphire regenerative amplifier (RegA 9050, Coherent) and produces ultrafast optical 

pulses with a center wavelength of 800 nm, a pulse width of ~60 fs and a repetition rate of 

250 kHz. A portion of the laser beam is quasi-collimated at the sample position with an 

intensity spot size diameter of ~1600 µm, and optically injects hot carriers in the samples. 

A second portion of the laser beam is used to generate a single-cycle THz pulse in a low 

temperature grown GaAs photoconductive emitter (Tera-SED 3/4, Gigaoptics) [22, 23] and 

the emitted broadband THz radiation is focused on the sample with an intensity spot size 

diameter of ~500 µm to probe the dynamic THz response. The transmitted portion of the 

THz probe is detected by using time-domain electro-optic sampling in a 1 mm thick ZnTe 

crystal [24, 25, 26] and a pair of balanced Si photodiodes. The electrical signal is modulated 
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by a mechanical chopper, placed in either the optical pump or the THz probe arm, and 

recorded by using a conventional lock-in amplifier data acquisition technique. The sample 

is mounted inside a liquid helium continuous flow cryostat (ST-100, Janis), so that the 

substrate temperature can be varied from 10 K to 300 K. The time delays between the 

optical pump, the THz probe and the sampling pulse are controlled by two motorized 

stages. All THz optics is surrounded by an enclosure purged with purified nitrogen gas to 

minimize water vapor absorption. The detection bandwidth of the system is in the range of 

~0.2-2.5 THz and the temporal resolution of the measurements is limited by the duration 

of the THz probe pulse to the sub-picosecond timescale. The experimental error is due 

primarily to long-term drift of the optomechanical components and the ultrafast 

Ti:Sapphire laser system, and is estimated not to exceed ~5%.  

 

Figure 1.2.1 – Schematic diagram of the ultrafast time-resolved THz spectroscopy set-up.  

The ultrafast time-resolved THz spectroscopy is essentially a three-pulse 

spectroscopic technique and each of the three pulses has independent temporal and spatial 

positions. Figure 1.2.2(a) shows the pulse timing between the three pulses including the 

optical pump pulse, the THz probe pulse and the sampling pulse. The optical pump and 

THz probe interact at the sample position, while the sampling pulse and the THz probe 

interact at the ZnTe detection crystal position. Hence, the pulse timing involves two 
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independent time delays – the time delay between the optical pump and the THz probe at 

the sample position, 𝜏𝑝𝑢𝑚𝑝−𝑝𝑟𝑜𝑏𝑒, and the time delay between the sampling pulse and the 

THz probe at the ZnTe detection crystal position, 𝜏𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔−𝑝𝑟𝑜𝑏𝑒. Thus, the 

experimentally measured THz signal is a function of both 𝜏𝑝𝑢𝑚𝑝−𝑝𝑟𝑜𝑏𝑒 and 

𝜏𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔−𝑝𝑟𝑜𝑏𝑒, and in general we need to scan both time delays to extract the dynamic 

THz response of the sample. In practice, we fix one of the time delays at discrete values 

and we scan continuously the other time delay to record the THz signal. This implies two 

separate experimental approaches.  

 

Figure 1.2.2 – Ultrafast time-resolved THz spectroscopy in (a) time and (b) frequency domain.  

In the first experimental approach, we fix the pump-probe delay and we scan the 

sampling-probe delay to measure the full time-domain THz probe pulse transmission. From 

the measured time-domain THz electric field, 𝐸(𝑡), we can obtain the frequency-domain 

THz spectrum, 𝐸(𝜔), by straightforward numerical Fourier transformation as shown in 

Figure 1.2.2(b). By recording the THz transmission both without photoexcitation by the 
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optical pump and with photoexcitation for different THz probe delays after the optical 

pump, we extract the full dynamic THz response of the sample. In the second experimental 

approach, we fix the sampling-probe delay (usually the peaks of the sampling and the probe 

pulses overlap to maximize the measured THz signal) and we scan the pump-probe delay 

to measure the relaxation of the THz probe pulse transmission. Again, by recording the 

THz transmission both without and with photoexcitation by the optical pump, we extract 

the transient THz carrier dynamics of the sample. In this dissertation, we apply both 

experimental approaches to study the graphene and the semiconductor nanowire samples.  

The next important step is the analysis of the experimental data recorded in ultrafast 

time-resolved THz spectroscopy. The key issue is to relate the THz transmission (the 

experimental quantity that we measure) to the dynamic THz response of the studied sample 

or material (the physical quantity that we are interested in). In general, this relationship is 

very complex, but it can be simplified within some approximation to allow gaining useful 

physical insight into the dynamic THz response [27, 28, 29].  

First, we describe the interaction of the THz probe with the studied sample. The 

THz electric field, 𝐸(𝑡), incident on the sample at a time delay 𝜏 after ultrafast 

photoexcitation by the optical pump, sets up a transient macroscopic current density, 𝑗(𝑡, 𝜏) 

, given by [29]:  

 𝑗(𝑡, 𝜏) = ∫ 𝐸(𝑡′)𝑔(𝑡, 𝑡′, 𝜏)𝑑𝑡′+∞

−∞
, (1.2.1) 

where 𝑔(𝑡, 𝑡′, 𝜏) is the current response function of the sample. Upon photoexcitation, the 

optical pump creates a non-equilibrium photoexcited carrier density, 𝑛(𝜏), which decays 

with the delay 𝜏. Every photoexcited carrier contributes a portion of the total macroscopic 

current density via its single-carrier current response function, 𝑔0(𝑡), upon interacting with 

a delta-function incident THz electric field. Hence, the current response function can be 

decomposed into 𝑔(𝑡, 𝑡′, 𝜏) = 𝑛(𝑡′ + 𝜏)𝑔0(𝑡 − 𝑡′) and the macroscopic current density 

becomes:  

 𝑗(𝑡, 𝜏) = ∫ 𝐸(𝑡′)𝑛(𝑡′ + 𝜏)𝑔0(𝑡 − 𝑡′)𝑑𝑡′+∞

−∞
. (1.2.2) 

Equation 1.2.2 can be rewritten as a straight-forward convolution:  
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 𝑗(𝑡, 𝜏) = [𝐸(𝑡)𝑛(𝑡 + 𝜏)] ∗ [𝑔0(𝑡)]. (1.2.3) 

If we assume that the photoexcited carrier density decays slowly on a timescale compared 

to the duration of the THz probe pulse, which implies that 𝑛(𝜏) is in a quasi-steady state, 

Equation 1.2.3 can be conveniently simplified to:  

 𝑗(𝑡, 𝜏) = 𝑛(𝜏)([𝐸(𝑡)] ∗ [𝑔0(𝑡)]). (1.2.4) 

By Fourier transforming Equation 1.2.4, we obtain:  

 𝑗(𝜔, 𝜏) = 𝑛(𝜏)𝜍(𝜔)𝐸(𝜔), (1.2.5) 

where 𝜍(𝜔) is the single-carrier conductivity. By defining the quasi-conductivity of the 

sample as 𝜎(𝜔, 𝜏) = 𝑛(𝜏)𝜍(𝜔), we obtain the well-known Ohm’s Law:  

 𝑗(𝜔, 𝜏) = 𝜎(𝜔, 𝜏)𝐸(𝜔). (1.2.6) 

Next, we describe the transmission of the THz probe through the studied sample. 

The THz electric field, 𝐸𝑡(𝑡, 𝜏), transmitted through the sample at a time delay 𝜏 after 

ultrafast photoexcitation by the optical pump is related to the incident THz electric field, 

𝐸(𝑡), via:  

 𝐸𝑡(𝑡, 𝜏) = ∫ 𝐸(𝑡′)ℎ(𝑡, 𝑡′, 𝜏)𝑑𝑡′+∞

−∞
, (1.2.7) 

where ℎ(𝑡, 𝑡′, 𝜏) is the transmission response function of the sample. If we assume that the 

sample is a linear and time-invariant system, Equation 1.2.7 can be conveniently simplified 

to:  

 𝐸𝑡(𝑡, 𝜏) = ∫ 𝐸(𝑡′)ℎ(𝑡 − 𝑡′, 𝜏)𝑑𝑡′+∞

−∞
. (1.2.8) 

Equation 1.2.8 can be rewritten as a straight-forward convolution:  

 𝐸𝑡(𝑡, 𝜏) = [𝐸(𝑡)] ∗ [ℎ(𝑡, 𝜏)]. (1.2.9) 

By Fourier transforming Equation 1.2.9, we obtain:  

 𝐸𝑡(𝜔, 𝜏) = 𝐻(𝜔, 𝜏)𝐸(𝜔), (1.2.10) 

where 𝐻(𝜔, 𝜏) is the transmission transfer function of the sample. We note that the 

approximations we made in deriving Equations 1.2.6 and 1.2.10 are essentially equivalent 
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in that the sample is assumed to be a linear and time-invariant system. Another necessary 

assumption is that the sample is sufficiently thin compared to the skin depth of both the 

optical pump and the THz probe, so that it is uniformly and homogenously photoexcited 

and probed.  

Finally, we relate the measured THz transmission to the dynamic THz response of 

the studied sample. To achieve that we need to express the transmission transfer function 

of the sample 𝐻(𝜔, 𝜏) in terms of its THz response. There are a few different standard 

electromagnetic approaches to obtain the electromagnetic transmission through an 

arbitrary system, which is modeled by its electromagnetic response expressed, for example, 

by its permittivity 𝜖(𝜔), its conductivity 𝜎(𝜔) or its susceptibility 𝜒(𝜔) [30]. The most 

general one is the transfer matrix approach, which can be applied to a very complex and 

multilayered system and yields the transmission, the reflection and the absorption of the 

system. For a simpler system consisting of a thin-film sample on a transparent substrate, 

the Fabry-Perot approach can be used to yield identical results for the transmission of the 

system, which is often completely sufficient. When the thin-film sample is ultra-

subwavelength compared to both the optical and the THz wavelength, the Tinkham formula 

[31] can be used to yield a very accurate approximation for the transmission of the system. 

The Tinkham formula is rigorously derived for an infinitely thin film by solving the 

Maxwell’s equations with the proper boundary conditions for the incident and transmitted 

electromagnetic radiation. The electric field form of the Tinkham formula is given by:  

 
𝑡(𝜔)

𝑡0(𝜔)
=

𝑛𝑠𝑢𝑏+𝑛𝑎𝑖𝑟

𝑛𝑠𝑢𝑏+𝑛𝑎𝑖𝑟+𝜂0𝜎(𝜔)
, (1.2.11) 

where 𝑡(𝜔) and 𝑡0(𝜔) are the electric fields transmitted through the sample and a reference 

substrate, respectively, 𝜎(𝜔) is the complex sheet conductivity of the sample, 𝑛𝑠𝑢𝑏 and 

𝑛𝑎𝑖𝑟 are the refractive indices of the substrate and the environment, respectively, and 𝜂0 is 

the impedance of free space.  

In the ultrafast time-resolved THz spectroscopy, the ultrafast photoexcitation by the 

optical pump induces a transient change in the complex conductivity of the studied sample, 

∆𝜎(𝜔, 𝜏) = 𝜎(𝜔, 𝜏) − 𝜎(𝜔), which is probed by the THz probe arriving after a time delay 

𝜏. This results in a corresponding transient change in the THz electric field transmitted 
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through the sample, ∆𝑡(𝜔, 𝜏) = 𝑡(𝜔, 𝜏) − 𝑡(𝜔). For very small differential changes 

∆𝜎(𝜔, 𝜏) and ∆𝑡(𝜔, 𝜏), we can apply the Tinkham formula to obtain an approximate 

relationship between the measured THz transmission and the THz conductivity of the 

sample. For a truly two-dimensional (2D) sample (for example graphene), where the 

electron wavefunction is confined in one direction, we have:  

 Δ𝜎𝑠(𝜔, 𝜏) ≈ −
𝑛𝑠𝑢𝑏+𝑛𝑎𝑖𝑟

𝜂0
×

∆𝑡(𝜔,𝜏)

𝑡(𝜔)
. (1.2.12) 

where ∆𝜎𝑠(𝜔, 𝜏) is the photoinduced change in the complex sheet conductivity of the 

sample, 𝑛𝑠𝑢𝑏 and 𝑛𝑎𝑖𝑟 are the THz refractive indices of the substrate and the environment, 

respectively, and 𝜂0 is the impedance of free space. On the other hand, for a thin-film 

sample with a finite thickness 𝑑 (for example semiconductors at the nanoscale), where the 

electron wavefunction is not truly confined in any direction, we have:  

 Δ𝜎𝑏(𝜔, 𝜏) ≈ −
𝑛𝑠𝑢𝑏+𝑛𝑎𝑖𝑟

𝜂0𝑑
×

∆𝑡(𝜔,𝜏)

𝑡(𝜔)
, (1.2.13) 

where ∆𝜎𝑏(𝜔, 𝜏) is the photoinduced change in the complex bulk conductivity of the 

sample.  

We note that within the relevant approximations Equations 1.2.12 and 1.2.13 

present a direct linear relationship between the differential THz transmission (an 

experimental quantity that we can measure) to the photoinduced THz conductivity of the 

sample (a physical quantity that we are interested in). However, the photoinduced THz 

conductivity is a macroscopic quantity, which is useful from an engineering point of view 

for the design and development of practical devices, but it cannot by itself explain the 

microscopic origins of the dynamic THz response of the sample. To answer this question, 

we need a physical model for the photoinduced THz conductivity (or THz absorption). The 

final important step is the development of such theoretical model, which describes the true 

physics of the particular sample or material under study.  
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Chapter 2 

Ultrafast THz Response of Graphene 

In Chapter 2, we discuss the dynamic THz response and the hot-carrier dynamics 

of graphene following ultrafast photoexcitation. We look at a wide variety of high quality 

graphene, including epitaxial and chemical-vapor-deposited (CVD). In Section 2.1, we first 

introduce graphene, focusing on the studied epitaxial and CVD types of graphene, and its 

electronic and optical properties. In Section 2.2, we discuss the dynamic THz response of 

pristine epitaxial and CVD graphene, which is characteristic for a pristine disorder-free 

graphene layer. In Section 2.3, we discuss the dynamic THz response of multilayer 

epitaxial graphene, in which interlayer interactions play an important role. In Section 2.4, 

we discuss the dynamic THz response of buckled epitaxial graphene, in which an energy 

gap has been carefully engineered. In Section 2.5, we discuss the dynamic THz response 

of epitaxial graphene nanoribbons, in which quantum confinement effects become 

prominent. In Section 2.6, we finally present a brief summary of the results in Chapter 2.  

Section 2.1 Epitaxial and CVD Graphene 

In this section, we introduce graphene and its electronic and optical properties. We 

focus on the studied epitaxial and CVD types of graphene including synthesis, fabrication 

and characterization.  

Graphene is a monolayer of carbon atoms arranged in a two-dimensional (2D) 

hexagonal honeycomb lattice. Graphene can be considered to be the 2D member of a larger 

carbon family consisting of 3D graphite, 1D graphene nanoribbons and carbon nanotubes, 

and 0D graphene nanodots and fullerenes (also called buckyballs) [1]. Figure 2.1.1(a) and 

(b) [2] show the physical lattice in real space and the corresponding reciprocal lattice in 

wavevector space of graphene, respectively. The honeycomb lattice in real space can be 

decomposed into two equivalent triangular lattices, A and B, with a basis of an A-B pair 
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of atoms per unit cell. The corresponding reciprocal lattice in wavevector space is also 

hexagonal with two sets of equivalent points, K and K', which are called Dirac points, at 

the corners of the graphene Brillouin zone (BZ). This equivalence gives rise to a valley 

degeneracy of two for the electrons, which is often referred to as pseudo-spin degeneracy. 

Combined with the real spin degeneracy of two, this gives a total degeneracy of four for 

the electrons in graphene.  

 

Figure 2.1.1 – (a) Physical lattice in real space and (b) reciprocal lattice in wavevector space of graphene. 

(c) Energy band structure of graphene. (Adapted from Ref. [2].)  

In a conventional tight-binding model calculation [2], which includes both nearest 

and next-nearest neighbor atoms, the energy band structure has the form:  

 𝐸±(𝒌) = ±𝑡√3 + 𝑓(𝒌) − 𝑡′𝑓(𝒌), (2.1.1) 
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 𝑓(𝒌) = 2𝑐𝑜𝑠(√3𝑘𝑦𝑎) + 4𝑐𝑜𝑠 (
√3

2
𝑘𝑦𝑎) 𝑐𝑜𝑠 (

3

2
𝑘𝑥𝑎), (2.1.2) 

where the plus and the minus sign applies to the upper (𝜋 or conduction) and the lower (𝜋∗ 

or valence) band, respectively, 𝑡 ≈ 2.8 eV and 𝑡′ is the nearest and the next-nearest neighbor 

hopping energy, respectively, and 𝑎 ≈ 1.42 Å is the carbon-carbon distance. The full 

calculated band structure is shown in Figure 2.1.1(c) [2]. Arguably, the most interesting 

feature is that the conduction and valences bands touch at the Dirac points and the band 

structure is linear in the vicinity. The energy dispersion in the vicinity of the Dirac point is 

approximately given by:  

 𝐸±(𝒌) = ±𝑣𝐹𝒌, (2.1.3) 

where 𝑣𝐹 = 3𝑡𝑎/2 is the Fermi velocity, with a value of 𝑣𝐹 ≈ 1 × 106 m/s. Consequently, 

the electrons in graphene move at the remarkably high (relativistic) Fermi velocity, which 

is only ~1/300 of the speed of light in vacuum, 𝑐, much like photons move in vacuum. The 

important implication is that the electron wavefunction in the vicinity of the Dirac point 

obeys the 2D Dirac equation:  

 −𝑖𝑣𝐹𝝈 ∙ ∇𝜓(𝒓) = 𝐸𝜓(𝒓). (2.1.4) 

Hence, the electrons in graphene are also termed Dirac electrons or Dirac fermions. 

Another interesting consequence of the linear energy dispersion in the vicinity of the Dirac 

point is that the light absorption of graphene is determined only by the fine structure 

constant, 𝛼 = 𝑒2/ℏ𝑐, and is completely independent of the light frequency [3]. Despite 

being only one atom thick, graphene absorbs 𝜋𝛼 ≈ 2.3% of the incident light from the 

visible to the THz frequency range, where the linear approximation is valid.  

To date a number of techniques have been demonstrated for the synthesis of high 

quality graphene, and the most important include exfoliation, epitaxial and CVD growth 

methods. Graphene can be obtained from simple repetitive mechanical exfoliation of ultra-

pure pyrolytic graphite by using a regular scotch tape until a single graphene layer is 

isolated [4, 5]. The exfoliation method yields graphene with very high quality, but it is very 

difficult to scale up and is expected to have mostly research applications. Graphene can be 

epitaxially grown on both the Si-face and the C-face of single-crystal silicon carbide (SiC) 
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substrates by thermal decomposition of Si atoms [6, 7, 8]. The C-face epitaxial growth is 

more important than the Si-face, because it yields graphene stacks with very high quality 

that consist of from a few up to a hundred layers, referred to as multilayer epitaxial 

graphene. It is scalable, compatible with the Si technology and is expected to have high-

frequency device applications. Graphene can also be synthesized usually on metal foils 

from gas precursors by using a CVD growth method [9]. The CVD growth method yields 

graphene with usually lower quality, but it is scalable, versatile and is expected to have 

low-cost, large-area device applications. These three and other novel techniques are 

actively and continuously being developed and improved.  

In this chapter, we report a comprehensive study of the dynamic THz response of 

graphene synthesized using three different methods. The first type is multilayer epitaxial 

graphene (MEG), which is grown on the C-face of single-crystal 4H-SiC(0001̅) substrates 

by thermal decomposition of Si atoms [10, 11]. Figure 2.1.2 [12] shows a schematic 

diagram illustrating the epitaxial growth method. The MEG grows conformally across 

atomic terraces on the SiC substrate resulting into large continuous layers with domain 

sizes exceeding hundreds of micrometers in size. The individual layers in MEG are 

electronically decoupled due to their unique rotational stacking and each layer exhibits a 

single graphene layer Dirac cone near the Dirac point. Figures 2.1.3 [13], 2.1.4 [14] and 

2.1.5 [15] show a representative high-resolution scanning tunneling microscopy (STM) 

image, a Raman spectroscopy measurement and a high-resolution angle-resolved 

photoemission spectroscopy (ARPES) measurement, respectively, of MEG. The key 

conclusion supported by a whole range of characterization techniques is that MEG behaves 

in essence as multilayer graphene.  
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Figure 2.1.2 – Schematic diagram of MEG on SiC. (Adapted from Ref. [12].)  
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Figure 2.1.3 – High-resolution scanning tunneling microscopy (STM) image of MEG. (Adapted from Ref. 

[13].)  
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Figure 2.1.4 – Raman spectroscopy measurement of MEG. (Adapted from Ref. [14].)  



20 

 

 

Figure 2.1.5 – High-resolution angle-resolved photoemission spectroscopy (ARPES) measurement of 

MEG. (Adapted from Ref. [15].)  

The second type is single-crystal CVD graphene (sCVDG), which is grown on 

oxygen-rich copper foil into large individual single crystals exceeding hundreds of 

micrometers in size [16]. Figure 2.1.6 [16] shows a representative scanning electron 

microscopy (SEM) image, an optical microscopy (OM) image and a Raman spectroscopy 

measurement of sCVDG.  
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Figure 2.1.6 – (a) Scanning electron microscopy (SEM) image, (b) optical microscopy (OM) image and (c) 

Raman spectroscopy measurement of sCVDG. (Adapted from Ref. [16].)  

The third type is polycrystalline CVD graphene (pCVDG), which is grown on 

copper foil into large continuous layers with domain sizes on the order of hundreds of 

nanometers [17]. By carefully tuning the chemical recipe, both mono- and bi-layer pCVDG 

samples can be reliably grown. Figure 2.1.7 [17] shows a representative photographic 

image and a Raman spectroscopy measurement of pCVDG.  
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Figure 2.1.7 – (a) Photographic image and (b) Raman spectroscopy measurement of pCVDG. (Adapted 

from Ref. [17].)  

The as-grown CVD graphene samples are later transferred to various substrates 

including C-cut single-crystal sapphire (Alfa Aesar) and amorphous polyethylene (TOPAS 

cyclic olefin copolymer, TOPAS Advanced Polymers) for the ultrafast time-resolved THz 

spectroscopy measurements. Figure 2.1.8 [18] shows a representative ARPES 

measurement of high quality exfoliated graphene transferred to a SiO2 substrate. The 

ARPES results for transferred CVD graphene are expected to be very similar. It is very 

important to note that the transfer of exfoliated and CVD graphene to an arbitrary substrate 

introduces a substantial amount of defects, charge impurities, wrinkles and ripples [19, 20, 

21]. The introduced imperfections have a strong influence on the carrier transport and 

dynamics of these graphene samples.  
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Figure 2.1.8 – High-resolution angle-resolved photoemission spectroscopy (ARPES) measurement of high 

quality exfoliated graphene transferred to a SiO2 substrate. (Adapted from Ref. [18].)  

Because the different graphene samples are synthesized using completely different 

techniques, their doping density and degree of disorder are also very different, which 

allows us to study the dynamic THz response for different Fermi levels and different 

degrees of disorder. The MEG samples have a gradient doping density profile, where the 

first few layers closest to the underlying SiC substrate are highly n-doped (Fermi level 𝐸𝐹 

~ 100-400 meV) due to electron transfer from the interface, and the Fermi level in 

subsequent layers decreases exponentially away from the substrate to around 𝐸𝐹 ~ 10 meV 

[10, 11, 22, 23, 24]. The CVDG samples are highly p-doped (Fermi level 𝐸𝐹 ~ 200-400 

meV) due to water vapor adsorption from the environment [25]. Thus, we can directly 
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compare the dynamic THz response of graphene with Fermi level far above, far below and 

very close to the Dirac point.  

The graphene degree of disorder is in general not straightforward to quantify, but it 

can be estimated from various characterization techniques including ARPES, STM, Raman 

spectroscopy and electronic transport measurements. Raman spectroscopy measurements 

of all three types of our graphene samples show negligible D peaks suggesting extremely 

low disorder [14, 16, 17]. The width of the Dirac cone in the graphene band structure, 

which is directly measured by ARPES, can provide a more sensitive measure for the long 

range coherence of graphene [18]. Epitaxial graphene exhibits a very sharp, narrow and 

well defined Dirac cone indicating very smooth and homogenous graphene films with 

extremely high quality. On the other hand, exfoliated and especially CVD graphene 

transferred to an arbitrary substrate exhibits a rather smeared and broad Dirac cone 

indicating wrinkled and non-homogenous graphene films. From the width of the Dirac 

cone, we can extract a correlation length, which for epitaxial graphene exceeds 𝑙𝑐 ~ 50 nm, 

limited only by the instrument resolution, but is expected to be much longer [18]. The 

correlation length for exfoliated and CVD graphene is 𝑙𝑐 ~ 1-3 nm [18]. A similar disparity 

in the long range coherence is inferred also from electronic transport and magneto-optical 

spectroscopy measurements of the graphene carrier mobility. The carrier mobility of 

epitaxial graphene has been reported to exceed 𝜇 ~ 250,000 cm2/(V·s) [10, 11] close to the 

theoretical value for a pristine disorder-free graphene layer. On the other hand, the carrier 

mobilities of exfoliated and CVD graphene transferred to an arbitrary substrate range from 

a few thousands to tens of thousands dominated by interactions with defects, charge 

impurities, wrinkles and ripples [26, 27]. The highest values of up to 𝜇 ~ 200,000 cm2/(V·s) 

are achieved by minimizing these extrinsic scattering mechanisms including placing the 

graphene on ultra-smooth substrates such as hexagonal boron nitride (h-BN) [28] or 

suspending it [29]. Thus, we can also directly investigate the impact of disorder on the 

dynamic THz response of graphene.  

Section 2.2 Pristine Epitaxial and CVD Graphene 

The ultrafast dynamics of hot carriers in graphene are important both for 

understanding carrier-carrier interactions and carrier-phonon relaxation processes, and for 
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understanding the physics underlying novel high-speed electronic and optoelectronic 

devices. Early experimental and theoretical studies of hot-carrier dynamics focused on the 

visible and near infrared spectral regions [30, 31, 32]. There have recently been a number 

of experiments investigating the response in the terahertz (THz) region of the spectrum 

exhibiting a variety of dynamics; these have largely been interpreted in the framework of 

phenomenological models, and sometimes invoke extrinsic effects such as disorder. In this 

section, we use ultrafast time-resolved THz spectroscopy to systematically investigate the 

dynamic THz response and the hot-carrier dynamics in an array of graphene samples 

having varying amounts of disorder and with either low or high levels of doping. We model 

the experiments using a microscopic density-matrix theory incorporating all relevant time-

dependent carrier-carrier and carrier-phonon scattering mechanisms, and explicitly account 

for the time-dependent interaction of the carriers with the optical and THz fields. We find 

that the observed dynamics can be accounted for quantitatively without the need for any 

extrinsic effects such as disorder, and without any free parameters. The relaxation 

dynamics are dominated by the combined effect of efficient carrier-carrier scattering, 

which maintains a thermalized carrier distribution, and carrier-optical-phonon scattering, 

which removes energy from the carrier liquid. We further demonstrate that the simple 

Drude model is insufficient to fully account for the THz interactions, that the carrier 

scattering rate scales linearly with the excess carrier energy, and that the experimental 

differential THz transmission is an approximate, though not exact, measure of the carrier 

temperature.  

In graphene, a linearly polarized ultrafast optical pulse excitation gives rise to an 

initially anisotropic distribution of carriers at high energy [33, 34]. Efficient carrier-carrier 

and carrier-phonon interactions quickly relax the hot carriers into an isotropic thermal 

distribution, which is then followed by carrier cooling as energy is transferred from the 

carrier population to the lattice [30, 31, 32]. A variety of dynamical phenomena, such as 

the appearance of a significant carrier multiplication and transient optical gain, have been 

theoretically predicted [35, 36, 37, 38] and meanwhile also experimentally demonstrated 

[37, 39, 40]. The carrier dynamics in the THz region, however, exhibit a number of features 

that have been interpreted in the framework of phenomenological models, but have not 

been understood quantitatively as well as qualitatively in terms of fundamental microscopic 
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theory of many-particle processes. For example, the photoinduced THz conductivity may 

be either positive or negative. The positive photoinduced THz conductivity has been 

viewed in the context of simple Drude models as stemming from enhanced free-carrier 

intraband absorption upon photoexcitation [41, 42], while the negative photoinduced THz 

conductivity has been attributed variously to stimulated THz emission [43], enhanced 

carrier scattering with optical phonons, surface optical phonons or charge impurities [44, 

45, 46], and carrier heating [47, 48, 49]. In the region close to the Dirac point, hot-carrier 

relaxation and cooling slow down considerably due to the vanishing density of states, the 

energetic mismatch with the energy of optical phonons, and the weak scattering with 

acoustic phonons [31, 50, 51]. Disorder-assisted electron-phonon (supercollision) 

scattering processes have been recently proposed to account for the experimentally 

observed cooling times in the THz region [52], but the underlying enhancement of the 

phase space restrictions should strongly depend on the quality and the degree of disorder 

of the particular graphene sample. Hence, both a methodical experimental investigation 

and a microscopic theoretical treatment are markedly needed to provide a rigorous 

foundation for understanding the THz dynamics of hot carriers in graphene.  

In this section, we present the results of a coordinated experimental and theoretical 

program, using ultrafast time-resolved THz spectroscopy combined with microscopic 

modeling [53] to systematically study the THz carrier dynamics in a wide variety of 

graphene samples, including epitaxial and chemical-vapor-deposited (CVD) graphene. We 

experimentally vary the type of graphene and the degree of disorder, the Fermi level, the 

number of graphene layers and their stacking orientation, the substrate temperature, the 

initial carrier temperature, and the type of underlying substrate to determine the dominant 

mechanisms responsible for the hot-carrier relaxation and cooling dynamics for different 

graphene material parameters and under different experimental conditions. We also 

develop a comprehensive understanding of the intricate interplay between these processes 

by placing them on a solid and common theoretical foundation. The theory is based on the 

density matrix formalism providing microscopic access to the time- and momentum-

resolved dynamics of the carrier occupation, the phonon population for different optical 

and acoustic modes, and the microscopic polarization determining the optical excitation of 

a disorder-free graphene system. Critically, the theory calculates explicitly the time-
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dependent response of the system to the THz probe pulse; as described below, the 

macroscopic intraband current density induced by the THz probe, and hence the resulting 

dynamic THz response, is calculated by fully accounting microscopically for the time-

dependent carrier-carrier and carrier-phonon interactions. This approach allows for a direct 

one-to-one comparison between theory and the measured ultrafast time-resolved THz 

signal and spectra. Our first-principles microscopic approach explains completely all 

experimental results without the need for any fitting parameters, phenomenological models 

or extrinsic effects. We shall see that this allows us to go beyond idealized Drude models 

for the THz response, and determine the limitations of such models. Specifically, we 

establish that the hot-carrier dynamics are governed by the coupling of extraordinarily 

efficient carrier-carrier and carrier-phonon interactions; this is in contrast to electronic 

transport, which in some graphene samples is dominated by interactions with defects, 

charge impurities, wrinkles and ripples (i.e. extrinsic effects) since carriers move at the 

Fermi energy.  

A schematic illustration of the hot-carrier dynamics in graphene following ultrafast 

photoexcitation appears in Figure 2.2.1, which shows how they depend critically on the 

Fermi level. It is important to distinguish between carrier thermalization via carrier-carrier 

scattering, which only redistributes the deposited energy within the electron gas, and carrier 

cooling via carrier-phonon scattering, which takes energy from the electron gas into the 

phonon system (i.e. the lattice). Figure 2.2.1(a) and (b) show the hot-carrier relaxation and 

cooling dynamics in highly doped graphene. Initially, the ultrafast optical pump pulse 

injects high-energy non-equilibrium electrons in the conduction band and holes in the 

valence band. The strong intraband and interband carrier-carrier scattering processes lead 

to ultrafast carrier relaxation and thermalization which establish a single uniform hot-

carrier Fermi-Dirac distribution within ~100-200 fs after photoexcitation [54]. At that 

point, carrier generation (through impact ionization) and carrier relaxation (through Auger 

recombination and intraband carrier-carrier scattering) processes just balance each other, 

while hot carriers cool via optical and acoustic phonon emission. The hot-carrier cooling 

is facilitated by these extraordinarily efficient Coulomb interactions by continuously 

rethermalizing the hot-carrier distribution and replenishing the carriers at high energies. 

The situation in undoped (very lightly doped) graphene is very different, as shown in Figure 
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2.2.1(c). Immediately after photoexcitation, the phase space for impact ionization 

processes is large, while Auger recombination processes are inhibited, which leads to a 

significant carrier multiplication in the conduction band up to a moderate excitation regime 

[35, 40]. Again, the strong intraband and interband carrier-carrier scattering processes 

establish a single uniform hot-carrier Fermi-Dirac distribution on an ultrafast timescale 

followed by hot-carrier cooling via optical and acoustic phonon emission. At later times, 

the small phase space near the Dirac point strongly reduces the efficiency of carrier 

rethermalization via the Coulomb interactions, which slows down phonon emission and 

hot-carrier cooling.  



29 

 

 

Figure 2.2.1 – Hot-carrier relaxation and cooling dynamics following ultrafast photoexcitation in (a) highly 

n-doped, (b) highly p-doped and (c) undoped graphene.  
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The hot-carrier relaxation processes illustrated in Figure 2.2.1 are directly 

accessible via the dynamic response of a THz probe pulse. Qualitatively, for both epitaxial 

and CVD graphene having high doping density, we observe in both experiment and theory 

a fast and substrate-temperature-independent THz carrier dynamics. On the other hand, for 

graphene having very low doping density, we observe a comparatively slower and strongly 

substrate-temperature-dependent THz carrier dynamics. A second feature of our 

experiments is that we find that graphene samples with very different degrees of disorder 

show essentially the same hot-carrier relaxation times; this suggests that disorder-assisted 

electron-phonon (supercollision) scattering processes might not play a crucial role in the 

hot-carrier dynamics as has been proposed in previous literature [52, 55, 56]. We shall 

show that the dependence of the dynamic THz response on Fermi level, substrate 

temperature and initial carrier temperature, and its independence of disorder, can be 

quantitatively understood in the microscopic theory.  

Section 2.2.1 Dynamic THz Response 

In this section, we discuss the dynamic THz response of pristine epitaxial and CVD 

graphene, which is characteristic for a pristine disorder-free graphene layer.  

Using the ultrafast time-resolved THz spectroscopy technique, we measure the full 

time-domain differential change in the THz probe pulse transmission through the graphene 

samples due to photoexcitation by the optical pump pulse, which we then normalize to the 

THz transmission in the absence of photoexcitation, ∆𝑡/𝑡. To gain physical insight we vary 

a large set of parameters including the pump fluence, the substrate temperature and the 

pump-probe delay for each graphene sample. We present experimental data for one 

graphene sample, which is representative in most of its features for all pristine epitaxial 

and CVD graphene samples.  

Figure 2.2.2(a) shows the full time-domain direct THz transmission through a 

multilayer epitaxial graphene (MEG) sample with ~63 layers recorded both without 

photoexcitation by the optical pump and with photoexcitation for a few different THz probe 

delays after the optical pump. We observe that for this specific MEG sample the THz 

transmission decreases and hence the THz absorption increases upon photoexcitation. For 

other graphene samples, we measure the opposite change. We explain the physical origins 



31 

 

of the positive and negative change in the THz transmission (or the THz absorption) in 

detail later in the section. However, we note that in both cases the temporal shape of the 

THz probe is completely undistorted, because the graphene films are ultra-subwavelength 

compared to the THz wavelength (𝜆/𝑁𝑐 on the order of ~104-106 depending on the number 

of layers 𝑁 in the graphene film, where we use the nominal layer-to-layer separation in 

graphite 𝑐 ≈ 3.35 Å). Experimentally, we directly record with higher signal-to-noise ratio 

(SNR) the full time-domain differential change in the THz transmission through the 

graphene samples due to photoexcitation as shown in Figure 2.2.2(b).  
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Figure 2.2.2 – (a) Direct and (b) differential THz transmission waveform for variable pump-probe delay for 

an MEG sample with ~63 layers.  

From the measured time-domain differential THz electric field, ∆𝑡/𝑡, we can obtain 

the frequency-domain differential THz spectrum, ∆𝑡(𝜔)/𝑡(𝜔), by straightforward 

numerical Fourier transformation. Figure 2.2.3(a), (b) and (c) show the differential THz 
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transmission spectra normalized to the THz transmission without photoexcitation, 

∆𝑡(𝜔)/𝑡(𝜔), for variable pump-probe delay, variable substrate temperature and variable 

pump fluence, respectively, for the same MEG sample with ~63 layers. Then, using purely 

electromagnetic analysis, by solving the Maxwell’s equations with the proper boundary 

conditions for the incident and transmitted THz radiation, this experimental quantity can 

be related through the Tinkham formula [57] to the photoinduced change in the complex 

sheet conductivity of graphene, ∆𝜎(𝜔), via:  

 Δ𝜎(𝜔) ≈ −
𝑛𝑠𝑢𝑏+𝑛𝑎𝑖𝑟

𝜂0
×

∆𝑡(𝜔)

𝑡(𝜔)
, (2.2.1) 

where 𝑛𝑠𝑢𝑏 and 𝑛𝑎𝑖𝑟 are the THz refractive indices of the substrate and the environment, 

respectively, and 𝜂0 is the impedance of free space. We note that the THz conductivity of 

MEG is a summation of the THz conductivities of the individual epitaxial graphene layers 

in the MEG stack, because the layers are electronically decoupled.  



34 

 

 



35 

 

Figure 2.2.3 – Absolute value of differential THz transmission spectrum for (a) variable pump-probe delay, 

(b) variable substrate temperature and (c) variable pump fluence for an MEG sample with ~63 layers.  

Thus, we can directly relate the differential THz transmission (an experimental 

quantity that we can measure) to the photoinduced THz conductivity of graphene (a 

physical quantity that we are interested in). However, the photoinduced THz conductivity 

is a macroscopic quantity, which is useful from an engineering point of view for the design 

and development of practical graphene-based devices, but it cannot by itself explain the 

microscopic origins of the dynamic THz response of graphene. To answer this question, 

we need a physical model for the photoinduced THz conductivity (or THz absorption), 

which we discuss in detail later in the section. However, we note that the normalized 

differential THz transmission spectra are remarkably dispersionless in the detectable 

frequency range under all experimental conditions and for all pristine epitaxial and CVD 

graphene samples. This dynamic THz response is qualitatively consistent with the simple 

Drude model and is characteristic for a pristine disorder-free graphene layer. This justifies 

the application of a simpler data acquisition scheme in which we record the normalized 

differential THz transmission only at the peak of the THz probe pulse as a function of 

pump-probe delay to map out the relaxation dynamics of the photoexcited carriers. By 

doing so, we lose the frequency information, but we gain experimental convenience and 

enhance the SNR of the measurements.  

Section 2.2.2 THz Carrier Dynamics 

In this section, we discuss the THz carrier dynamics of pristine epitaxial and CVD 

graphene, which is characteristic for a pristine disorder-free graphene layer.  

First, we consider epitaxial and CVD graphene with high doping density. Figure 

2.2.4(a) and (b) show representative differential THz transmission signals at the peak of 

the THz probe pulse normalized to the THz transmission without photoexcitation, ∆𝑡/𝑡, as 

a function of pump-probe delay, for variable pump fluence (corresponding to different 

pump-induced initial carrier temperature) and for variable substrate temperature, 

respectively, for an MEG sample with ~3 layers. The secondary peak in the differential 

THz transmission at ~7 ps is due to a round-trip reflection of the optical pump pulse inside 

the substrate that photoexcites additional carriers. Similar results are obtained for the other 
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two types of our graphene samples. Based on extensive measurements on many graphene 

samples under various experimental conditions, we find that the THz carrier dynamics of 

all graphene samples with high doping are strikingly similar. The differential THz 

transmission is positive under all experimental conditions, which corresponds to a pump-

induced increase of the THz transmission or a decrease of the THz absorption. This 

observation has been previously phenomenologically attributed to an increase of the carrier 

scattering rate and a corresponding decrease of the THz conductivity of graphene as the 

carrier temperature is raised upon photoexcitation, which is essentially a metal-like 

behavior [44, 45, 46]. In addition, the THz carrier dynamics are weakly dependent on the 

pump fluence and completely independent of the substrate temperature.  

 

Figure 2.2.4 – Experimental differential THz transmission (a) at a substrate temperature of 300 K for a few 

different pump fluences and (b) at a pump fluence of 60.0 µJ/cm2 for a few different substrate temperatures 

for a highly doped MEG sample with ~3 layers. Theoretical differential THz transmission (c) at a substrate 

temperature of 300 K for a few different pump fluences and (d) at a pump fluence of 12.5 µJ/cm2 for a few 

different substrate temperatures for disorder-free highly doped graphene.  
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We perform phenomenological fits to the data in Figure 2.2.4(a) and (b) and we 

discover that the differential THz transmission follows closely a mono-exponential 

relaxation form under all experimental conditions. A summary of the extracted carrier 

relaxation times as a function of pump fluence and substrate temperature, respectively, for 

all graphene samples with high doping is presented in Figure 2.2.5(a) and (b). We note that 

the relaxation times of all graphene samples with high doping are weakly dependent on the 

pump fluence and completely independent of the substrate temperature. In addition, they 

are very similar in magnitude and in the range of ~1-2 ps with sample-to-sample variation 

within ~20-30%. On average, MEG samples exhibit slightly longer relaxation times than 

sCVDG and pCVDG samples, which can be attributed to a degree of disorder arising from 

charge impurities, substrate roughness, wrinkling and breaking of the transferred CVDG 

samples that can provide additional parallel channels for carrier cooling [52, 55, 56]. We 

note, however, that the relaxation times of some CVDG samples can approach or exceed 

these of MEG samples, indicating that disorder-assisted electron-phonon (supercollision) 

cooling is not the dominant cooling mechanism in our high quality graphene samples, but 

generally provides at most only a modest correction.  
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Figure 2.2.5 – Experimental carrier relaxation times as a function of (a) pump fluence at a substrate 

temperature of 300 K and (b) substrate temperature at a pump fluence of 60.0 µJ/cm2 for highly doped 

MEG, sCVDG and pCVDG samples. Theoretical carrier relaxation times as a function of (c) pump fluence 

for a few different substrate temperatures and (d) substrate temperature for a few different pump fluences 

for disorder-free highly doped graphene.  

Figure 2.2.4(c) and (d) show the THz carrier dynamics calculated within the 

microscopic theory for disorder-free highly doped graphene (|𝐸𝐹| = 300 meV) under 

similar experimental conditions. We observe that the theoretical results reproduce all trends 

observed in the experiments. The hot-carrier dynamics are a result of the interplay between 

very efficient carrier-carrier scattering and carrier-optical-phonon scattering. The physical 

reason for the negligible substrate temperature dependence of the differential THz 

transmission is that the direct THz absorption itself is insensitive to the substrate 

temperature for highly doped graphene at least up to room temperature. Similarly, Figure 

2.2.5(c) and (d) show the calculated carrier relaxation times to directly compare with the 

experiments. We note that the slight increase of the relaxation times with the pump fluence 
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is due to the re-absorption of hot optical phonons generated during the initial carrier 

thermalization.  

To further illustrate the excellent agreement between the experimental data and the 

theoretical calculations, we compare the maximum absolute values of the THz carrier 

dynamics of all types of graphene samples with high doping density. Figure 2.2.6(a) and 

(b) show the maximum absolute value of the differential THz transmission at the peak of 

the THz probe pulse, 𝑚𝑎𝑥{|∆𝑡/𝑡|}, as a function of pump fluence and substrate 

temperature, respectively, for MEG, sCVDG and pCVDG samples with high doping, while 

Figure 2.2.6(c) and (d) show the results obtained within the microscopic theory for 

disorder-free highly doped graphene (|𝐸𝐹| = 300 meV) under similar experimental 

conditions. We observe that the theory captures very well the saturation of the 𝑚𝑎𝑥{|∆𝑡/𝑡|} 

signal with the pump fluence and its invariance with the substrate temperature for highly 

doped graphene samples.  
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Figure 2.2.6 – Maximum absolute value of experimental differential THz transmission as a function of (a) 

pump fluence at a substrate temperature of 300 K and (b) substrate temperature at a pump fluence of 60.0 

µJ/cm2 for highly doped MEG, sCVDG and pCVDG samples. Maximum absolute value of theoretical 

differential THz transmission as a function of (c) pump fluence at a substrate temperature of 300 K and (d) 

substrate temperature for a few different pump fluences for disorder-free highly doped graphene.  

Next, we consider MEG, in which only the first few layers closest to the underlying 

SiC substrate have high doping density and the large number of top layers have very low 

doping density. In these MEG samples, the many top layers with low doping completely 

dominate the measured THz carrier dynamics. Figure 2.2.7(a) and (b) show representative 

normalized differential THz transmission at the peak of the THz probe pulse, ∆𝑡/𝑡, as a 

function of pump-probe delay, for variable pump fluence (corresponding to different initial 

carrier temperature) and for variable substrate temperature, respectively, for an MEG 

sample with ~63 layers. The secondary dip in the differential THz transmission at ~7 ps is 

again due to a round-trip reflection of the optical pump pulse inside the substrate that 

photoexcites additional carriers. In sharp contrast to the high doping case, the differential 

THz transmission is negative under all experimental conditions, which corresponds to a 
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pump-induced decrease of the THz transmission or an increase of the THz absorption. This 

observation can be phenomenologically attributed to an increase of the THz conductivity 

of graphene as the carrier occupation in the conduction band increases upon 

photoexcitation, which resembles a semiconductor-like behavior [41, 42]. In addition, the 

THz carrier dynamics are weakly dependent on the pump fluence, but strongly dependent 

on the substrate temperature, in contrast to the high doping case.  

 

Figure 2.2.7 – Experimental differential THz transmission (a) at a substrate temperature of 300 K for a few 

different pump fluences and (b) at a pump fluence of 23.4 µJ/cm2 for a few different substrate temperatures 

for a lightly doped MEG sample with ~63 layers. Theoretical differential THz transmission (c) at a 

substrate temperature of 300 K for a few different pump fluences and (d) at a pump fluence of 1.5 µJ/cm2 

for a few different substrate temperatures for disorder-free undoped graphene.  

We also perform phenomenological fits to the data in Figure 2.2.7(a) and (b) and 

we discover that the differential THz transmission evolves from a faster mono-exponential 

relaxation form at room temperature to a slower bi-exponential relaxation form at 

cryogenic temperatures. As we explain below, the fast carrier relaxation component is 
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governed by optical phonon emission. A summary of the extracted carrier relaxation times 

as a function of pump fluence at room temperature for two MEG samples with ~35 and 

~63 layers is presented in Figure 2.2.8(a). We note that the relaxation times at room 

temperature do not depend on the number of layers, which supports the interpretation that 

the measured THz carrier dynamics are dominated by the large number of top layers with 

low doping. This conclusion is further supported by the fact that the maximum differential 

THz transmission signal scales linearly with the number of layers (see Figure 2.2.9(a)). In 

addition, the relaxation times of graphene samples with low doping are in the range of ~4-

7 ps, which is longer than the relaxation times for graphene samples with high doping (see 

Figure 2.2.5(a)), because the efficiency of carrier-carrier scattering increases with doping 

density. At cryogenic temperatures, we extract both short and long carrier relaxation times 

from the bi-exponential fits, which we associate with two distinct cooling mechanisms. 

Figure 2.2.8(b) shows the short relaxation times, which we attribute to carrier-optical-

phonon scattering, as a function of substrate temperature for variable pump fluence for the 

MEG sample with ~63 layers. We note that the short relaxation times of graphene samples 

with low doping are weakly dependent on the pump fluence, but strongly dependent on the 

substrate temperature.  
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Figure 2.2.8 – Experimental carrier relaxation times as a function of (a) pump fluence at a substrate 

temperature of 300 K and (b) substrate temperature for a few different pump fluences for lightly doped 

MEG samples. Theoretical carrier relaxation times as a function of (c) pump fluence at a substrate 

temperature of 300 K and (d) substrate temperature for a few different pump fluences for disorder-free 

undoped graphene.  

Figure 2.2.7(c) and (d) show the THz carrier dynamics calculated within the 

microscopic theory for disorder-free undoped graphene (|𝐸𝐹| = 0 meV) under similar 

experimental conditions. The theoretical results reproduce again all trends observed in the 

experiments. As in the high doping case, the hot-carrier relaxation occurs via the interplay 

between efficient carrier-carrier scattering and carrier-optical-phonon scattering. Figure 

2.2.8(c) and (d) also show the calculated carrier relaxation times to directly compare with 

the experiments. In contrast to the high doping case, however, the relaxation times decrease 

significantly with increasing substrate temperature. In the microscopic theory, the impact 

of substrate-temperature-dependent carrier-phonon scattering on the THz carrier dynamics 

is found to be negligible; instead, the initial Fermi surface, where the THz probe pulse acts 

on the carriers, strongly depends on the substrate temperature for undoped graphene. 
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Additionally, the fewer thermal carriers are present, the less efficient carrier-carrier 

scattering is, and this results in longer relaxation times. The theory also shows a modest 

increase in the relaxation times with increasing pump fluence that can be traced back to hot 

phonon effects.  

At low substrate temperatures, the THz carrier dynamics in the MEG samples with 

low doping show a long tail on the timescale of hundreds of picoseconds, corresponding to 

the slow carrier relaxation component in the bi-exponential decay. We analyze the physical 

origin of this dynamics in Section 2.3, as the underlying processes become more complex. 

In particular, the THz carrier dynamics become dependent on the number of layers in the 

MEG sample, indicating that interlayer thermal coupling effects are important. It suffices 

to emphasize here that the initial fast carrier relaxation on the timescale of tens of 

picoseconds is fully accounted for by the combined effect of carrier-carrier scattering and 

carrier-optical-phonon scattering in the absence of disorder.  

To further illustrate the excellent agreement between the experimental data and the 

theoretical calculations, we compare the maximum absolute values of the THz carrier 

dynamics of MEG samples with low doping density. Figure 2.2.9(a) and (b) show the 

maximum absolute value of the differential THz transmission at the peak of the THz probe 

pulse, 𝑚𝑎𝑥{|∆𝑡/𝑡|}, as a function of pump fluence and substrate temperature, respectively, 

for MEG samples with low doping, while Figure 2.2.9(c) and (d) show the results obtained 

within the microscopic theory for disorder-free undoped graphene (|𝐸𝐹| = 0 meV) under 

similar experimental conditions. Similarly, we observe that the theory captures very well 

the saturation of the 𝑚𝑎𝑥{|∆𝑡/𝑡|} signal with the pump fluence and its decrease with the 

substrate temperature. We can also point out that the maximum absolute value of the 

differential THz transmission scales roughly linearly with the number of graphene layers, 

because the intraband THz conductivities of the individual layers simply add up to first 

order.  
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Figure 2.2.9 – Maximum absolute value of experimental differential THz transmission as a function of (a) 

pump fluence at a substrate temperature of 300 K and (b) substrate temperature for a few different pump 

fluences for lightly doped MEG samples. Maximum absolute value of theoretical differential THz 

transmission as a function of (c) pump fluence at a substrate temperature of 300 K and (d) substrate 

temperature for a few different pump fluences for disorder-free undoped graphene.  

We now turn to a discussion of the theoretical approach used to calculate the 

dynamic THz response described above. The theory is based on the density matrix 

formalism providing microscopic access to the time- and momentum-resolved dynamics 

of the carrier occupation, the phonon population for different optical and acoustic modes, 

and the microscopic polarization determining the optical excitation of a disorder-free 

graphene system. The full graphene Bloch equations are given in Section 2.2.3. The theory 

includes all relevant optical and acoustic phonon modes. We have found that, by selectively 

switching on and off the different scattering processes in the model, the acoustic modes 

have negligible contribution to the observed THz carrier dynamics on the timescale of tens 

of picoseconds; the observed dynamics may be fully accounted for by the combined effect 

of carrier-optical-phonon scattering (which transfers energy from the carrier system to the 
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lattice) and carrier-carrier scattering (which rethermalizes the carrier population as high 

energy carriers lose their energy to the lattice).  

The theory is an extension of the methods developed previously [32, 33, 34, 36, 39, 

40]. In this work, the theory is extended to rigorously include the effect of the THz probe 

pulse. The dominant contribution to the THz probe-induced carrier dynamics 𝛿𝜌𝒌
𝜆(𝑡) 

(change of carrier occupation at wavevector 𝒌) are intraband transitions described by:  

 
𝑑

𝑑𝑡
𝛿𝜌𝒌

𝜆(𝑡) = −
𝑒0

ℏ
𝑬 ∙ ∇𝒌𝜌𝒌

𝜆,0(𝑡) − Γ𝜆𝒌
0 (𝑡)𝛿𝜌𝒌

𝜆(𝑡), (2.2.2) 

where 𝑬 represents the THz probe pulse, Γ𝜆𝒌
0 (𝑡) is the dominant contribution of the 

linearized scattering kernel, and 𝜌𝒌
𝜆,0(𝑡) is the time-dependent pump-induced carrier 

population obtained by solving the full graphene Bloch equations. Accounting 

microscopically for carrier-carrier and carrier-phonon interactions, we calculate the 

macroscopic intraband current density:  

 𝒋(𝑡) =
2𝑒0ℏ

𝑖𝑚0𝐿2
∑ 𝐌𝒌

𝜆𝜆𝛿𝜌𝒌
𝜆(𝑡)𝒌,𝜆 , (2.2.3) 

induced by the THz probe and the resulting dynamic THz response by solving Equation 

2.2.2. This approach allows for a direct one-to-one comparison between experiment and 

theory. As seen in the comparisons between experiment and theory above, this first-

principles microscopic approach explains completely all experimental results without the 

need for any fitting parameters, phenomenological models, or extrinsic effects.  

In order to obtain additional insight into the physics governing the THz carrier 

dynamics, we consider a simplified theoretical model by temporally assuming a constant 

time- and momentum-independent scattering kernel for the THz probe-induced carrier 

dynamics; we show in Section 2.2.3 that this reduces Equations 2.2.2 and 2.2.3 to a 

standard Drude model. In this case the intraband current is determined for an arbitrary THz 

frequency by the gradient of the carrier distribution (see Equation 2.2.2) in terms of its 

carrier temperature 𝑇 and Fermi level 𝜀𝐹 via:  

 𝑗(𝑇, 𝜀𝐹) ∝ 𝑇𝑙𝑛 (2 + 2𝑐𝑜𝑠ℎ (
𝜀𝐹

𝑘𝐵𝑇
)). (2.2.4) 
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The resulting delay-dependent Drude-like THz response is given by:  

 ∆𝑡/𝑡(𝜏) ∝ 𝑗(𝑇0, 𝜀𝐹,0) − 𝑗(𝑇(𝜏), 𝜀𝐹(𝜏)), (2.2.5) 

where 𝜀𝐹,0  and 𝑇0 denote the initial Fermi level and carrier temperature before the arrival 

of the optical pump pulse at 𝜏 = 0. The time-varying carrier temperature 𝑇(𝜏) and quasi-

Fermi level 𝜀𝐹(𝜏) are formed after the thermalization of the pump-induced non-equilibrium 

carrier population. The Drude-like differential THz transmission ∆𝑡/𝑡 (see Equation 2.2.5) 

calculated for disorder-free highly doped graphene (|𝐸𝐹| = 300 meV) is mapped in Figure 

2.2.10(a). It is apparent (see the dashed line) that if the effect of the optical pump pulse was 

only to heat the carriers without changing the Fermi level (𝜀𝐹 = 𝜀𝐹,0), then a negative sign 

of the ∆𝑡/𝑡 signal would always be observed. We conclude that, for a constant Γ𝜆𝒌
0 (𝑡) = Γ, 

carrier heating alone cannot explain the positive sign of the differential THz transmission 

observed in highly doped graphene.  
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Figure 2.2.10 – (a) Differential THz transmission expected from a Drude model for an initial carrier 

temperature of 300 K and a Fermi level of 300 meV as a function of the transient carrier temperature and 

Fermi level. (b) Theoretical carrier scattering time as a function of carrier energy at a substrate temperature 

of 300 K for disorder-free undoped graphene. (Inset: Comparison between theoretical differential THz 

transmission and theoretical carrier temperature dynamics at a substrate temperature of 300 K and a pump 

fluence of 1.5 µJ/cm2 for disorder-free undoped graphene.)  

Figure 2.2.10(a) also illustrates the pump-induced temporal evolution of 𝑇(𝜏) and 

𝜀𝐹(𝜏) obtained by solving the full graphene Bloch equations within this approximation for 

low and high excitation (12.5 µJ/cm2 (red line) and 80 µJ/cm2 (blue line)). Interestingly, 
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we find not only carrier heating, but also a transient decrease of the quasi-Fermi level which 

reduces the THz absorption, as implied by Equation 2.2.4. Obviously, the pump-induced 

shift of the Fermi level outweighs the impact of carrier heating. As a consequence, we find 

a positive sign of the ∆𝑡/𝑡 signal for the lower pump fluence (red line) at zero time delay 

and for the higher pump fluence (blue line) just after ~0.8 ps. Thus, the positive ∆𝑡/𝑡 signal 

for highly doped graphene observed in the measurements can be explained to a large extent 

by a standard Drude model with constant Γ, provided that the carrier heating and cooling 

dynamics as well as the Fermi level dynamics are described correctly. Previously, the 

observation of a positive differential THz transmission in doped graphene has been 

attributed phenomenologically to a pump-induced increase in the carrier scattering rate, 

and a corresponding decrease of the THz conductivity within a Drude model [44, 45, 46], 

which is essentially a metal-like behavior, although the mechanism responsible for the 

increase in the carrier scattering rate could not be positively identified. Here, we find that 

the positive ∆𝑡/𝑡 signal can be partly explained within a simple Drude picture as a 

consequence of the Fermi level shift. However, the simple Drude model is not sufficient to 

explain the behavior at higher pump fluence, for which the short time dynamics would 

exhibit a negative ∆𝑡/𝑡 signal, unless other phenomenological parameters such as a carrier 

heating efficiency [47, 48] or a non-monotonic carrier-temperature-dependent Drude 

weight [49] are included.  

A complete understanding is obtained by applying the full microscopic formalism, 

Equations 2.2.2 and 2.2.3, including the explicitly time- and momentum-dependent 

scattering rates Γ𝜆𝒌
0 (𝑡) of the THz probe-induced carrier dynamics. The results are shown 

in Figure 2.2.4(c) and (d), exhibiting excellent agreement with the experiment, for low as 

well as high pump fluence. Specifically, we observe, in both experiment and theory, an 

overall positive differential THz transmission at all time delays and all pump fluences. 

Thus, the microscopic model for the pump-induced carrier scattering is essential to capture 

the very initial THz carrier dynamics correctly. In the regime of high fluence and short 

time, even if carrier thermalization is complete, a constant carrier scattering rate 

approximation cannot be trusted. In particular, we find that in the strong excitation regime 

efficient time-dependent Coulomb scattering provides the major contribution. All results 
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presented in the comparisons with experiment above are obtained from the full microscopic 

formalism beyond the standard Drude model.  

An important question in the hot-carrier dynamics is the possible energy 

dependence of the carrier scattering rate (inverse time), and the consequences for the THz 

carrier dynamics. The microscopic theory calculations performed here give further insight 

into this issue. We consider the carrier scattering rate as the exponential decay of the carrier 

occupation (see Section 2.2.3). For weak THz probe excitations as is the case here, the 

Boltzmann equation reveals a direct relation between the microscopic scattering rates and 

the exponential decay of the carrier occupation. By fitting the numerically calculated hot-

carrier dynamics, we obtain the energy relaxation time 𝜏(𝜀) of the photoexcited carriers. 

Figure 2.2.10(b) shows the calculated carrier scattering time 𝜏(𝜀) as a function of carrier 

energy 𝜀 for disorder-free undoped graphene (|𝐸𝐹| = 0 meV) at a substrate temperature of 

300 K. We observe that the carrier scattering time is precisely inverse to the carrier energy, 

𝜏(𝜀) = 𝛽/|𝜀| (with 𝛽 ≈ 0.9 eV ps), over a very broad energy range (|𝜀| ~ 0.2-1.5 eV) in 

agreement with previous experimental studies on MEG [58] and graphite [59, 60]. These 

results are in sharp contrast with the linear relation on carrier energy, 𝜏(𝜀) = 𝛼|𝜀|, [61, 62] 

that is inferred from electrical transport measurements in some graphene samples. This is 

attributed to the fact that in electrical transport measurements carriers have energies close 

to the Fermi energy and carrier scattering in these graphene samples is dominated by 

extrinsic mechanisms such as defects, charge impurities, wrinkles and ripples [26, 27] 

likely introduced during the multistep synthesis, transfer and fabrication processes. It has 

been extensively investigated that when graphene is transferred to an arbitrary substrate 

(e.g. SiO2), local spatial charge inhomogeneities form under overall charge-neutral 

conditions due to disorder, charge impurities or surface corrugation [19, 20, 21]. These 

charge fluctuations or puddles obscure the low energy graphene band structure and prevent 

one from studying the true graphene physics near the Dirac point. Such effects can be 

minimized by placing the graphene on ultra-smooth substrates such as hexagonal boron 

nitride (h-BN) [28] or by suspending it [29]. The lightly doped layers in MEG are naturally 

protected, which makes them an ideal graphene system for studying the carrier dynamics 

within a few meV of the Dirac point.  
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Finally, the microscopic theory allows us to directly address another important 

question in ultrafast time-resolved THz spectroscopy, namely, to what extent does the 

differential THz transmission measure the carrier temperature dynamics? Rigorously 

speaking, the transient differential THz transmission and transient carrier temperature are 

not directly proportional to each other, but are connected through the macroscopic current 

density. The inset of Figure 2.2.10(b) shows a direct comparison between the differential 

THz transmission and the carrier temperature dynamics calculated within the microscopic 

theory for disorder-free undoped graphene (|𝐸𝐹| = 0 meV) at a substrate temperature of 

300 K and a pump fluence of 1.5 µJ/cm2. We can clearly see that the differential THz 

transmission does not exactly follow the carrier temperature dynamics, which clearly 

reveals that both transient carrier temperature and Fermi level shifts are essential to capture 

the dynamic THz response correctly. In particular, the relaxation times extracted from the 

decay of the differential THz transmission are in general not exactly equal to the electronic 

cooling times, although they may serve as a useful approximation as the two dynamics 

relax on similar timescales.  

Section 2.2.3 Microscopic Theory 

In this section, we turn our attention to a detailed presentation of the microscopic 

theory of carrier-carrier and carrier-phonon interactions in pristine disorder-free graphene.  

First, we discuss the microscopic theory calculation of the dynamic THz response 

of graphene. The dynamic THz response due to an optical excitation can be 

microscopically addressed by evaluating the graphene Bloch equations, which describe the 

coupled dynamics of the carrier occupation 𝜌𝒌
𝜆 at the wave vector 𝒌 in conduction (𝜆 = 𝑐) 

and valence band (𝜆 = 𝑣), the microscopic polarization  𝑝𝒌, and the phonon population 𝑛𝒒
𝑗
 

at the momentum 𝒒 for different optical and acoustic phonon modes 𝑗 [32]:  

 
𝑑

𝑑𝑡
𝜌𝒌

𝜆 = −
𝑒0

ℏ
𝑬 ∙ ∇𝒌𝜌𝒌

𝜆 + 2ℑ[Ω𝒌
𝑣𝑐∗𝑝𝒌] + Γ𝜆𝒌

𝑖𝑛[1 − 𝜌𝒌
𝜆] − Γ𝜆𝒌

𝑜𝑢𝑡𝜌𝒌
𝜆, (2.2.6) 

 
𝑑

𝑑𝑡
𝑝𝒌 = [𝑖Δ𝜔𝒌 − 𝛾𝒌]𝑝𝒌 − 𝑖Ω𝒌

𝑣𝑐[𝜌𝒌
𝑐 − 𝜌𝒌

𝑣]. (2.2.7) 

An external excitation of the system is considered via the Rabi-frequency Ω𝒌
𝑣𝑐 accounting 

for interband transitions, where Δ𝜔𝒌 = 𝑣𝐹𝑘 is the transition frequency and 𝑣𝐹 is the Fermi 
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velocity. Furthermore, we include a drift term 𝑬 ∙ ∇𝒌𝜌𝒌
𝜆 expressing the light-induced 

intraband transitions, which are crucial for the THz dynamics driven by the probe pulse. 

The carrier-carrier and carrier-phonon interactions are taken into account by a Boltzmann-

like equation with time- and momentum-dependent scattering rates Γ𝜆𝒌
𝑖𝑛/𝑜𝑢𝑡

 for the carrier 

occupations and by the diagonal dephasing 𝛾𝒌 =
1

2
∑ Γ𝜆𝒌

𝑖𝑛 + Γ𝜆𝒌
𝑜𝑢𝑡

𝜆  for the microscopic 

polarization. The explicit form of the many-particle contributions as well as the equation 

for the phonon dynamics can be found elsewhere [32, 53].  

The differential THz transmission is given by Δ𝑡/𝑡(𝜏, 𝜔) ∝ 𝛼(𝑡)(𝜔) − 𝛼(𝑝,𝑡)(𝜔) 

with the absorption coefficient 𝛼(𝑝,𝑡)(𝜔) including both the pump and the probe pulse and 

𝛼(𝑡)(𝜔) including only the probe pulse. The absorption 𝛼(𝜔) = ℑ[𝑗(𝜔)/(𝜖0𝜔2𝐴(𝜔))] is 

determined by the macroscopic current density [53]:  

 𝒋(𝜔) =
4𝑒0ℏ

𝑚0𝐿2
∑ 𝐌𝒌

𝑣𝑐ℑ[𝑝𝒌(𝜔)]𝒌 +
2𝑒0ℏ

𝑖𝑚0𝐿2
∑ 𝐌𝒌

𝜆𝜆𝜌𝒌
𝜆(𝜔)𝒌,𝜆 , (2.2.8) 

where 𝐌𝒌
𝜆𝜆′

 is the optical matrix element, 𝑚0 is the free electron mass and 𝐿2 is the 

structure area of the system that cancels out after performing the summation over 𝒌. The 

current contains an interband contribution that is driven by the microscopic polarization 

𝑝𝒌(𝜔) and an intraband contribution that is determined by the carrier occupation 𝜌𝒌
𝜆(𝜔). 

Assuming a weak THz probe pulse, 𝜌𝒌
𝜆(𝜔) can be treated perturbatively:  

 𝜌𝒌
𝜆(𝑡) = 𝜌𝒌

𝜆,0(𝑡) + 𝛿𝜌𝒌
𝜆(𝑡), (2.2.9) 

where 𝜌𝒌
𝜆,0(𝑡) is the pump pulse-induced occupation, while 𝛿𝜌𝒌

𝜆(𝑡) describes the weak 

carrier occupation excited by the THz probe pulse.  

To obtain the dynamic THz response from the differential THz transmission 

spectra, we exploit the fact that ultrafast carrier-carrier scattering in graphene forms a 

uniform Fermi-Dirac distribution within the first tens of femtoseconds after the excitation 

[30, 37, 54] and the subsequent dynamics is fully characterized by the temporal evolution 

of the transient temperature 𝑇𝜆(𝑡) and transient Fermi level 𝜀𝐹,𝜆(𝑡) of electrons and holes. 

Thus, by iteratively evaluating 𝑇𝜆(𝑡) and 𝜀𝐹,𝜆(𝑡) on the basis of the numerically calculated 

carrier dynamics at each time step, we obtain the pump pulse-induced occupation 𝜌𝒌
𝜆,0(𝑡). 
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For the dynamics of the probe pulse-induced carrier occupation, we derive a separate 

equation of motion yielding:  

 
𝑑

𝑑𝑡
𝛿𝜌𝒌

𝜆(𝑡) = −
𝑒0

ℏ
𝑬 ∙ ∇𝒌𝜌𝒌

𝜆,0(𝑡) − Γ𝜆𝒌
0 (𝑡)𝛿𝜌𝒌

𝜆(𝑡), (2.2.10) 

where Γ𝜆𝒌
0 (𝑡) = Γ𝜆𝒌

𝑖𝑛,0(𝑡) + Γ𝜆𝒌
𝑜𝑢𝑡,0(𝑡) is the diagonal contribution stemming from the 

Boltzmann-like scattering terms (see Equation 2.2.6), which are independent of the probe 

pulse as denoted by the index 0. Non-linear contributions in the probe pulse and non-

diagonal terms have been neglected here. For the response of the THz probe field, the 

interband contribution in Equation 2.2.8 is negligibly small, since the intraband processes 

are dominating. By inserting the numerically evaluated Fourier transform of 𝛿𝜌𝒌
𝜆(𝑡) in 

Equation 2.2.8, we have microscopic access to the Coulomb- and phonon-assisted 

dynamics induced by the THz probe pulse.  

Next, we discuss the microscopic theory calculation of the carrier scattering time 

in graphene. The collision part of the Boltzmann equation, which is given by:  

 
𝑑

𝑑𝑡
𝜌𝒌

𝜆 = Γ𝜆𝒌
𝑖𝑛[1 − 𝜌𝒌

𝜆] − Γ𝜆𝒌
𝑜𝑢𝑡𝜌𝒌

𝜆, (2.2.11) 

can be rewritten as:  

 
𝑑

𝑑𝑡
𝜌𝒌

𝜆 = −
𝜌𝒌

𝜆−𝜏𝜆𝒌Γ𝜆𝒌
𝑖𝑛

𝜏𝜆𝒌
, (2.2.12) 

where we define:  

 𝜏𝜆𝒌 ∶=
1

Γ𝜆𝒌
𝑖𝑛 +Γ𝜆𝒌

𝑜𝑢𝑡. (2.2.13) 

The term 𝜏𝜆𝒌Γ𝜆𝒌
𝑖𝑛 can be written as:  

 𝜏𝜆𝒌Γ𝜆𝒌
𝑖𝑛 =

Γ𝜆𝒌
𝑖𝑛

Γ𝜆𝒌
𝑖𝑛 +Γ𝜆𝒌

𝑜𝑢𝑡 =
1

1+Γ𝜆𝒌
𝑜𝑢𝑡 Γ𝜆𝒌

𝑖𝑛⁄
. (2.2.14) 

Accounting only for weak excitations, the scattering rates can be approximated with the 

equilibrium rates Γ𝜆𝒌
𝑖𝑛/𝑜𝑢𝑡,0

 fulfilling the principle of detailed balance (D.B.):  

 
Γ𝜆𝒌

𝑜𝑢𝑡

Γ𝜆𝒌
𝑖𝑛 ≈

Γ𝜆𝒌
𝑜𝑢𝑡,0

Γ𝜆𝒌
𝑖𝑛,0 = 𝑒(𝜀𝑘−𝜀𝐹) 𝑘𝐵𝑇⁄ . (2.2.15) 
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Thus, Equation 2.2.14 represents the initial Fermi distribution 𝜌𝒌
𝜆,0 ≈ 𝜏𝜆𝒌Γ𝜆𝒌

𝑖𝑛 and the 

Boltzmann equation yields the relaxation-time model:  

 
𝑑

𝑑𝑡
𝜌𝒌

𝜆 = −
𝜌𝒌

𝜆−𝜌𝒌
𝜆,0

𝜏𝜆𝒌
. (2.2.16) 

Within the approximation in Equation 2.2.15, Equation 2.2.16 clearly reveals a direct 

relation between the microscopic scattering rates and the exponential decay of the carrier 

population. However, by fitting the numerical data stemming from the full scattering 

equation (Equation 2.2.11), our method for the determination of the carrier scattering time 

(see Figure 2.2.10(b) in Section 2.2.2) goes beyond the relaxation-time approximation.  

To obtain a simple Drude model, we approximate the scattering rate as a constant: 

Γ𝜆𝒌
0 (𝑡) = Γ. The Fourier transform of Equation 2.2.10 yields:  

 𝛿𝜌𝒌
𝜆(𝜔) = 𝑖𝜔𝒆𝑥

𝑒0𝐴0

ℏ
×

1

𝑖𝜔−Γ
∇𝒌𝜌𝒌

𝜆,0
. (2.2.17) 

The intraband current density is given by:  

 𝒋(𝜔) =
2𝑒0ℏ

𝑖𝑚0𝐿2
∑ 𝐌𝒌

𝜆𝜆𝛿𝜌𝒌
𝜆(𝜔)𝒌,𝜆 . (2.2.18) 

Assuming a Fermi-Dirac distribution for the carrier occupation, the gradient yields:  

 ∇𝒌𝜌𝒌
𝜆 = −𝜎𝜆𝒆𝒌

𝑣𝐹ℏ

4𝑘𝐵𝑇
𝑠𝑒𝑐ℎ2[𝜎𝜆 (𝑘𝑣𝐹ℏ − 𝜀𝐹) 2𝑘𝐵𝑇⁄ ], (2.2.19) 

where 𝜎𝜆 is 1 (−1) for 𝜆 = 𝑐 (𝜆 = 𝑣) and 𝜀𝐹 is the Fermi level. For a constant scattering 

rate Γ and with the optical intraband matrix element 𝐌𝒌
𝜆𝜆 ≈ 𝑖𝜎𝜆𝑀𝒆𝒌 (𝜎𝑐 = 1 and 𝜎𝑣 =

−1), the intraband current can be evaluated analytically using Equations 2.2.17 and 2.2.18:  

𝑗(𝜔) =
𝑒0

2𝑀𝐴0𝑘𝐵

𝑚0𝜋𝑐2
[𝑖

Γ

Γ2+ω2
−

ω

Γ2+ω2
] × 𝑇[𝑙𝑛(1 + 𝑒𝜇 𝑘𝐵𝑇⁄ ) + 𝑙𝑛(1 + 𝑒−𝜇 𝑘𝐵𝑇⁄ )], (2.2.20) 

which corresponds to the Drude model. For a constant Γ and an arbitrary THz frequency, 

Equation 2.2.20 yields Equation 2.2.4 in Section 2.2.2.  

We note that in principle a 𝒌-dependent Γ𝒌 could also be considered in Equations 

2.2.17 and 2.2.18 to obtain a more advanced Drude model. However, this would require 

also an approximate analytical model for Γ𝒌. We again emphasize that we go beyond the 
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approximation by using the numerically calculated microscopic scattering rates for the 

evaluation of the current.  

Section 2.3 Multilayer Epitaxial Graphene 

The dynamics of electrons in atomic-layer two-dimensional (2D) electron systems 

like graphene is a subject of considerable current interest, partly because of its relevance 

to a wide variety of potential electronic and optoelectronic applications. Many proposed 

and prototype devices employ stacks composed of many 2D electronic material layers. 

Examples of multilayer systems include multilayer epitaxial graphene (MEG) [10, 11], van 

der Waals bonded layered sheets [63, 64], transition metal dichalcogenides [65] and others 

[66]. In these structures the interactions between electrons in different layers in the stack 

becomes a subject of key importance. One important property is that phonon-mediated 

interlayer thermal coupling is weak relative to that in bulk 3D materials. In this section, we 

demonstrate, however, that Coulomb interactions between carriers in different layers of 

MEG provide an important mechanism for interlayer thermal transport even though all 

electronic states are strongly confined to individual 2D layers. This effect is manifested in 

the cooling dynamics of hot carriers in ultrafast time-resolved terahertz (THz) 

spectroscopy. We develop a theory of interlayer Coulomb coupling containing no free 

parameters that accounts for the experimentally observed trends in hot-carrier dynamics as 

temperature and the number of layers is varied.  

In van der Waals bonded or rotationally disordered multilayer stacks of 2D layers, 

the electronic states remain tightly confined within individual 2D layers. As a result, 

electron-phonon interactions occur primarily within layers and interlayer electrical 

conductivities are low. In addition, strong covalent in-plane intralayer bonding combined 

with weak van der Waals interlayer bonding results in weak phonon-mediated thermal 

coupling between the layers. In the example of MEG, rotational stacking arrangements 

decouple electronic states localized in different layers [13, 15]. As a result, interlayer 

thermal coupling is strongly reduced relative to typical bulk behavior in 3D materials.  

The question thus arises as to what other mechanisms can contribute to thermal 

equilibration between different layers. We consider this question here in the context of hot 

carrier dynamics. If electrons are heated in one layer (e.g. by optical excitation or electrical 
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injection), they will normally cool to the lattice temperature by optical phonon emission at 

high carrier energies, and by acoustic phonon emission at low carrier energies. For 

graphene, it is well established that electron cooling by acoustic phonons is very efficient 

in highly doped layers [50, 51, 67]. The situation is quite different, however, for lightly 

doped or nearly neutral graphene in which a small joint-density-of-states for electronic 

transitions combines with a small acoustic phonon energy at typical scattering wavevectors 

to diminish the acoustic phonon cooling power [50, 51]. (The cooling power in this limit 

can, however, be substantially enhanced by disorder, because it relaxes momentum 

conservation limits [52, 55, 56] on allowed processes.)  

An interesting case thus arises when a multilayer stack contains both highly doped 

(HD) and nearly neutral lightly doped (LD) graphene layers. This is exactly the situation 

that occurs in MEG grown on the C-face of SiC [10, 11], and is likely to be relevant to 

gated multilayer 2D systems due to interlayer screening [23, 24]. If electrons are heated in 

the multilayer structure, then acoustic-phonon-mediated cooling would result in the rapid 

buildup of a thermal gradient between the HD and LD layers; the HD layers would quickly 

approach the lattice temperature, while carriers in the LD layers would remain hot. 

Eventually, of course, thermal equilibrium would be restored, as thermal energy flows from 

the LD to the HD layers. The HD layers can be a heat sink for the LD layers if there is an 

effective interlayer energy transfer mechanism.  

In this section, we show that Coulomb scattering between electrons in LD and HD 

layers of MEG can provide an efficient means for interlayer thermal coupling, and provide 

an alternate mechanism for cooling of hot electrons in the LD layers that acts in parallel 

with acoustic-phonon-mediated intralayer cooling. This process is illustrated schematically 

in Figure 2.3.1(a). We note that interlayer thermal coupling via Coulomb scattering has 

been considered recently in the context of 2D electron gases in transport devices [68, 69]. 

We begin by outlining a heuristic analytical model calculation for a pair of graphene layers 

to establish the magnitude of the effect relative to acoustic-phonon-mediated intralayer 

cooling. This simple calculation establishes the significance of the effect; we then discuss 

how hot-carrier cooling in multilayer systems is accessible experimentally by ultrafast 

time-resolved THz spectroscopy and ultrafast infrared (IR) pump-probe spectroscopy 
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measurements. Following a discussion of the features of the data that point to interlayer 

energy transfer, we present the details of a theory of interlayer energy transfer via screened 

Coulomb interactions. The calculated cooling powers imply asymptotic cooling times on 

the sub-nanosecond scale. We show that the calculated dynamics and trends with lattice 

temperature and number of epitaxial graphene layers are fully consistent with the 

experimental results, without the need for any fitting parameters.  

Section 2.3.1 Interlayer Energy Transfer Heuristics 

In this section, we first ask whether or not interlayer Coulomb coupling can 

potentially dominate over acoustic phonon cooling [50] and disorder-assisted electron-

phonon (supercollision) cooling [52] in multilayer graphene samples. A simple comparison 

of the cooling powers of the different mechanisms suggests that the answer is yes. The low-

temperature cooling power 𝑄𝑒𝑙 of interlayer Coulombic energy transfer between a hot LD 

and a cold HD graphene layer is:  

 𝑄𝑒𝑙 =
𝜋2𝑘𝐵

4 𝜈𝐿𝐷

15ℏ3𝑣𝐹
2𝜈𝐻𝐷

𝑇4𝑙𝑛 (
𝐸𝐹,𝐿𝐷

𝑘𝐵𝑇
), (2.3.1) 

where 𝜈𝑖 = 2𝐸𝐹,𝑖/(𝜋ℏ2𝑣𝐹
2) is the density of states at the Fermi level. Equation 2.3.1 is 

plotted in Figure 2.3.1(b) as a function of electron temperature for Fermi level 𝐸𝐹,𝐻𝐷 = 300 

meV in the HD layer and various Fermi levels 𝐸𝐹,𝐿𝐷 in the LD layer; even at very low 

carrier density in the LD layer, the cooling power is quite substantial. We can compare 

Equation 2.3.1 with the cooling powers of both acoustic phonon cooling 𝑄𝑎 ∝ 𝑇 and 

disorder-assisted electron-phonon (supercollision) cooling 𝑄𝑠𝑐 ∝ 𝑇3 of an isolated LD 

layer. The ratio of cooling powers 𝑄𝑒𝑙/𝑄𝑎 is plotted in Figure 2.3.1(c) as a function of 

electron temperature for 𝐸𝐹,𝐻𝐷 = 300 meV and various values of 𝐸𝐹,𝐿𝐷. As it can be 

expected, acoustic phonon cooling is very inefficient in graphene with very low carrier 

density. The ratio of cooling powers 𝑄𝑒𝑙/𝑄𝑠𝑐 is also plotted in Figure 2.3.1(d) as a function 

of electron temperature (above the Bloch-Grüneisen temperature 𝑇𝐵𝐺 ≈ 5 K) for 𝐸𝐹,𝐻𝐷 = 

300 meV, 𝐸𝐹,𝐿𝐷 = 10 meV (typical for C-face MEG on SiC) and various values of the low-

density-layer mean free path. It is apparent that for high quality graphene such as C-face 

MEG on SiC [18], interlayer Coulombic energy transfer can dominate for a wide range of 

electron temperatures and sample characteristics.  
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Figure 2.3.1 – (a) Schematic diagram of interlayer Coulombic energy transfer from a hot LD to a cold HD 

graphene layer. (b) Cooling power of interlayer Coulombic energy transfer 𝑄𝑒𝑙 as a function of electron 

temperature for Fermi level 𝐸𝐹,𝐻𝐷 = 300 meV in the HD graphene layer and various Fermi levels 𝐸𝐹,𝐿𝐷 in 

the LD graphene layer. (c) Ratio of cooling powers 𝑄𝑒𝑙/𝑄𝑎 as a function of electron temperature for 𝐸𝐹,𝐻𝐷 

= 300 meV and various values of 𝐸𝐹,𝐿𝐷 showing that interlayer Coulombic energy transfer can dominate 

intralayer acoustic phonon cooling in the LD graphene layer. (d) Ratio of cooling powers 𝑄𝑒𝑙/𝑄𝑠𝑐 as a 

function of electron temperature for 𝐸𝐹,𝐻𝐷 = 300 meV, 𝐸𝐹,𝐿𝐷 = 10 meV (typical for C-face MEG on SiC) 

and various values of the disorder mean free path in the LD graphene layer showing that interlayer 

Coulombic energy transfer can dominate intralayer disorder-assisted electron-phonon (supercollision) 

cooling in the LD graphene layer.  

In the main body of this section, we investigate the physics of interlayer Coulomb 

coupling in MEG, grown on the C-face of single-crystal 4H-SiC(0001̅) substrates by 

thermal decomposition of Si atoms [10, 11]. In Section 2.1, we mentioned that an important 

feature of this material is that it largely preserves distinct graphene-like electronic 

properties because of unique rotational stacking, which suppresses hybridization between 

low energy electronic states localized in neighboring planes of carbon atoms [13, 15]. MEG 

is doped by electron transfer from the interface with the supporting SiC substrate and the 

induced n-type carrier-density profile falls off rapidly with layer moving away from the 
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substrate (see Figure 2.1.2(b) in Section 2.1). We will refer to the few layers close to the 

SiC substrate, which have large carrier densities of 𝑛𝐻𝐷 ≥ 1012 cm-2 as determined from 

high-resolution angle-resolved photoemission spectroscopy (ARPES), scanning tunneling 

spectroscopy (STS), electronic transport, and ultrafast optical spectroscopy measurements 

[10, 11, 22, 23, 24], as high-density (HD) layers, and to those further away, whose carrier 

densities drop quickly [70] to the range of 𝑛𝐿𝐷 ≤ 1010 cm-2 as determined from STS, 

electronic transport, and magneto-optical spectroscopy measurements [10, 11], as low-

density (LD) layers. The formation of local spatial charge inhomogeneities due to small 

amounts of disorder, impurities, or surface corrugation of the SiC substrate could explain 

the non-zero carrier density measured in the top layers of MEG [19, 20, 21].  

In Section 2.2, we mentioned that when an MEG sample is illuminated with a short 

optical pulse, electrons are excited to high energies, leaving behind unoccupied states or 

holes. Due to strong intralayer carrier-carrier scattering, these hot carriers thermalize with 

the background of cold carriers within ~50 fs [30, 37, 54], forming two separate non-

equilibrium Fermi-Dirac distributions for electrons and for holes. The electron and the hole 

quasi-Fermi levels subsequently merge within ~100-200 fs [54], establishing a uniform 

electron liquid within each layer 𝑖 characterized by an elevated electron temperature, 𝑇𝑖. 

As the electron liquid cools, each layer's electron temperature approaches the equilibrium 

lattice temperature, 𝑇𝐿. It is generally accepted that initial fast cooling occurs in the first 

few picoseconds via the emission of energetic optical phonons, and that this process 

becomes increasingly inefficient as the electron energy falls below the relatively high 

optical phonon energy (ℏ𝜔𝑜𝑝 ≈ 200 meV [14]). In the final stage of relaxation, low energy 

electronic cooling in an isolated layer would proceed by the much slower emission of 

acoustic phonons. Prior theoretical work has found that the rate of acoustic phonon cooling 

in disorder-free single-layer graphene is very strongly dependent on the carrier density, 

with cooling times ranging from tens of picoseconds for doping densities of ~1013 cm-2 to 

tens of nanoseconds for doping densities of ~1010 cm-2 [50, 51]. The strong carrier density 

dependence of the acoustic phonon emission implies that the LD and HD layers of MEG 

will exhibit very differing cooling rates following ultrafast optical excitation, leading to the 

buildup of a thermal gradient, which triggers an interlayer energy transfer.  
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We have applied two experimental techniques to probe the dynamics of the 

interlayer thermal energy transfer in MEG. The first is ultrafast time-resolved THz 

spectroscopy, which is a powerful tool for investigating the real time relaxation dynamics 

of photoexcited carriers, because it is sensitive to both the number of carriers and their 

distribution in energy. Due to the large number of layers in our MEG samples and the rapid 

decrease of carrier density with layer number, the measured differential THz transmission 

signal is dominated by the dynamic THz response of the many LD layers and reveals the 

cooling of the LD layers due to their coupling to the HD layers. The second is ultrafast 

degenerate IR pump-probe spectroscopy [23, 24], in which we optically inject hot carriers 

selectively into the LD layers and then observe directly the transfer of heat to the electron 

liquid in the most highly doped HD layer.  

Section 2.3.2 THz Carrier Dynamics 

In this section, we first consider the ultrafast time-resolved THz spectroscopy 

experiments. In Section 2.2, we discussed the dynamic THz response of pristine epitaxial 

graphene (EG), which is characteristic for a pristine disorder-free graphene layer. Here, we 

focus on the features of the THz carrier dynamics, which demonstrate the existence of 

interlayer energy transfer in MEG.  

To study the THz carrier dynamics of MEG, we keep the delay of the sampling 

pulse fixed at the peak of the THz probe pulse, and we scan the pump-probe delay to map 

out the relaxation dynamics of the photoexcited carriers. Since the carrier-carrier scattering 

time in graphene is much shorter than the temporal duration of the THz probe, we study 

the relaxation of the THz transmission (or the THz conductivity) change induced by the 

optical pump in the limit, where it is determined by collective electronic cooling dynamics. 

Figure 2.3.2 shows the normalized differential THz transmission at the peak of the THz 

probe pulse, ∆𝑡/𝑡, as a function of pump-probe delay for variable substrate temperature for 

an MEG sample with ~63 layers. At time zero, the optical pump photoexcites carriers in 

the MEG sample resulting in an overall increase of the THz conductivity and hence THz 

absorption, as manifested in a negative differential THz transmission. In Section 2.2, we 

mentioned that in graphene with very low doping, the increase of the electron temperature 

leads primarily to larger electron occupation in the conduction band and a corresponding 
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net increase of the THz conductivity, consistent with our interpretation that the measured 

dynamic THz response is dominated by the hot carriers in the many LD layers of MEG 

[42, 44, 45]. The differential THz transmission reaches its maximum magnitude within ~1 

ps, with the rise time being limited mainly by the temporal duration of the THz probe. The 

differential THz transmission subsequently recovers as the thermalized hot carriers cool 

down to the substrate temperature with relaxation times ranging from a few picoseconds at 

room temperature to hundreds of picoseconds at cryogenic temperatures. The secondary 

decrease in the differential THz transmission at ~7 ps is due to a round-trip reflection of 

the optical pump inside the substrate that photoexcites additional carriers.  

 

Figure 2.3.2 – (a) Linear and (b) logarithmic plots of differential THz transmission at a pump fluence of 

23.4 µJ/cm2 for a few different substrate temperatures for an MEG sample with ~63 layers.  

We perform phenomenological fits to the experimental data in Figure 2.3.2, and we 

discover that the differential THz transmission evolves from a faster mono-exponential 

decay at room temperature to a slower bi-exponential decay at cryogenic temperatures. In 

Section 2.2, we discussed that the fast electronic cooling is governed by the intricate 

interplay of intralayer carrier-carrier and carrier-phonon interactions. As we explain below, 

the slow electronic cooling at low substrate temperatures is controlled by interlayer 

Coulombic energy transfer between the LD and HD layers. A summary of the extracted 
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carrier relaxation times as a function of substrate temperature for a few different pump 

fluences is presented in Figure 2.3.3(a). We observe that the relaxation times are largely 

independent of the pump fluence (or the initial electron temperature) except at high 

substrate temperatures. The slight increase in the relaxation times at the highest pump 

fluence can be attributed to heating of the HD layers above the substrate temperature, which 

decreases the rate of the energy transfer from the LD layers. Similarly, the energy transfer 

between layers becomes less efficient at high substrate temperatures, at which the 

difference between the electron temperatures in different layers is small. As a consequence, 

the contribution of the interlayer Coulomb coupling to electronic cooling is diminished at 

substrate temperatures above ~200 K as evidenced from the fits.  

 

Figure 2.3.3 – Short and long carrier relaxation times as a function of substrate temperature for a few 

different pump fluences for an MEG sample with (a) ~63 and (b) ~35 layers.  

We repeat identical experiments and analysis for a second MEG sample with ~35 

layers and the corresponding summary of the extracted carrier relaxation times for the best 

fits are presented in Figure 2.3.3(b). Qualitatively, the THz carrier dynamics for the 35-
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layer sample mirror those for the 63-layer sample by exhibiting a transition from a faster 

mono-exponential to a slower bi-exponential decay as the substrate temperature is 

decreased. Similarly, the relaxation times are independent of the pump fluence except at 

high substrate temperatures. Further inspection shows that the long relaxation times 

become up to a few times shorter, when the number of epitaxial graphene layers is nearly 

halved, which indicates the presence of interlayer interaction. We show below that because 

of the range dependence of the Coulomb scattering processes, the addition of more LD 

layers slows their collective electronic cooling via coupling to the HD layers.  

Section 2.3.3 Ultrafast IR Pump-Probe Spectroscopy 

In this section, to further support the existence of interlayer energy transfer in MEG, 

we devise another experiment using ultrafast degenerate IR pump-probe spectroscopy [23, 

24] in which we selectively photoexcite hot electrons in all layers of MEG except the first 

HD layer nearest to the SiC substrate. We then observe the cooling of these hot electrons 

via interlayer Coulomb coupling to the cold electrons in the first HD layer. Our laser system 

consists again of a Ti:Sapphire oscillator and amplifier followed by an optical parametric 

amplifier (OPA 9850, Coherent) and produces ultrafast optical pulses with a center 

wavelength tuned to 1.8 µm. The OPA beam is filtered through a 10 nm bandpass filter 

centered at 1.8 µm and is split into a pump and a probe beams that are both focused on the 

MEG sample with an intensity spot size diameter of ~50 µm. The transmitted portion of 

the probe is detected by using a grating spectrometer and an InGaAs photodetector in 

conjunction with a conventional lock-in amplifier data acquisition technique. The MEG 

sample is mounted inside a cryostat (ST-100, Janis) and the substrate temperature is held 

at 10 K. The experimental error is again estimated not to exceed ~5%.  

In this experimental approach, both the pump and the probe photon energies (ℏ𝜔 ≈ 

690 meV) are chosen to be slightly smaller than twice the Fermi level of the first HD layer 

(𝐸𝐹 ≈ 360 meV), but larger than twice the Fermi levels of all other layers in MEG [23, 24]. 

Thus, the pump selectively injects hot electrons in all layers of MEG except the first HD 

layer, in which interband absorption is Pauli blocked as illustrated schematically in the 

inset of Figure 2.3.4. The probe differential transmission due to photoexcitation has a 

positive contribution from the hot electrons in all layers of MEG except the first HD layer. 
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The first HD layer gives no contribution, when the carriers in that layer remain unexcited. 

However, interlayer Coulombic energy transfer can heat this layer, which results in a 

distinct negative contribution to the differential transmission.  

 

Figure 2.3.4 – Differential transmission in ultrafast degenerate 1.8 µm IR pump-probe spectroscopy at a 

pump fluence of 80 µJ/cm2 and a substrate temperature of 10 K for an MEG sample with ~63 layers. (Inset: 

Schematic diagram of interlayer Coulombic energy transfer from a hot LD to a cold HD layer in MEG. The 

pump selectively injects hot electrons in all layers of MEG except the first HD layer, in which interband 

absorption is Pauli blocked.)  

Figure 2.3.4 shows the probe differential transmission normalized to the probe 

transmission without photoexcitation, ∆𝑇/𝑇, as a function of pump-probe delay for the 

MEG sample with ~63 layers. We observe that immediately after photoexcitation the 

differential transmission is positive, arising from the hot electrons that are directly injected 

in the top layers. Shortly after that, the differential transmission becomes negative and 

reaches its minimum value within ~1 ps. This sign change demonstrates the existence of 

an efficient interlayer energy transfer, in which the cold electrons in the first HD layer act 

as a heat sink for the hot electrons in the top layers. The rapidly rising electron temperature 
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in the first HD layer has a dominant negative contribution to the differential transmission. 

As delay time increases, the electrons in the first HD layer cool down much faster than the 

electrons in the top layers due to the sharply increasing rate of acoustic phonon emission 

with carrier density. This results in a second sign change in the differential transmission at 

~20 ps, when the electron temperature in the first HD layer approaches the equilibrium 

lattice temperature. By comparing to the THz carrier dynamics in Figure 2.2.4(b) in Section 

2.2, we note that it takes slightly longer for the HD layer to cool down due to the extra heat 

from the top LD layers. At that point, the optical and acoustic phonon cooling rate in the 

first HD layer balances the interlayer energy transfer rate from the top layers. Electronic 

cooling in the top layers of MEG via the interlayer Coulomb coupling survives on a 

timescale exceeding a hundred picoseconds (limited by the experimental signal-to-noise 

ratio), which is consistent with that observed in the THz carrier dynamics in Figure 2.3.2.  

Section 2.3.4 Interlayer Energy Transfer Theory 

In this section, we turn our attention to a detailed presentation of the theory of hot-

carrier equilibration based on interlayer energy transfer via screened Coulomb interactions 

in MEG.  

Non-equilibrium electrons in graphene have been shown to thermalize within a 

layer on an ultrafast timescale on the order of tens of femtoseconds [30, 37, 54]. We assume 

that this property holds also in MEG, and that it leads to pseudo-equilibrium electronic 

states with well-defined temperatures 𝑇𝑖 in layer 𝑖, but we allow for the possibility of 

differences in temperature between layers that survive to longer timescales. The multilayer 

temperature dynamics are described by a set of coupled non-linear first order differential 

equations:  

 𝜕𝑡𝑇𝑖 = (𝑄𝑖
𝑝ℎ(𝑇𝑖) + ∑ 𝑄𝑖𝑗

𝑒𝑙(𝑇𝑖, 𝑇𝑗)𝑗≠𝑖 ) / 𝐶𝑖, (2.3.2) 

where 𝐶𝑖 = 𝜕𝑇𝐸𝑖 is the heat capacity and 𝐸𝑖 is the energy density of electrons in the 𝑖-th 

layer. The rate of change of energy density in layer 𝑖 is determined by the sum of two 

processes: energy loss to the lattice via electron-phonon scattering at rate 𝑄𝑖
𝑝ℎ

, and energy 

transfer from other layers 𝑗 to 𝑖 via interlayer electron-electron scattering at rate 𝑄𝑖𝑗
𝑒𝑙. Both 

of these mechanisms depend strongly on the carrier density. The four most highly doped 
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layers in the 63-layer MEG sample have Fermi energies measured to be 360, 218, 140, and 

93 meV, respectively [23, 24]. A simple Thomas-Fermi model [71] is able to account semi-

quantitatively for the monotonic decrease in carrier density with separation from the 

substrate in multilayered graphene systems. Electronic transport and magneto-optical 

spectroscopy measurements [10, 11] of top LD layers suggest local carrier density 

fluctuations in these LD layers that satisfy of 𝑛𝐿𝐷 ≤ 1010 cm-2.  

Recent ultrafast optical spectroscopy experiments [23] have found that hot carriers 

in the HD layers of MEG quickly relax to the lattice temperature with equilibration times 

on the order of a few picoseconds. Theoretical calculations neglecting interlayer thermal 

coupling (𝑄𝑖𝑗
𝑒𝑙 → 0) have obtained order of magnitude agreement with these measurements 

[50]. On the other hand, the same approximation applied to LD layers erroneously predicts 

a thermal equilibration time on the order of several nanoseconds, in disagreement with the 

experiments reported here. This was the initial impetus for our examination of the 

Coulombic interlayer energy transfer mechanism. According to Ref. [50] the acoustic 

phonon cooling power is proportional to the square of the carrier density, 𝑛2. Allowing for 

disorder-assisted electron-phonon (supercollision) scattering changes this dependence to 𝑛 

[52]. In the HD layers, optical and acoustic phonon emission is likely to provide the 

dominant cooling pathway for hot carriers [23]. In the LD layers, however, we suggest that 

it plays a more subsidiary role by keeping the electron temperature in the HD layers pinned 

to the lattice temperature (𝑇𝐻𝐷 = 𝑇𝐿), while they act as a Coulomb-coupled heat sink for 

the LD layers.  

Although the true electron density profile across the many layers of MEG is 

expected to decrease smoothly, it is convenient to make a sharp distinction between highly 

doped (HD) and lightly doped (LD) layers. We predict that the asymptotic temperature 

dynamics of LD layers in MEG are effectively governed by Equation 2.3.2 with 𝑄𝐿𝐷
𝑝ℎ → 0. 

In our theoretical analysis, we will denote the four most highly doped layers near the 

substrate, as HD layers. Quantitatively, this cut-off is suggested from the disorder-free 

theory of acoustic phonon cooling [50], which implies that the hot-electron distribution in 

layers 𝑖 > 4 transfers energy via the interlayer Coulomb interaction to the 𝑗 HD layers (𝑗 <

𝑖) faster than it loses energy to the lattice via acoustic phonon emission. More precisely, 
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we find that 𝑄𝑖
𝑝ℎ

/(∑ 𝑄𝑖𝑗
𝑒𝑙

𝑗<𝑖 ) ≤ 1, for temperatures 𝑇𝑖 ≥ 50 K. In all calculations described 

below, we use the values 𝐸𝐹,1−4 = 360, 218, 140, and 93 meV for the Fermi levels of the 

first four HD layers. These have been measured explicitly for the 63-layer MEG sample 

and are expected to be good estimates for the 35-layer MEG sample.  

The rate of Coulombic energy transfer between two layers is given by a Fermi 

golden-rule expression:  

 𝑄𝑖𝑗
𝑒𝑙 = −

2𝜋

ℏ
∑ ∑ (𝜀𝒌𝑗

′ − 𝜀𝒌𝑗
) |𝑊𝑖𝑛𝑡|2

𝒌𝑗,𝒌𝑗
′𝒌𝑖,𝒌𝑖

′  

× 𝛿𝒌𝑖
′+𝒌𝑗

′ ,𝒌𝑖+𝒌𝑗
𝛿 (𝜀𝒌𝑗

′ + 𝜀𝒌𝑖
′ − 𝜀𝒌𝑗

− 𝜀𝒌𝑖
) 

 × (𝑓𝒌𝑗
(1 − 𝑓𝒌𝑗

′ ) 𝑓𝒌𝑖
(1 − 𝑓𝒌𝑖

′) − 𝑓𝒌𝑗
′ (1 − 𝑓𝒌𝑗

) 𝑓𝒌𝑖
′(1 − 𝑓𝒌𝑖

)), (2.3.3) 

where (𝑖, 𝑗) are layer indices, and 𝒌 is a collective index which implies, in addition to 

wavevector, the spin, the valley, and the band index labels required to specify single 

electron states in graphene's low-energy Dirac model [72]. As mentioned above, intra-layer 

electron thermalization [30, 37, 54] is much faster than inter-layer energy transfer, and this 

allows us to describe electronic state occupations with a quasi-equilibrium Fermi 

distribution 𝑓𝒌 = 𝑓(𝜀𝒌, 𝜇, 𝑇). In the random phase approximation (RPA):  

 𝑊𝑖𝑛𝑡 = (
1+𝛼𝑖𝛽𝑖𝑒

𝑖(𝜃𝒌𝑖−𝒒−𝜃𝒌𝑖
)

2
) (

1+𝛼𝑗𝛽𝑗𝑒
𝑖(𝜃𝒌𝑗+𝒒−𝜃𝒌𝑗

)

2
) × 𝑣𝑖𝑗

𝑠𝑐(𝑞, 𝜔)𝛿𝜎𝑖,𝜎𝑖
′𝛿𝜎𝑗,𝜎𝑗

′𝛿𝜏𝑖,𝜏𝑖
′𝛿𝜏𝑗,𝜏𝑗

′ , 

  (2.3.4) 

where 𝑞 = |𝒌𝑗
′ − 𝒌𝑗|, 𝜖 = 𝜀𝒌𝑗

′ − 𝜀𝒌𝑗
, and 𝑣𝑖𝑗

𝑠𝑐(𝑞, 𝜖) is the screened electron-electron 

interaction between layers 𝑖 and 𝑗 (see below). When screening is neglected, 𝑣𝑖𝑗
𝑠𝑐(𝑞, 𝜖) →

𝑣𝑖𝑗(𝑞) = 2𝜋𝑒2𝑒𝑥𝑝(−𝑞𝑑𝑖𝑗)/𝜅𝑞 is the two-dimensional Fourier transform of the bare 

Coulomb interaction between two electrons with interlayer separation 𝑑𝑖𝑗 and 𝜅 = 5.5 to 

account for the presence of MEG at the surface of the SiC substrate. The factors in 

parenthesis are the well-known form factors that account for the sub-lattice spinor 

dependence of graphene 𝜋-band plane-wave matrix elements. The indices 𝛼 and 𝛽 are 
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equal to 1 and -1 for conduction and valence band states, respectively. The Kronecker 

delta's in Equation 2.3.4 explicitly exhibit the property that continuum model interactions 

are independent of spin (𝜎) and valley (𝜏). Using Equation 2.3.4 and comparing with the 

expression for graphene's non-interacting density-density response function, 𝜒(𝑞, 𝜔, 𝑇), we 

finally obtain the following compact expression which is suitable for numerical evaluation:  

 𝑄𝑖𝑗
𝑒𝑙 =

ℏ

𝜋
∫ 𝑑𝜔 𝜔 ∑ |𝑣𝑖𝑗

𝑠𝑐|
2

𝑞
∞

−∞
× [𝑛𝐵(ℏ𝜔/𝑇𝑖) − 𝑛𝐵(ℏ𝜔/𝑇𝑗)] 

 × 𝐼𝑚(𝜒𝑖(𝑞, 𝜔, 𝑇𝑖))𝐼𝑚(𝜒𝑗(𝑞, 𝜔, 𝑇𝑗)), (2.3.5) 

where 𝑛𝐵(𝑥) = 1 (𝑒𝑥𝑝(𝑥) − 1)⁄  and 𝑘𝐵 = 1 throughout. We use this expression below to 

calculate interlayer energy transfer rates. A central quantity in the theoretical formulation 

of the many-body effects of Dirac fermions is the dynamical polarizability tensor 

𝜒𝑖(𝑞, 𝜔, 𝑇𝑖) for the 𝑖-th layer at temperature 𝑇𝑖. This is defined through the one-body non-

interacting Green's functions [73]. The density-density response function of the doped two-

dimensional Dirac electron model was first considered by Shung [74] at zero-temperature 

as a step toward a theory of collective excitations in graphite. The Dirac electron 

𝜒𝑖(𝑞, 𝜔, 𝑇𝑖) expression at finite temperature has been recently considered [75, 76, 77]. 

Before proceeding with the rate calculations, however, we must first discuss the 

approximation we use for the screened interlayer Coulomb interaction.  

In the RPA, the bare interlayer Coulomb interaction is screened [78] by the 

potential produced by self-consistently readjusted charge density. For a general multilayer 

system this implies that [79]:  

 𝒗𝑖𝑗
𝑠𝑐 = (𝒗−1 − 𝛿𝑖𝑗𝜒𝑖(𝑞, 𝜔, 𝑇𝑖))

𝑖𝑗

−1
, (2.3.6) 

where 𝒗 and 𝒗𝑠𝑐 are matrices which describe bare and screened potentials in one layer (𝑖) 

to an external charge in another layer (𝑗). Screening complicates energy cooling dynamics, 

because it causes the energy transfer rate between a particular pair of layers to depend, 

through 𝜒(𝑞, 𝜔, 𝑇), on the temperatures in all layers. However, the low carrier densities in 

the layers far from the substrate [10, 11] motivate a simplifying approximation in which 

their contributions to screening are neglected. By comparing this approximation with the 
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full expression, we find that this simplification is justified in the regions of phase space 

(𝑞, 𝜔) important for low temperature energy transfer.  

The relative ability of intraband excitations in LD and HD layers to screen the 

interaction can be established by examining the ratios of their density response functions 

in the static limit: 𝜒𝐻𝐷(𝑞) 𝜒𝐿𝐷(𝑞) =⁄ √𝑛𝐻𝐷 𝑛𝐿𝐷⁄ . In our MEG samples this ratio varies 

from ~8-31 in the important regions, and suggests that the leading order charge polarization 

responsible for screening the MEG interlayer Coulomb interaction can be approximated 

without including the contribution from the LD layers. We note that the Bose factors in 

Equation 2.3.5 limit transfer energies to ℏ𝜔 ≤ 𝑘𝐵𝑇. We also note that the factor 

𝑒𝑥𝑝(−𝑞𝑑𝑖𝑗) in the interlayer Coulomb interaction limits the important wavevector 

transfers to 𝑞 < 1/𝑑𝑖𝑗. The conditions (setting ℏ and 𝑘𝐵 → 1):  

 𝑞 ≤ 1/𝑑𝑖𝑗          𝜔 ≤ 𝑇, (2.3.7) 

apply equally well to Coulomb-mediated interlayer energy and momentum transfer in any 

type of multilayer two-dimensional electron system.  

Setting 𝜒𝑗(𝑞, 𝜔, 𝑇𝑗) to zero for all but the four HD layers nearest the substrate, and 

letting the separation distance between the four HD layers also go to zero (relative to the 

generally much larger spacing between HD and LD layers in MEG), we obtain the 

following approximate expression:  

 𝑣𝑖𝑗
𝑠𝑐(𝑞, 𝜔) → 𝑣𝑖𝑗(𝑞) 𝜖𝑀𝐸𝐺(𝑞, 𝜔)⁄ , (2.3.8) 

where 

 𝜖𝑀𝐸𝐺(𝑞, 𝜔) = 1 −
2𝜋𝑒2

𝜅𝑞
∑ 𝜒𝑗(𝑞, 𝜔, 𝑇𝑗)𝑗∈𝐻𝐷 . (2.3.9) 

In the calculations reported on below 𝑗 was summed over the four HD layers.  

Although Coulomb-coupling between LD layers is very strong [80], by temporarily 

forcing 𝑄𝐿𝐷,𝐿𝐷′
𝑒𝑙 → 0 we can gain insight into the distance dependence of the energy transfer 

rate. The temperature dynamics of each individual LD layer coupled to the HD layers are 

then independent and obey:  
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 𝜕𝑡𝑇𝐿𝐷 = (∑ 𝑄𝐿𝐷,𝑗
𝑒𝑙 (𝑇𝐻𝐷 = 𝑇𝐿 , 𝑇𝐿𝐷 , 𝑑𝐿𝐷,𝑗)𝑗∈𝐻𝐷 ) / 𝐶𝐿𝐷. (2.3.10) 

If we also approximate the heat capacity in the LD layers by the neutral graphene formula 

𝐶𝐿𝐷 = 18𝜁(3)𝑇𝐿𝐷
2 (𝜋𝑣𝐹

2)⁄ , we obtain the results shown in Figure 2.3.5(a) and (b), where 

we have used this formula to evaluate 𝑇𝐿𝐷(𝑡) for several different values of 𝑑𝐻𝐷,𝐿𝐷. All of 

these curves are calculated for the typical carrier density of the LD layers in MEG, 

measured in experiment, of 𝑛𝐿𝐷 = 1010 cm-2. The slowest (𝑑𝐻𝐷,𝐿𝐷 = 60 layers) and fastest 

(𝑑𝐻𝐷,𝐿𝐷 = 1 layer) temperature relaxation curves provide upper and lower bounds, 

respectively, on the true relaxation time of all LD layers, when energy transfer between 

pairs of LD layers is no longer neglected, i.e. 𝑄𝐿𝐷,𝐿𝐷′
𝑒𝑙 ≠ 0.  
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Figure 2.3.5 – Carrier temperature dynamics of a single LD layer in MEG, resulting from cooling via 

interlayer Coulombic energy transfer to the HD layers near the SiC substrate, when energy transfer between 

all LD layers is ignored, at a substrate temperature of (a) 10 K and (b) 50 K for a few different HD-LD 

layer separations.  

Since cooling powers between LD layers are typically 1 to 2 orders of magnitude 

larger than between LD and HD layers (𝑄𝐿𝐷,𝐿𝐷′
𝑒𝑙 ≫ 𝑄𝐿𝐷,𝐻𝐷

𝑒𝑙 ) [80], energy transfer between 

pairs of LD layers cannot be ignored in the calculations. Poles in the screened interaction 

described by Equation 2.3.6 at plasmon frequencies greatly enhance the interlayer quasi-

particle scattering rate. This effect does not contribute to energy transfer between HD and 
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LD layers, because the plasmon modes then lie at higher frequencies than can be excited 

in low temperature HD layers; the plasmon poles reside above the intra-band particle-hole 

continuum of HD layers, i.e. 𝜔𝑝𝑙(𝑞) > 𝑣𝐹𝑞. However, at temperatures comparable to the 

Fermi temperature, inter-band particle-hole excitations are no longer Pauli blocked at any 

frequency, and these excitations can take advantage of the plasmon poles in the screened 

interaction [81, 82]. It is the small Fermi temperatures (𝑇𝐹 ∝ √𝑛) of the LD layers that 

dramatically increases the Coulomb-coupling amongst the group of LD layers.  

As LD layers closer to the substrate cool, they absorb energy from and cool more 

distant LD layers. This effect results in a collective cooling state in which the electron 

temperatures of all the LD layers relax to the equilibrium lattice temperature nearly 

uniformly, and motivates an approximation with a single collective LD layer temperature, 

𝑇𝑐(𝑡). In employing this approximation our goal is to establish that Coulomb scattering is 

a relevant energy transfer process up to quite high temperatures. A more detailed 

calculation in which the temperature of each low density layer is allowed to vary 

independently would be warranted if the charge density profile in the multilayer system 

was accurately known. Such a calculation might in any event not achieve greater accuracy 

since the calculations of electron-electron scattering amplitudes can only be performed 

approximately. The collective cooling state model we employ has the advantage that it 

requires fewer computationally burdensome finite-temperature dynamic polarizability 

calculations. The collective cooling dynamics model of the collective temperature is given 

by:  

 𝜕𝑡𝑇𝑐 = (∑ ∑ 𝑄𝑖𝑗
𝑒𝑙(𝑇𝐻𝐷 = 𝑇𝐿 , 𝑇𝐿𝐷 → 𝑇𝑐, 𝑑𝑖𝑗)𝑗∈𝐻𝐷𝑖∈𝐿𝐷 ) / 𝑁𝐶𝐿𝐷, (2.3.11) 

where 𝑁 is the total number of LD layers. We have summed over the energy transfer rate 

between all LD-HD pairs of layers, appealing to strong electron-phonon coupling to keep 

the HD layer temperature at 𝑇𝐿 and to strong 𝑄𝐿𝐷,𝐿𝐷′
𝑒𝑙  to keep the LD layers at a common 

temperature 𝑇𝑐(𝑡). Figure 2.3.6(a) and (b) compare the calculated collective thermal 

relaxation dynamics 𝑇𝑐(𝑡) in 30-layer and 60-layer MEG samples for lattice temperature 

of 10 K and 50 K, respectively. For both lattice temperatures, thicker MEG samples cool 

more slowly. This trend can be understood by noting that each additional LD layer 
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contributes an equal amount to the combined LD layer heat capacity, whereas the energy 

transfer rate to the HD layers falls off upon moving further away from the substrate (see 

Figure 2.3.5(a) and (b)).  

 

Figure 2.3.6 – Collective carrier temperature dynamics of the LD layers in MEG with 30 and 60 layers, 

resulting from cooling via interlayer Coulombic energy transfer to the HD layers near the SiC substrate, at 

a substrate temperature of (a) 10 K and (b) 50 K.  

If we linearize the collective temperature of the LD layers about the equilibrium 

lattice temperature, 𝛿𝑇 ≡ 𝑇𝑐(𝑡) − 𝑇𝐿, we find that the interlayer energy transfer rate can be 

written as:  
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 𝑄𝑖𝑗
𝑒𝑙 =

ℏ

𝜋
∫ 𝑑𝜔 𝜔 ∑ |𝑣𝑖𝑗

𝑠𝑐|
2

𝑞
∞

−∞
×

ℏ𝜔

4𝑇𝐿
2 ×

𝛿𝑇

sinh2(ℏ𝜔 2𝑇𝐿⁄ )
 

 × 𝐼𝑚(𝜒𝑖(𝑞, 𝜔, 𝑇𝐿))𝐼𝑚(𝜒𝑗(𝑞, 𝜔, 𝑇𝐿)). (2.3.12) 

This equation can be used to define collective electronic cooling times, which are easier to 

compare to the experimental carrier relaxation times extracted from the phenomenological 

fits. Figure 2.3.7 compares the theoretical and the experimental relaxation times over a 

lattice temperature range of 𝑇𝐿 = 10-160 K. From this figure we see that, within our 

approximations, the theory reproduces the experimental trends versus both the lattice 

temperature and the number of epitaxial graphene layers; more specifically, both relaxation 

times increase with decreasing the lattice temperature and increasing the number of layers. 

We note that since our theoretical relaxation times are obtained by linearizing the interlayer 

energy transfer rate equations, they underestimate interlayer coupling except when 𝑇𝐿𝐷 −

𝑇𝐻𝐷 ≪ 𝑇𝐻𝐷. Thus, we expect (and observe) the theoretical relaxation times to be longer 

than those obtained by fitting the experimental data over a broader temperature range.  
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Figure 2.3.7 – (a) Experimental long carrier relaxation times as a function of substrate temperature for 

MEG samples with ~63 and ~35 layers. (b) Theoretical carrier relaxation times as a function of substrate 

temperature for MEG samples with 60 and 30 layers.  

We can identify the microscopic origins of the relaxation times’ dependence on 

lattice temperature using an analytic formula for the Coulombic energy transfer rate 

between a single LD layer and a single HD layer in MEG. Here, we show only the result 

of summing over the rates between all HD-LD pairs of layers. In the multilayer case, we 

obtain the following net energy loss rate (per area) for 𝑁 LD layers in MEG:  
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1

𝐿2 × 𝑄𝐻𝐷,𝐿𝐷
𝑒𝑙 = 𝛾(𝑇𝐿𝐷 − 𝑇𝐻𝐷) (

𝑁𝜈𝐿𝐷

∑ 𝜈𝐻𝐷𝑗
) 𝑇𝐻𝐷

3 𝑙𝑛 (
𝑇𝐹,𝐿𝐷

𝑇𝐻𝐷
), (2.3.13) 

where 𝛾 = (8𝜋2 30⁄ )(𝑘𝐵
4 ℏ3𝑣𝐹

2⁄ ) and the density of states in the HD and LD layers are 

denoted by 𝜈𝐻𝐷 and 𝜈𝐿𝐷. The sum over index 𝑗 runs over all HD layers in the MEG sample. 

We find that the Coulombic energy transfer rate exhibits a temperature dependence of 

𝑇3𝑙𝑛(𝑇) [83]. This result is related to the familiar result [78] for electron-electron 

scattering rates 𝜏−1 in Fermi liquids which are proportional to 𝑇2𝑙𝑛(𝑇). These power laws 

appear, because the Fermi distribution limits the initial-final state pair energies which can 

partake in scattering to an energy window of width ℏ𝜔 ~ 𝑘𝐵𝑇 about the Fermi energy, 

which qualitatively explains the additional factor of 𝑇; the additional factor of 𝑇 appears, 

because scattering events are weighted by the transferred energy in the cooling power case. 

On the other hand, the heat capacity of nearly neutral graphene increases linearly with 𝑇 

(or as 𝑇2 if 𝑇 ≪ 𝑇𝐹). The final result is that the electronic cooling time defined above 

becomes shorter with increasing lattice temperature, consistent with the experimental 

trends as shown in Figure 2.3.7. Precise agreement is not expected outside of the degenerate 

temperature regime (𝑇𝐿 ≪ 𝑇𝐹,𝐿𝐷 ~ 135 K), within which Equation 2.3.13 becomes exact.  

Section 2.4 Buckled Epitaxial Graphene 

In this section, we discuss the dynamic THz response of buckled epitaxial graphene. 

This special form of graphene is grown epitaxially on nitrogen-seeded single-crystal silicon 

carbide (SiC(0001̅)) substrates by thermal decomposition of Si atoms. The pre-deposited 

interfacial nitrogen atoms pin the first graphene layer to the SiC substrate and cause it and 

subsequent graphene layers to buckle into nanoscale folds, which opens an energy bandgap 

of up to ~0.7 eV. We observe a remarkable increase of up to two orders of magnitude in 

the decay of the THz carrier dynamics in this semiconducting form of epitaxial graphene 

relative to pristine epitaxial graphene, which we attribute to a relaxation of the phase space 

constraints near the Dirac point accompanied with a large enhancement of the optical-

phonon-mediated carrier cooling due to the finite bandgap. Our results suggest that the 

introduced bandgap is spatially non-homogenous, with local values below the optical 

phonon energy of ~200 meV, which allows the conduction and the valence band to be 

bridged by optical phonon emission. We also demonstrate that carrier relaxation times can 
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be modified by orders of magnitude by careful bandgap engineering, which could find 

application in novel graphene-based devices that incorporate both metallic and 

semiconducting forms of graphene.  

Since its successful isolation, graphene has been considered by many as a likely 

candidate to succeed silicon as the channel material in electronics [84, 85, 86]. Graphene 

boasts remarkable electronic and optical properties including incredibly high electron 

mobility, excellent thermal conductivity, and strong intraband and interband optical 

absorption, but the lack of an energy bandgap has long presented itself as possibly the 

largest challenge for the rapid development of graphene-based electronics and 

optoelectronics. A sizable and well-defined bandgap is essential for the realization of 

practical graphene-based devices such as field-effect transistors, photodetectors, solar cells 

and saturable absorbers. To overcome this deficiency, a range of techniques have been 

proposed and/or demonstrated to engineer a bandgap in graphene including electrostatic 

gating [87], substrate interaction [22], chemical functionalization [88, 89], electron 

confinement in nanostructures [90, 91], and strain engineering [92].  

Pristine epitaxial graphene (EG), grown on the C-face or Si-face of single-crystal 

silicon carbide (SiC(0001̅)) substrates by thermal decomposition of Si atoms, has been 

extensively characterized and shown to possess electronic structure and properties 

approaching an idealized disorder-free graphene down to within a few meV of the Dirac 

point [10, 11]. Consequently, EG shares the drawback of an ideal graphene that it is a 

gapless semi-metal. Recently, a wide bandgap semiconducting epitaxial graphene with 

very high quality from nitrogen-seeded SiC has been demonstrated over a large area [92]. 

In this approach, the first graphene layer grows bound to pre-deposited interfacial nitrogen 

atoms causing it to buckle into folds with ~1-2 nm radii of curvature. Even though the 

nitrogen remains at the SiC interface, the multilayer epitaxial graphene grown on this 

surface remains buckled as illustrated schematically in Figure 2.4.1(a) [92]. Buckled 

epitaxial graphene (BEG) grown this way has a bandgap of up to ~0.7 eV as determined 

from high resolution angle-resolved photoemission spectroscopy (ARPES) measurements. 

Figure 2.4.1(b) and (c) [92] show representative ARPES scans on two BEG samples with 

~3 and ~8 layers, which have estimated average bandgaps of ~0.7 and ~0.45 eV, 
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respectively. While the origin of the bandgap is not well understood, it is thought to be 

associated with either a quasi-periodic strain or electron localization in the highly buckled 

topography.  

 

Figure 2.4.1 – (a) Schematic diagram of BEG on nitrogen-seeded SiC. High-resolution angle-resolved 

photoemission spectroscopy (ARPES) measurement of BEG with (b) ~3 and (c) ~8 layers. (Adapted from 

Ref. [92].)  

In this section, we investigate how the introduced bandgap modifies the hot-carrier 

relaxation and cooling dynamics of BEG using ultrafast time-resolved THz spectroscopy. 

Surprisingly, we discover that the THz carrier dynamics of BEG speeds up by over two 

orders of magnitude relative to pristine EG. We attribute this large difference to be due to 

the finite bandgap. In this model, the separation of photoexcited electrons in the conduction 

band and holes in the valence band strongly enhances carrier cooling and recombination 

via optical phonon emission due to the relaxation of the phase space constraints near the 
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Dirac point. Our conclusions are consistent with the experimental results and the 

microscopic theory calculations on the wide variety of graphene samples, including 

epitaxial and chemical-vapor-deposited (CVD), which we discussed in Section 2.2. 

Furthermore, these observations suggest that the bandgap introduced in BEG is spatially 

non-homogenous across a layer likely due to varying levels of strain or electron localization 

in the buckled folds, and at some locations it is lower than the optical phonon energy of 

~200 meV that allows the conduction and valence bands to be bridged by optical phonon 

emission. Here, we assume that there are no large distortions of the graphene band structure 

far from the Dirac point in BEG, which is strongly supported by ARPES measurements. 

Our results have implications not only for gaining physical insight into the hot-carrier 

relaxation and cooling dynamics of gapped graphene, but also for the design of graphene-

based devices and for the manipulation of carrier relaxation times that set limits on the 

device operating speed. We envisage that the carrier relaxation times can be switched by 

orders of magnitude by properly engineering the size of the graphene bandgap. This can be 

potentially utilized in the development of novel graphene-based devices which incorporate 

both metallic and semiconducting graphene films with various bandgaps.  

The BEG samples studied here are prepared following the fabrication process 

described in detail in Ref. [92]. First, nitrogen is pre-deposited onto the C-face of single-

crystal SiC(0001̅) substrates. After that, graphene is grown epitaxially on the nitrogen-

seeded SiC by thermal decomposition of Si atoms. The graphene attaches to interfacial 

nitrogen atoms causing the first graphene layer and all the layers above it to buckle into 

folds with ~1-2 nm radii of curvature. The BEG has a bandgap that is due to either a quasi-

periodic strain or electron localization. The buckling amplitude decreases in BEG layers 

farther away from the SiC interface, which relieves the strain and reduces the bandgap size 

as confirmed by high resolution ARPES measurements (see Figure 2.4.1). The buckled 

topography of the otherwise continuous graphene film also modifies the interaction with 

the underlying SiC substrate, which causes all BEG layers to have quasi-neutral doping 

density. In this work, we prepared two BEG samples with ~8 and ~4 layers and with 

estimated average bandgaps of ~0.45 and ~0.65 eV, respectively.  
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A simple physical model governing the hot-carrier dynamics following 

photoexcitation in BEG is illustrated schematically in Figure 2.4.2(a). The buckling of the 

otherwise continuous graphene film introduces a finite bandgap whose size decreases with 

layer number as the curvature of the ripples flattens and the strain is relieved. In addition, 

it modifies the interaction with the underlying SiC substrate, which results in a very low 

doping density in all BEG layers, so that the Fermi level lies within the bandgap (step I). 

Initially, the optical pump injects hot nonequillibrium electrons and holes in the conduction 

and the valence band, respectively (step II). It is well established that in pristine graphene 

and graphite, exceptionally efficient intraband and interband carrier-carrier scattering leads 

to ultrafast hot-carrier relaxation and thermalization within a few tens of femtoseconds [30, 

37, 54]. We assume that the same holds true in BEG, which is supported by ARPES 

measurements that show little distortion of the linear band structure far from the band edges 

[92]. Unlike pristine graphene, however, the finite bandgap in BEG prevents (or slows 

down) the merging of the electron and the hole quasi-Fermi levels similar to a 

semiconductor (step III). For bandgaps close to the optical phonon energy of ~200 meV, 

this leads to a strong enhancement of the available phase space for optical phonon emission 

that efficiently bridges the nonequillibrium electron and hole populations as further 

explained below. Figure 2.4.2(b) illustrates these processes in pristine undoped graphene 

as a comparison. Here, scattering with optical and acoustic phonons is strongly suppressed 

due to the vanishing density of states near the Dirac point as we discussed in Section 2.2.  
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Figure 2.4.2 – Hot-carrier relaxation and cooling dynamics following ultrafast photoexcitation in (a) 

undoped BEG and (b) undoped pristine graphene.  

We perform ultrafast time-resolved THz spectroscopy measurements on BEG to 

test our physical picture. In doing so, it is instructive to draw a comparison with the 

previous experimental and theoretical results on pristine EG in Sections 2.2 and 2.3. Figure 

2.4.3 shows the differential THz transmission at the peak of the THz probe pulse 
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normalized to the THz transmission without photoexcitation, ∆𝑡/𝑡, as a function of pump-

probe delay, recorded at a substrate temperature of 300 K for variable pump fluence 

(corresponding to different initial carrier temperature) for the BEG sample with ~8 layers. 

There are two important observations that can be drawn from Figure 2.4.3. First, we note 

that the differential THz transmission is negative that corresponds to a pump-induced 

decrease of the THz transmission or equivalently an increase of the THz absorption. This 

is consistent with similar experiments on lightly doped EG. In both lightly doped EG and 

BEG the optical pump injects hot carriers that enhance the THz absorption. Second, we 

observe that the THz carrier dynamics in BEG relaxes on the order of a few picoseconds. 

This is about one order of magnitude faster than in lightly doped EG, in which the THz 

carrier dynamics relaxes on the order of a few tens of picoseconds under identical 

experimental conditions. This strong enhancement in the decay of the THz carrier 

dynamics can be explained by the opening of a finite bandgap in BEG that relaxes the phase 

space constraints near the Dirac point for carrier cooling and recombination via optical 

phonon emission.  

 

Figure 2.4.3 – Differential THz transmission at a substrate temperature of 300 K for a few different pump 

fluences for a BEG sample with ~8 layers.  
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To obtain quantitative estimates of the THz carrier dynamics of BEG, we perform 

phenomenological fits to the data in Figure 2.4.3 and discover that the differential THz 

transmission follows closely a mono-exponential relaxation form. A summary of the 

extracted carrier relaxation times as a function of pump fluence at a substrate temperature 

of 300 K for the two BEG samples with ~8 and ~4 layers is presented in Figure 2.4.4(a). 

The relaxation times of BEG are in the range of ~0.3-0.6 ps, which is again about one order 

of magnitude shorter than these of lightly doped EG, which are in the range of ~4-7 ps 

under identical experimental conditions. In addition, we observe that the relaxation times 

of BEG decrease with decreasing the number of layers. Since the average bandgap 

decreases with layer number, the decreasing relaxation time is consistent with a larger 

fraction of the hot carriers emitting an optical phonon.  

 

Figure 2.4.4 – Carrier relaxation times as a function of (a) pump fluence at a substrate temperature of 300 K 

and (b) substrate temperature at a pump fluence of 60.0 µJ/cm2 for BEG samples with ~8 and ~4 layers.  

To further underscore the profound influence of the finite bandgap on the THz 

carrier dynamics of BEG, we repeat the ultrafast time-resolved THz spectroscopy 

measurements by varying the substrate temperature. Figure 2.4.4(b) shows the extracted 

carrier relaxation times as a function of substrate temperature at a pump fluence of 60 
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μJ/cm2 for the BEG sample with ~8 layers. We note that the relaxation times of BEG 

remain completely independent of the substrate temperature around ~0.7 ± 0.05 ps, which 

is consistent with carrier cooling and recombination via optical phonon emission. In very 

sharp contrast, the relaxation times of lightly doped EG are strongly dependent on the 

substrate temperature and extend up to a few hundreds of picoseconds at cryogenic 

temperatures due to the severe phase space restrictions for carrier scattering near the Dirac 

point. The introduced bandgap in BEG relaxes these constraints, which allows for very 

efficient optical phonon emission and speeds up the THz carrier dynamics by over two 

orders of magnitude at cryogenic temperatures relative to pristine lightly doped EG. It is 

also worth mentioning that the fast and temperature-independent THz carrier dynamics in 

BEG resembles qualitatively the similarly fast and temperature-independent THz carrier 

dynamics in highly doped epitaxial and CVD graphene, which is governed by the coupling 

of extremely efficient carrier-carrier scattering (arising from the large phase space far from 

the Dirac point) and optical phonon emission. Rigorous first-principles microscopic theory 

of the full carrier and phonon dynamics in the BEG system that accounts quantitatively for 

the experimental results is beyond our scope here.  

The fact that the opening of a finite bandgap in graphene dramatically speeds up 

the hot-carrier relaxation and cooling dynamics following photoexcitation is somewhat 

surprising, especially since the estimated average value of the bandgap, based on ARPES 

measurements, is larger than the optical phonon energy of ~200 meV for the studied BEG 

samples. In addition, the THz carrier dynamics becomes faster as the number of BEG layers 

is decreased or the average bandgap over all layers is increased. These observations 

strongly suggest that the bandgap is spatially non-homogenous across a layer likely due to 

varying levels of strain or electron localization in the buckled folds. Locations with flatter 

curvature and hence lower levels of strain or electron localization lead to the opening of 

smaller local bandgaps. We propose that the photoexcited electrons and holes recombine 

via the emission of optical phonons precisely at these places, where the energy gap is lower 

than the optical phonon energy of ~200 meV. We estimate that for buckled ripples with a 

separation of ~4 nm and an effective carrier velocity of ~0.8 × 106 m/s [92], the ballistic 

carrier transport time is only ~5 fs, which is much shorter than the carrier thermalization 

time of a few tens of femtoseconds [30, 37, 54]. Thus, the THz carrier dynamics in BEG is 
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the result of the intricate interplay between extremely efficient carrier-carrier scattering, 

which continuously rethermalizes the electron and the hole distribution in the conduction 

and the valence band, respectively, and optical phonon emission, which removes the 

deposited energy from the electron liquid. In principle, the emission of multiple optical 

phonons can act as a parallel carrier recombination channel, but we expect that its 

contribution is negligible on the sub-picosecond timescale observed for our BEG samples.  

Another possible pathway for carrier recombination in BEG is via mid-gap defect 

states. Although carrier trapping due to disorder cannot be completely ruled out, it is not 

supported by either the scanning tunneling microscopy (STM), the angle-resolved 

photoemission spectroscopy (ARPES) or the ultrafast time-resolved THz spectroscopy 

measurements performed on a number of BEG samples [92]. The THz carrier dynamics 

recovers mono-exponentially to its pre-photoexcitation level and no long-lived component 

is visible within the experimental signal-to-noise ratio, which could be potentially 

attributed to slow carrier trapping by defect states. Using the graphene interband optical 

absorption of ~2.3% per layer, we estimate that ~6 × 1012 cm-2 electron-hole pairs are 

initially injected at the highest pump fluence of 60 μJ/cm2. This sets an unrealistically high 

lower bound to the density of defect states in our high quality continuous BEG. 

Consequently, we expect that carrier trapping due to disorder is not the dominant carrier 

recombination mechanism.  

Section 2.5 Epitaxial Graphene Nanoribbons 

In this section, we discuss the dynamic THz response of epitaxial graphene 

nanoribbons, in which quantum confinement effects become prominent.  

In Section 2.1, we mentioned that graphene can be considered a 2D member of a 

larger carbon family. When graphene is sliced into very narrow nanoscale strips or ribbons, 

the electron wavefunction is confined in one more dimension. Hence, graphene 

nanoribbons can be considered a 1D member of the carbon family. Graphene nanoribbons 

are very similar to carbon nanotubes and they share many common characteristics. The 

additional degree of quantum confinement modifies the band structure of pristine graphene 

and results in the formation of high energy subbands, but the precise details are different 

for different types of edges. Depending on the type of their edges, graphene nanoribbons 
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can be broadly classified as zigzag, armchair and chiral (a mixture of zigzag and armchair). 

The band structure of graphene nanoribbons has been theoretically calculated for different 

edge terminations including zigzag and armchair [93, 94, 95, 96, 97, 98]. Graphene 

nanoribbons with zigzag edges always have an edge state at zero energy, and hence are 

metallic. Graphene nanoribbons with armchair edges can either have intersecting metallic 

bands and be metallic or have an energy gap and be semiconducting, when their width 

equals to an odd or even number of carbon atoms, respectively.  

The epitaxial graphene nanoribbon (EGNR) samples studied here are prepared 

following the fabrication process described in detail in Ref. [99]. The process consists of 

three main steps as illustrated schematically in Figure 2.5.1(a) [99]. First, abrupt steps are 

etched in the Si-face of single-crystal SiC(0001̅) substrates by photolithographic definition 

of nickel lines, which are transferred by a fluorine-based reactive ion etch (RIE). The RIE 

process allows for nanometer precision in the etch depth, which ultimately defines the 

width of the EGNRs. Second, the nickel masks are removed and the patterned SiC 

substrates are heated up to a high temperature, which induces the abrupt steps to reflow 

into slopes with (11̅0𝑛) facets. Finally, EGNRs are grown epitaxially on the patterned 

slopes in the SiC by thermal decomposition of Si atoms. By carefully tuning the growth 

recipe, the patterned SiC sidewalls can be selectively graphitized, which results in separate 

and well-defined EGNRs without any connecting EG on the flat SiC surfaces. Also by 

carefully selecting the orientation of the sidewalls relative to the SiC substrate, EGNRs 

with both zigzag and armchair edges can be reliably grown. In addition, the relatively 

simple photolithographic definition of the nickel masks allows for the controlled 

fabrication of very large EGNR arrays with well-defined physical dimensions including 

the width and the length of the individual EGNRs, and the pitch, the area and the areal fill 

factor of the entire EGNR array.  
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Figure 2.5.1 – (a) Schematic diagram illustrating the fabrication process of an EGNR on SiC. (Adapted 

from Ref. [99].) (b) High-resolution scanning tunneling microscopy (STM) image of an EGNR and the 

adjacent flat SiC surfaces. (Adapted from Ref. [18].)  

A whole range of characterization techniques including high-resolution 

transmission electron microscopy (TEM), Raman spectroscopy, atomic force microscopy 

(AFM), electrostatic force microscopy (EFM), high-resolution angle-resolved 

photoemission spectroscopy (ARPES), high-resolution scanning tunneling microscopy 

(STM), scanning tunneling spectroscopy (STS), and electronic transport measurements 

have been used to confirm the exceptionally high quality of EGNRs, which is characteristic 

for EG in general [18, 91, 99]. Figure 2.5.1(b) [18] shows high-resolution STM images of 

an EGNR and the adjacent flat SiC surfaces. We note that both the middle section and the 

edges of the EGNR are atomically clean and well-defined.  

The band structure of a finite graphene nanoribbon with zigzag edges is illustrated 

schematically in Figure 2.5.2 [18]. We note that the quantum confinement of carriers in the 
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quasi-0D graphene nanoribbon results in high energy subbands and lifts the degeneracy of 

the edge state at zero energy. Within a simple quantum mechanical model for a particle in 

a 2D square potential with infinitely high walls, the energy spectrum of the graphene 

nanoribbon can be approximated by [18]:  

 𝐸𝑛,𝑚 = ±ℏ𝑣𝐹√(
𝑛𝜋

𝑊
)

2

+ (
𝑚𝜋

𝐿
)

2

, (2.5.1) 

where 𝑊 and 𝐿 are the width and the length of the graphene nanoribbon, respectively, 𝑣𝐹 

is the Fermi velocity, and {𝑛, 𝑚} is the full set of subband quantum numbers. We also note 

that the inter-subband separation is controlled by 𝑊, while the edge state separation is 

controlled by 𝐿, where we assume that 𝐿 ≫ 𝑊. For example, for 𝑊 = 500 nm and 𝐿 ~ 1 

mm, the lowest subband energy is 𝐸1,0 ≈ 4 meV (≈ 48 K ≈ 1 THz). Similarly, for 𝑊 ~ 50 

nm and 𝐿 = 500 nm, the edge state energy is 𝐸0,1 ≈ 4 meV (≈ 48 K ≈ 1 THz). Hence, THz 

spectroscopy could be used to probe the edge state or inter-subband transitions in graphene 

nanoribbons.  
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Figure 2.5.2 – Energy band structure of a finite graphene nanoribbon with zigzag edges. (Adapted from 

Ref. [18].)  

In this section, we utilize ultrafast time-resolved THz spectroscopy to investigate 

the hot carrier relaxation and cooling dynamics of EGNRs. In this work, we prepared an 

EGNR sample, which contains a large area array of parallel identical EGNRs. The 

individual EGNRs consist of ~1-2 layers of EG, have nominally zigzag edges and have 

nominal dimensions of 𝑊 ≈ 1 µm and 𝐿 ≈ 200 µm. These nominal dimensions correspond 

to values for the lowest subband energy of 𝐸1,0 ≈ 2 meV (≈ 24 K ≈ 0.5 THz) and for the 

edge state energy of 𝐸0,1 ~ 0 meV (≈ 0 K ≈ 0 THz). Hence, the EGNR sample design places 

the inter-subband transitions well within the detectable THz bandwidth, while the edge 

state degeneracy is practically not lifted. However, we note that it is possible that the grown 

EGNRs are not continuous across the patterned SiC sidewalls with 𝑊 ≈ 1 µm, but they 

buckled into multiple parallel sub-ribbons. This imperfect growth would reduce and 

randomize the actual width of the individual EGNRs, and correspondingly increase and 

non-homogeneously broaden the subband energies. In addition, the introduced 
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intermediate EGNR edges might not be as well-defined and/or chiral. The pitch of the 

patterned SiC sidewalls is ~2 µm, which gives an estimate of ~50% for the areal fill factor 

of the EGNR array. We note that a more diverse set of better characterized EGNR samples 

is further needed and is currently under work.  

To underscore the profound influence of the quantum confinement effects in 

EGNRs, we study the dependence of the THz carrier dynamics of the EGNRs on their 

orientation with respect to the THz probe polarization. Figure 2.5.3(a) and (b) show the 

differential THz transmission at the peak of the THz probe pulse normalized to the THz 

transmission without photoexcitation, ∆𝑡/𝑡, as a function of pump-probe delay for the 

EGNR sample with nominal 𝑊 ≈ 1 µm, for parallel and perpendicular THz polarization, 

respectively. The data is recorded at a substrate temperature of 300 K for variable pump 

fluence (corresponding to different initial carrier temperature). The secondary increases or 

decreases in the differential THz transmission at ~7 and ~14 ps are due to round-trip 

reflections of the optical pump inside the substrate that photoexcite additional carriers.  
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Figure 2.5.3 – Differential THz transmission at a substrate temperature of 300 K for a few different pump 

fluences for an EGNR sample for (a) parallel and (b) perpendicular THz polarization.  

We observe that the THz carrier dynamics of the EGNRs exhibit a pronounced 

anisotropy with the THz polarization. Interestingly, we note that when the THz polarization 

is parallel to the EGNR array, we recover the THz response of pristine highly doped 
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graphene. Both the positive sign and the relaxation timescale of a few picoseconds of the 

differential THz transmission are completely reproduced. This observation can be 

intuitively understood that in the parallel orientation the THz probe can drive a microscopic 

current along the EGNRs similar to pristine graphene. The high doping in the EGNR 

sample can be attributed to water vapor adsorption from the environment similar to the 

CVDG samples. In very sharp contrast, when the THz polarization is perpendicular to the 

EGNR array, the THz response of the EGNRs is strikingly different. Because the EGNR 

width is ultra-subwavelength compared to the THz wavelength (𝜆/𝑊 on the order of ~300 

or more), the THz probe cannot drive a microscopic current in the perpendicular orientation 

and hence the THz absorption is strongly suppressed. We propose that the optical pump 

injects hot carriers in the high energy subbands, which induces excited state absorption of 

the THz probe likely due to inter-subband transitions. We note that this is consistent with 

the negative sign of the differential THz transmission, which corresponds to enhanced THz 

absorption upon photoexcitation. Within this physical model, the relaxation of the 

differential THz transmission is related to the carrier lifetimes in the high energy subbands, 

which extend up to on the order of a hundred picoseconds. These long carrier lifetimes can 

be attributed to the exceptionally high quality of the EGNRs.  

Section 2.6 Summary for Graphene 

In conclusion, we have studied the dynamic THz response and the hot-carrier 

dynamics of a wide variety of high quality graphene, including epitaxial and chemical-

vapor-deposited (CVD), following ultrafast photoexcitation using ultrafast time-resolved 

THz spectroscopy. First, we discussed the dynamic THz response of pristine epitaxial (EG) 

and CVD (CVDG) graphene, which is characteristic for a pristine disorder-free graphene 

layer. We looked at doped and undoped (very lightly doped) graphene and we observed 

relaxation times which depend critically on the Fermi level, ranging from a few 

picoseconds for high doping densities to hundreds of picoseconds for very low doping 

densities. These THz carrier dynamics are quantitatively explained using a microscopic 

density-matrix theory of carrier-carrier and carrier-phonon interactions, without the need 

to invoke disorder or any other extrinsic mechanisms, and without the need for any free 

fitting parameters; the theory accounts explicitly for the time-dependent response of the 
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hot carriers to the THz probe field. Acoustic phonon interactions are found not to be 

important on these picoseconds timescales. The hot-carrier relaxation and cooling 

dynamics are governed by an interplay of carrier-carrier and carrier-optical-phonon 

scattering. Physically, the high-energy tail of the hot-carrier distribution relaxes via the 

emission of optical phonons, and the carrier-carrier scattering processes very efficiently 

and continuously rethermalize the carrier population. A Drude model approximation to the 

full microscopic theory can provide only a semi-qualitative framework for interpreting the 

experimental data in doped and undoped graphene at low excitation fluences; however, the 

full microscopic theory is required to explain the data quantitatively for all excitation 

levels.  

Then, we discussed the dynamic THz response of multilayer epitaxial graphene 

(MEG), in which interlayer interactions play an important role. We developed a theory of 

hot-carrier equilibration based on interlayer energy transfer via screened Coulomb 

interactions between electrons in the many top low-density (LD) layers and in the few high-

density (HD) layers close to the underlying SiC substrate in MEG. The theory is 

complicated by the essential role of dynamic screening of the electron-electron interactions 

in all MEG layers through the temperature-dependent charge carrier response. To obtain a 

transparent theory, we made two well-justified simplifications. First, we noted that 

screening in the relevant temperature, wave vector, and frequency regime is dominated by 

the first few HD layers close to the substrate, allowing us to neglect the screening by the 

top LD layers. Second, we noted that energy transfer among the LD layers is much stronger 

than between LD and HD layers, and we therefore could describe all LD layers by a 

common electron temperature. We compared the calculated cooling dynamics with the 

relaxation dynamics measured via ultrafast time-resolved THz spectroscopy. The observed 

experimental dynamics exhibit the expected timescales, dependence on lattice temperature, 

and dependence on number of epitaxial graphene layers predicted by the theory, providing 

strong support for the proposed mechanism, within the approximations necessary in the 

development of the theory. The theoretical approach developed here may be expected to 

be applicable to many other types of layered two-dimensional (2D) electron systems. These 

may include semiconductor heterostructures as well as the wide variety of novel 2D 
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materials under active development including transition metal dichalcogenides (e.g. MoS2, 

MoSe2, WS2, and WSe2) and other van der Waals heterostructures.  

Then, we discussed the dynamic THz response of buckled epitaxial graphene 

(BEG), in which an energy gap of up to ~0.7 eV had been carefully engineered. We 

observed that the THz carrier dynamics of BEG are up to two orders of magnitude faster 

relative to pristine EG under identical experimental conditions. We attributed this 

remarkable enhancement to the relaxation of the phase space constraints near the Dirac 

point due to the presence of a finite bandgap, which allows the conduction and the valence 

band to be bridged by very efficient optical phonon emission. Our conclusions are 

consistent with similar experimental results combined with rigorous microscopic theory 

calculations performed on a wide variety of graphene samples. Furthermore, they suggest 

that the bandgap introduced in BEG is strongly non-homogenously broadened, with local 

values below the optical phonon energy of ~200 meV, where carrier recombination occurs. 

The ability to manipulate carrier relaxation times by orders of magnitude could find 

application in the design of novel graphene-based devices that incorporate both metallic 

and semiconducting graphene films with various bandgaps.  

Finally, we discussed the dynamic THz response of epitaxial graphene nanoribbons 

(EGNRs), in which carriers are carefully quantum confined in 2D. We observed that the 

THz carrier dynamics of the EGNRs exhibit a pronounced anisotropy with the THz 

polarization, which is a clear manifestation of the quantum confinement effects. In the 

parallel THz polarization, the dynamic THz response of the EGNRs resembles that of 

pristine highly doped graphene, because the THz probe can drive an unconstrained 

microscopic current along the EGNRs. In very sharp contrast, in the perpendicular THz 

polarization, the dynamic THz response of the EGNRs is strikingly modified, because the 

microscopic current is largely constrained and hence the THz absorption is strongly 

suppressed. We proposed that the optical pump injects hot carriers in the high energy 

subbands, which induces excited state absorption of the THz probe likely due to inter-

subband transitions. We also observed long carrier lifetimes in the high energy subbands 

on the order of a hundred picoseconds attributed to the exceptionally high quality of the 

EGNRs.  
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Chapter 3 

Ultrafast THz Response of Semiconductor Nanowires 

In Chapter 3, we discuss the dynamic THz response and the hot-carrier dynamics 

of semiconductor nanowires following ultrafast photoexcitation. We look specifically at 

high quality single-crystal germanium (Ge) and germanium/silicon (Ge/Si) core/shell 

nanowires (NWs). In Section 3.1, we first introduce the studied Ge and Ge/Si core/shell 

NWs. In Section 3.2, we discuss the THz carrier dynamics of the NWs. In Section 3.3, we 

discuss the full dynamic THz response of the NWs. In Section 3.4, we finally present a 

brief summary of the results in Chapter 3.  

Section 3.1 Germanium and Germanium/Silicon 

Core/Shell Nanowires 

In this section, we introduce the studied Ge and Ge/Si core/shell NWs including 

synthesis, fabrication and characterization.  

The Ge/Si NWs are grown on oxidized Si wafers in a quartz tube furnace using a 

two-step chemical vapor deposition (CVD) process [1, 2]. First, a single-crystal Ge core is 

grown in the [111] crystallographic direction using Au nanoparticles (Ted Pella) as 

catalysts for nucleation. Second, an epitaxial Si shell is grown on top to encapsulate the Ge 

core. A schematic cross-sectional diagram, a schematic energy band alignment diagram 

and a representative high-resolution transmission electron microscopy (TEM) image of a 

high-quality Ge/Si NW is presented in Figure 3.1.1 [1]. We note the exceptional degree of 

crystallinity and the very clean, epitaxial heterostructure interface of the Ge/Si NW. The 

strain arising from the lattice mismatch of ~4% between the Ge core and the Si shell is 

elastically relaxed along the radial direction, which yields a type II staggered band 

alignment as shown in Figure 3.1.1 [1]. The valence band offset of ~500 meV at the 

heterostructure interface creates a confinement potential in which free holes accumulate. 
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Electrical transport measurements show that this quasi-one-dimensional (1D) quantum 

well leads to a larger carrier density and a reduced surface scattering, which enhance the 

DC conductivity and the DC mobility of the Ge/Si NWs compared to the plain Ge NWs 

[1, 2].  

 

Figure 3.1.1 – (a) Schematic cross-sectional diagram, (b) schematic energy band alignment diagram and (c) 

high-resolution transmission electron microscopy (TEM) image of a high-quality Ge/Si NW. (Adapted 

from Ref. [1].)  

For the work in this chapter, we grow a series of Ge/Si NWs with Ge core diameters 

of ~10, ~20 and ~40 nm (which we call Ge-10/Si-2, Ge-20/Si-2 and Ge-40/Si-2, 

respectively) by varying the size of the Au catalyst nanoparticles. The Si shell has an 

average thickness of ~2 nm for all three types of NWs. In addition, we grow a series of Ge 

NWs similarly with Ge core diameters of ~10, ~20 and ~40 nm (which we call Ge-10, Ge-
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20 and Ge-40) by skipping the Si shell deposition step, but otherwise using the same recipe. 

All NWs have similar lengths on the order of a few tens of microns, which gives NW aspect 

ratios (length/width) on the order of ~1,000. All NWs are intrinsic with an estimated 

unintentional p-type doping density of ~1015-1016 cm-3. Schematic cross-sectional 

diagrams of the complete set of Ge and Ge/Si NWs is presented in Figure 3.1.2.  

 

Figure 3.1.2 – Schematic cross-sectional diagrams of Ge and Ge/Si NWs.  

After growth, the NWs are transferred to C-cut single-crystal sapphire substrates 

(Alfa Aesar) using a simple mechanical contact printing method [3], which orients the 

NWs. A representative scanning electron microscopy (SEM) image of an oriented NW 

sample is shown in Figure 3.1.3. We observe that due to the simplicity of the sample 

fabrication technique, the NWs are not perfectly aligned, with some NWs breaking up, 

bending, meandering, or bunching together. However, the NW array is roughly oriented in 

a general direction, which is completely sufficient for measuring the dynamic THz 

response. A much more sophisticated technique such as lithographic processing will be 

necessary to achieve a better alignment of the NW array, which can be a topic of further 

studies.  
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Figure 3.1.3 – Scanning electron microscopy (SEM) image of an oriented NW sample.  

Section 3.2 THz Carrier Dynamics 

In this section, we discuss the transient THz carrier dynamics of the NWs following 

ultrafast photoexcitation.  

Using the ultrafast time-resolved THz spectroscopy technique, we measure the full 

time-domain differential change in the THz probe pulse transmission through the NW 

samples due to photoexcitation by the optical pump pulse, which we then normalize to the 

THz transmission in the absence of photoexcitation, ∆𝑡/𝑡. From the measured time-domain 

differential THz electric field, ∆𝑡/𝑡, we can obtain the frequency-domain differential THz 

spectrum, ∆𝑡(𝜔)/𝑡(𝜔), by straightforward numerical Fourier transformation. Then, using 

purely electromagnetic analysis, by solving the Maxwell’s equations with the proper 

boundary conditions for the incident and transmitted THz radiation, this experimental 

quantity can be related through the Tinkham formula [4] to the photoinduced change in the 

complex bulk conductivity of the NWs, ∆𝜎𝑏(𝜔), via:  
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 Δ𝜎𝑏(𝜔) ≈ −
𝑛𝑠𝑢𝑏+𝑛𝑎𝑖𝑟

𝜂0𝑑𝑒𝑓𝑓
×

∆𝑡(𝜔)

𝑡(𝜔)
, (3.2.1) 

where 𝑛𝑠𝑢𝑏 and 𝑛𝑎𝑖𝑟 are the THz refractive indices of the substrate and the environment, 

respectively, 𝜂0 is the impedance of free space, and 𝑑𝑒𝑓𝑓 = 𝑑𝑓 is the effective thickness of 

the NW array, which includes both the physical thickness 𝑑 of the NW array and the 

fraction 𝑓 of sample surface covered with NWs. This direct linear relationship holds true 

for small differential THz transmission signals and for samples that are much thinner than 

the wavelength of the THz radiation as is the case for the NW arrays, which allows us to 

use the effective medium approximation for the THz response of the NWs. The precise 

determination of the effective thickness 𝑑𝑒𝑓𝑓 is complicated by the irregular structure of 

the NW array and the variations in the structure from sample to sample and from position 

to position on the same sample. To correct for these irregularities and variations, we can 

define a photoinduced change in the complex sheet conductivity of the NWs, ∆𝜎𝑠(𝜔), by 

dividing out the effective thickness 𝑑𝑒𝑓𝑓 to obtain:  

 Δ𝜎𝑠(𝜔) ≈ −
𝑛𝑠𝑢𝑏+𝑛𝑎𝑖𝑟

𝜂0
×

∆𝑡(𝜔)

𝑡(𝜔)
. (3.2.2) 

Thus, we can directly obtain the dynamic THz response of the NWs, which we can then 

match to a physical model for the photoinduced THz conductivity to extract relevant 

material parameters. We will postpone the discussion of the full dynamic THz response of 

the NWs until Section 3.3.  

In this section, as a first experimental approach, we probe the intraband and 

interband THz carrier dynamics of the NWs by measuring the differential THz 

transmission at the peak of the THz probe pulse normalized to the THz transmission 

without photoexcitation ∆𝑡/𝑡 as a function of pump-probe delay. By doing so, we lose the 

frequency information, but we gain experimental convenience and enhance the signal-to-

noise ratio (SNR) of the measurements. We also develop a simple physical model (which 

we call photoexcited carrier density model), in which we assume that the normalized 

differential THz transmission ∆𝑡/𝑡 and the photoinduced THz conductivity ∆𝜎 are directly 

proportional to the number of photoexcited carriers, ∆𝑛, which absorb the THz probe:  

 Δ𝜎 ~ ∆𝑛 ~ −
∆𝑡

𝑡
. (3.2.3) 



104 

 

Figure 3.2.1 [5] shows the band structure of bulk single-crystal germanium and the process 

of carrier photoexcitation by the optical pump (photon energy ℎ𝜈 ≈ 1.55 eV), which we 

will use to illustrate our discussion. We consider the absorption of the optical pump and 

the THz probe only in the single-crystal Ge core, because the Si shell is comparatively 

much smaller. To gain physical insight we vary a large set of parameters including the NW 

orientation, the pump fluence, the substrate temperature, the NW core diameter and the 

NW composition with or without a shell.  

 

Figure 3.2.1 – Energy band structure of bulk single-crystal germanium. (Adapted from Ref. [5].)  

First, we study the dependence of the THz carrier dynamics of the NWs on the NW 

orientation with respect to the optical pump and the THz probe polarizations. The optical 

pump and the THz probe are both linearly polarized, and we orient them to be co-polarized 

in the vertical direction as illustrated schematically in the inset of Figure 3.2.2(a). The NW 

array is also roughly oriented in a general direction, which we call the NW orientation. 

Then, we mechanically rotate the NW sample to change the orientation angle defined as 

the angle between the optical pump/THz probe polarization and the NW orientation. Figure 
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3.2.2(a) shows the normalized differential THz transmission at the peak of the THz probe 

pulse ∆𝑡/𝑡 as a function of pump-probe delay for variable orientation angle at a fixed pump 

fluence of 60 μJ/cm2, measured for NW sample Ge-20, which is representative for all NW 

samples. We observe that the THz carrier dynamics of the NWs exhibit a pronounced 

anisotropy with the NW orientation relative to the optical pump/THz probe polarization, 

which we attribute to the very large NW aspect ratio. The absolute value of the differential 

THz transmission is largest when the NWs are parallel to the polarization direction and 

decreases monotonically to almost zero when the NWs are perpendicular. Because the NW 

diameters are ultra-subwavelength compared to both the optical and the THz wavelength 

(𝜆/𝑑 on the order of ~10 and ~10,000, respectively), the optical pump and the THz probe 

absorption is strongly suppressed in the perpendicular orientation. To obtain more 

quantitative results, we plot the maximum absolute value of the normalized differential 

THz transmission as a function of the orientation angle in Figure 3.2.2(b). We note that the 

maximum differential THz transmission signal can be fit very well by a cosine cube 

function with the orientation angle, 𝑚𝑎𝑥{|∆𝑡/𝑡|} ~ cos3(𝜃). This dependence is predicted 

theoretically, because the optical pump intensity absorption contributes a cosine square 

factor and the THz probe field absorption contributes another cosine factor. In all 

subsequent experiments, we orient the NW arrays paralleled to the optical pump/THz probe 

polarization to maximize the detected THz response.  
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Figure 3.2.2 – (a) Differential THz transmission for variable NW orientation relative to the optical 

pump/THz probe polarization for NW sample Ge-20. (Inset: Schematic diagram of the NW orientation and 

the optical pump/THz probe polarization, which form the orientation angle.) (b) Maximum absolute value 

of differential THz transmission as a function of the orientation angle for NW sample Ge-20.  

Next, we study the dependence of the THz carrier dynamics of the NWs on the 

pump fluence (or the photoexcited carrier density). Figure 3.2.3 shows the normalized 
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differential THz transmission at the peak of the THz probe pulse ∆𝑡/𝑡 as a function of 

pump-probe delay for variable pump fluence measured for NW sample Ge-10. The 

differential THz transmission decreases gradually in the first ~10 ps after photoexcitation 

and then it recovers within ~600 ps in an exponential-like fashion. The small dip in the 

dynamics around ~5 ps is a result of a secondary photoexcitation from the first Fabry-Perot 

etalon reflection of the pump pulse inside the sapphire substrate. The observed 

photoexcited carrier dynamics can be qualitatively explained as a combination of both 

faster intraband relaxation and slower interband recombination processes [6, 7]. Initially, 

the incident optical pump pulse creates electron-hole pairs near the direct bandgap in the Γ 

valley of the germanium band structure (see Figure 3.2.1). The hot electrons in the Γ valley 

relax first mainly to the X valley within a couple hundred femtoseconds and eventually to 

the indirect bandgap in the L valley within a picosecond due to strong intervalley phonon 

scattering [8, 9, 10, 11]. Electron thermalization and cooling also occur on a picosecond 

timescale due to intervalley and intravalley phonon scattering [8, 9, 10, 11]. 

Simultaneously, the hot holes in the light-hole and the split-off bands relax to the heavy-

hole band within a couple hundred femtoseconds due to intraband phonon scattering. 

There, the holes thermalize and subsequently cool down to the valence band edge via 

carrier-carrier scattering and optical phonon emission, respectively, within a picosecond 

[11, 12, 13, 14].  
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Figure 3.2.3 – Differential THz transmission for variable pump fluence for NW sample Ge-10 fitted with 

the photoexcited carrier density model.  

The presence of excess free carriers, which can be treated as positive photoinduced 

THz conductivity, increases the THz absorption as manifested in the decreased THz 

transmission. As the excess electrons and holes recombine on a much slower, but again 
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very similar [6] timescale, the THz transmission recovers to its pre-excitation level. We 

propose that the photoexcited carriers migrate from the inside to the surface of the NWs, 

where they recombine via surface defect states, as explained in detail below. Bulk 

recombination times in intrinsic or low-doped single crystal germanium have been reported 

to approach or even exceed microsecond timescales [15], which are much longer than the 

sub-nanosecond dynamics observed in our experiments. The faster mechanism of Auger 

recombination becomes important only at higher doping densities of above 1018 cm-3 [15] 

than the ones we estimate for our NWs based on previous electrical measurements [1, 2]. 

Consequently, we conclude that the vast majority of photoexcited carriers recombine via 

surface defects in agreement with previous optical measurements [6, 7]. In sharp contrast 

to these studies, however, we see clear indications of ballistic rather than diffusive carrier 

transport. More evidence to support these claims is presented later.  

In this physical model, we assume that only the relaxed electrons in the L valley 

and holes in the Γ valley contribute a positive photoinduced THz conductivity change 

proportional to their combined instantaneous density. This also explains why when the 

pump pulse reflection re-excites some of these carriers back to high energies, the THz 

transmission slightly increases until they relax again. Since both the intraband and 

interband dynamics of electrons and holes are expected to evolve on a very similar 

timescale, we model only the total carrier density. In this three energy level picture, the 

total transient photoexcited carrier densities at high, ∆𝑛(ℎ)(𝑡), and low, ∆𝑛(𝑙)(𝑡), energies 

are given by the following two coupled decay equations:  

 ∆𝑛(ℎ)(𝑡) = ∆𝑛0
(ℎ)(𝑡) × exp (−

𝑡

𝜏𝛼
), (3.2.4) 

 ∆𝑛(𝑙)(𝑡) = −∆𝑛0
(𝑙)(𝑡) × exp (−

𝑡

𝜏𝛼
) + ∆𝑛0

(𝑙)(𝑡) × exp (− (
𝑡

𝜏𝛽
)

1/ℎ

), (3.2.5) 

where 𝜏𝛼 is the intraband relaxation time, 𝜏𝛽 is the characteristic interband recombination 

time and ℎ (ℎ ≥ 1) is the heterogeneity parameter quantifying local NW diameter and 

surface defect density variations both along a single NW and among different NWs. The 

stretched exponential dynamics in Equation 3.2.5 represents the existence of a continuous 

distribution of interband recombination times resulting from these variations [16, 17, 18, 
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19, 20]. The mean value of the distribution, 〈𝜏𝛽〉, is a physically more meaningful quantity 

given by 〈𝜏𝛽〉 = 𝜏𝛽ℎΓ(ℎ), where Γ(∙) is the gamma function.  

We perform identical measurements and analysis on NW sample Ge-10/Si-2, which 

are shown in Figure 3.2.4. When constructing the fits this time, we ignore a section of the 

data around ~5 ps to prevent the unwanted secondary photoexcitation from skewing the 

results. We observe again excellent agreement between the experiment and the model. We 

note that both the intraband relaxation and the interband recombination dynamics speed up 

significantly due to the Si shell, the reasons for which are explained in detail below. Figure 

3.2.5 shows the maximum absolute value of the normalized differential THz transmission 

𝑚𝑎𝑥{|∆𝑡/𝑡|} as a function of pump fluence for NW samples Ge-10 and Ge-10/Si-2. We 

observe that the THz response of both NW samples shows very similar saturation with the 

pump fluence.  
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Figure 3.2.4 – Differential THz transmission for variable pump fluence for NW sample Ge-10/Si-2 fitted 

with the photoexcited carrier density model.  
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Figure 3.2.5 – Maximum absolute value of differential THz transmission as a function of the pump fluence 

for NW samples Ge-10 and Ge-10/Si-2.  

The values of the intraband relaxation time 𝜏𝛼, the mean interband recombination 

time 〈𝜏𝛽〉 and the heterogeneity parameter ℎ, extracted from the fits, as a function of pump 

fluence for NW samples Ge-10 and Ge-10/Si-2 are summarized in Figure 3.2.6. We 

observe that the intraband relaxation time is completely independent of the pump fluence 

for both NW samples. In addition, 𝜏𝛼 is shorter for the NWs with a Si shell, which we 

attribute to elastic strain relaxation of the Ge core. On the other hand, both the mean 

interband recombination time and the heterogeneity parameter exhibit a slight, but 

pronounced monotonic decrease with the pump fluence, 𝐹, which is well described by an 

exponential function of the form 𝑎 × 𝑒𝑥𝑝(−𝑏𝐹) + 𝑐, where 𝑎, 𝑏 and 𝑐 are constants. It has 

been reported in previous studies [6, 21, 22] that the surface defect states, which lie inside 

the Ge bandgap, are filled with electrons and that creates a negative electric field bending 

the bands upwards. This causes free holes to accumulate near the surface to maintain charge 

neutrality, while free electrons have to surmount a potential barrier and remain near the 

center of the NWs. At low photoexcited carrier density, the electrons and the holes are 

spatially separated, which results in longer mean interband recombination times. As the 

photoexcited carrier density increases with the pump fluence, the electrons begin to screen 
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the negative surface field and have a higher probability to reach the surface, where 

recombination occurs. This space-charge field effect is weak, so that 〈𝜏𝛽〉 rapidly saturates 

with the pump fluence. We note that this is also consistent with surface recombination, but 

not Shockley-Reed-Hall or Auger recombination. The photoexcited carrier density 

dependence of ℎ can similarly be explained by the increasing carrier screening of the 

surface defects that diminishes the effects of their local variations and in essence makes 

the NWs appear more uniform as ℎ approaches unity.  

 

Figure 3.2.6 – (a) Intraband relaxation time, (b) mean interband recombination time and (c) heterogeneity 

parameter extracted from the photoexcited carrier density model fits as a function of the pump fluence for 

NW samples Ge-10 and Ge-10/Si-2.  

Next, we study the dependence of the THz carrier dynamics of the NWs on the NW 

core diameter (or the NW volume-to-surface-area ratio). We measure the normalized 

differential THz transmission at the peak of the THz probe pulse ∆𝑡/𝑡 as a function of 

pump-probe delay for NW samples with Ge core diameters of ~10, ~20 and ~40 nm both 

with and without a Si shell at a fixed pump fluence of 60 μJ/cm2. The experimental data 

together with the photoexcited carrier density model fits is shown in Figure 3.2.7.  
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Figure 3.2.7 – Differential THz transmission for variable NW core diameter for (a) Ge and (b) Ge/Si NWs 

fitted with the photoexcited carrier density model.  

The values of the extracted parameters for all NW samples are summarized in 

Figure 3.2.8. We observe that the intraband relaxation time for the Ge NWs is independent 

of the core diameter as it can be anticipated, since the various intraband phonon scattering 
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rates should not vary with core diameter. For the Ge/Si NWs, however, the intraband 

relaxation time is lower than that for the Ge NWs at the same core diameter and the 

difference increases monotonically with the decrease of the core diameter. This is attributed 

to an increasing elastic strain relaxation of the Ge core due to the epitaxial Si shell as the 

mass of the core and the shell become comparable. The interband recombination time 

increases with the core diameter for both Ge and Ge/Si NWs that again supports our 

assumption for the dominance of surface over bulk recombination. Hence, we express the 

interband recombination time as the sum of a diffusion, 𝜏𝑑𝑖𝑓𝑓, and a surface recombination, 

𝜏𝑠𝑟, component:  

 〈𝜏𝛽〉 = 𝜏𝑑𝑖𝑓𝑓 + 𝜏𝑠𝑟 =
𝑟𝑒𝑓𝑓

2

𝜋2𝐷
+

𝑟𝑒𝑓𝑓

𝑠
, (3.2.6) 

where 𝐷 is the diffusion coefficient, 𝑠 is the surface recombination velocity and 𝑟𝑒𝑓𝑓 is the 

effective core radius. As it will be confirmed later in Section 3.3, the diffusion time is much 

smaller than the surface recombination time for the measured core diameters and it can be 

neglected. By fitting a straight line to each of the two data sets, we obtain an estimate for 

the surface recombination velocity of 𝑠 = 5.4 × 103 cm/s and 𝑠 = 7.1 × 104 cm/s for the Ge 

and the Ge/Si NWs, respectively. We note that these values are consistent with previously 

reported values [6]. We conclude that the shorter photoexcited carrier lifetimes for the 

Ge/Si NWs result from a higher surface defect density at the Ge/Si interface corresponding 

to a larger surface recombination velocity. We also suspect that for the Ge NWs oxidation 

can act to passivate dangling bonds and reduce surface defect density, while for the Ge/Si 

NWs the native oxide on the Si shell can prevent the oxidation of the Ge/Si interface, where 

recombination occurs. The effect of the Ge core oxidation is further supported by the 

observation that the lifetimes of the Ge NWs increased gradually and eventually saturated 

as the NW samples aged over time. In sharp contrast, the lifetimes of the Ge/Si NWs 

remained completely unchanged over time. In addition, the linear relationship between the 

photoexcited carrier lifetime and the core diameter suggests predominantly ballistic rather 

than diffusive carrier transport in agreement with previous electrical transport 

measurements [1, 2]. The photoexcited carriers bounce many times against the NW walls 

before they are captured by a surface defect state and recombine. The heterogeneity 
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parameter does not follow an apparent trend, but it still falls within a relatively narrow 

range for all NW samples that indicates comparable NW uniformity.  

 

Figure 3.2.8 – (a) Intraband relaxation time, (b) mean interband recombination time and (c) heterogeneity 

parameter extracted from the photoexcited carrier density model fits as a function of the NW core diameter 

for Ge and Ge/Si NWs.  

Next, we study the dependence of the THz carrier dynamics of the NWs on the 

substrate temperature. Figure 3.2.9(a) shows the normalized differential THz transmission 

at the peak of the THz probe pulse ∆𝑡/𝑡 as a function of pump-probe delay for variable 

substrate temperature at a fixed pump fluence of 60 μJ/cm2, measured for NW sample Ge-

20. The experimental data is again fit very well with the photoexcited carrier density model. 

Figure 3.2.9(b) shows the maximum absolute value of the normalized differential THz 

transmission 𝑚𝑎𝑥{|∆𝑡/𝑡|} as a function of substrate temperature. We observe that the THz 

response of the NWs exhibits weak dependence on the substrate temperature in good 

agreement with previous electrical transport measurements of the DC conductivity of the 

NWs [1, 2].  
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Figure 3.2.9 – (a) Differential THz transmission for variable substrate temperature for NW sample Ge-20 

fitted with the photoexcited carrier density model. (b) Maximum absolute value of differential THz 

transmission as a function of the substrate temperature for NW sample Ge-20.  

The values of the extracted parameters as a function of substrate temperature for 

NW sample Ge-20 are summarized in Figure 3.2.10. We observe that the intraband 
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relaxation time is completely independent of the substrate temperature [23]. On the other 

hand, the mean interband recombination time exhibits a slight, but pronounced monotonic 

decrease with the substrate temperature. We attribute this to partial filling of the surface 

defect states as the substrate temperature is lowered, which decreases the surface 

recombination efficiency and enhances the photoexcited carrier lifetimes. At the same time, 

as the surface defect states are filled, the NWs appear more uniform and the heterogeneity 

parameter approaches unity.  

 

Figure 3.2.10 – (a) Intraband relaxation time, (b) mean interband recombination time and (c) heterogeneity 

parameter extracted from the photoexcited carrier density model fits as a function of the substrate 

temperature for NW sample Ge-20.  

Section 3.3 Dynamic THz Response 

In this section, we discuss the full dynamic THz response of the NWs following 

ultrafast photoexcitation and its physical origins. We consider three possible contributions 

including bulk free-carrier response, bulk exciton response and quantum confinement 

effects.  

In Section 3.2, we applied purely electromagnetic analysis to relate the differential 

THz transmission (an experimental quantity that we can measure) to the photoinduced THz 
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conductivity of the NWs (a physical quantity that we are interested in). However, the 

photoinduced THz conductivity is a macroscopic quantity, which is useful from an 

engineering point of view for the design and development of practical NW-based devices, 

but it cannot by itself explain the microscopic origins of the dynamic THz response of the 

NWs. To answer this question, we need a physical model for the photoinduced THz 

conductivity (or THz absorption).  

In this section, as a second experimental approach, we try to determine the true 

physics governing the dynamic THz response of the NWs by measuring the full time-

domain differential change in the THz probe pulse transmission through the NW samples 

due to photoexcitation by the optical pump pulse, which we then normalize to the THz 

transmission in the absence of photoexcitation, ∆𝑡/𝑡. To gain physical insight we vary a 

large set of parameters including the pump fluence, the substrate temperature, the pump-

probe delay, the NW core diameter and the NW composition with or without a shell. Figure 

3.3.1 shows the full time-domain normalized differential THz transmission ∆𝑡/𝑡 for 

variable pump fluence measured for NW sample Ge-10/Si-2, which is representative for 

all NW samples. Just as before, we observe that the differential THz transmission at the 

peak of the THz probe pulse is negative, which corresponds to an increased THz absorption 

or an increased THz conductivity upon photoexcitation.  
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Figure 3.3.1 – Differential THz transmission waveform for variable pump fluence for NW sample Ge-

10/Si-2.  

From the measured time-domain differential THz electric field, ∆𝑡/𝑡, we can obtain 

the frequency-domain differential THz spectrum, ∆𝑡(𝜔)/𝑡(𝜔), by straightforward 

numerical Fourier transformation. Then, for the NW arrays, we are justified to use the 

Tinkham formula [4] to relate the differential THz transmission to the photoinduced THz 

sheet conductivity of the NWs via:  

 Δ𝜎(𝜔) ≈ −
𝑛𝑠𝑢𝑏+𝑛𝑎𝑖𝑟

𝜂0
×

∆𝑡(𝜔)

𝑡(𝜔)
, (3.3.1) 

where 𝑛𝑠𝑢𝑏 and 𝑛𝑎𝑖𝑟 are the THz refractive indices of the substrate and the environment, 

respectively, and 𝜂0 is the impedance of free space. This is the exact same result we reached 

in Equation 3.2.2. If we further ignore the frequency dispersion in the THz range of 𝑛𝑠𝑢𝑏, 

we obtain even simpler linear relationship:  

 Δ𝜎(𝜔) ~ −
∆𝑡(𝜔)

𝑡(𝜔)
. (3.3.2) 

The photoinduced change in the THz conductivity is naturally given by the difference 

between the THz conductivity with (pump on) and without (pump off) photoexcitation, 
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Δ𝜎(𝜔) = 𝜎𝑜𝑛(𝜔) − 𝜎𝑜𝑓𝑓(𝜔). In some cases, including very small intrinsic conductivities 

or strong pumping, the photoexcited THz conductivity can be approximated by the THz 

conductivity with photoexcitation, Δ𝜎(𝜔) ≈ 𝜎𝑜𝑛(𝜔). For simplicity of the discussion, we 

will use the notation with the differential, unless the approximation is not valid.  

In the rest of this section, we consider in detail three possible physical origins giving 

rise to the photoinduced THz conductivity (or THz absorption), including bulk free-carrier 

response, bulk exciton response and quantum confinement effects.  

Section 3.3.1 Bulk Free-Carrier Response 

In this section, we consider a bulk free-carrier model for the dynamic THz response 

of the NWs. The basic argument is that the THz probe is absorbed by free carriers injected 

by the optical pump. This is the same general idea as in the photoexcited carrier density 

model from Section 3.2. However, we will expand the photoexcited carrier density model 

by including the frequency information in the measured differential THz transmission 

spectrum.  

First, we study the dependence of the dynamic THz response of the NWs on the 

pump fluence (or the photoexcited carrier density). Figure 3.3.2 shows the normalized 

differential THz transmission spectrum ∆𝑡(𝜔)/𝑡(𝜔) for variable pump fluence measured 

for NW sample Ge-10/Si-2. The result is obtained from the raw data in Figure 3.3.1. 

Because the Fourier transformation of a real waveform gives a complex frequency 

spectrum, we consider both the real and the imaginary part as shown in Figure 3.3.2. It is 

very important to note that the real part peaks at a finite frequency and the imaginary part 

changes sign close to the same frequency.  
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Figure 3.3.2 – (a) Real and (b) imaginary part of differential THz transmission spectrum for variable pump 

fluence for NW sample Ge-10/Si-2 fitted with the Drude-Plasmon model.  

Perhaps, the simplest bulk free-carrier absorption response is the well-known 

Drude model given by:  

 Δ𝜎(𝜔) =
Δ𝜎0

1−𝑖𝜔𝜏
=

Δ𝑛𝑒2𝜏/𝑚∗

1−𝑖𝜔𝜏
, (3.3.3) 
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where Δ𝑛 is the photoexcited carrier density, 𝜏 is the carrier momentum scattering time, 

𝑚∗ is the effective carrier mass and 𝑒 is the elementary charge. The Drude model has been 

found to be consistent with the THz response of many bulk semiconductors, including Ge 

and Si [24, 25, 26]. In stark contrast to the experiment, the real part of the Drude model 

peaks at zero frequency and the imaginary part has no sign change, which shows that it 

does not describe the dynamic THz response of the NWs. A number of empirical extensions 

to the simple Drude formula have been proposed in the literature to try to explain 

experimental data on a wide variety of nanostructured semiconductor systems, including 

nanorods, nanowires, nanoparticles, etc., that does not match the Drude model [27]. Some 

of the most prominent are summarized in Table 3.3.1 and include the Plasmon (Lorentz 

oscillator) model [7, 28, 29, 30, 31, 32, 33, 34], the Cole-Cole model [35], the Cole-

Davidson model [36, 37], the Generalized Drude model [38] (also known as the Havriliak-

Negami expression [39]) and the Drude-Smith model [40, 41, 42, 43, 44, 45, 46]. It is 

important to realize that all these generalizations of the Drude model are purely 

phenomenological, although most of them have some physical justifications. We will 

consider two such models, the Drude-Plasmon and the Drude-Smith, to try to explain the 

dynamic THz response of the NWs.  

 

Table 3.3.1 – Drude-like THz conductivity models.  

Name Formula 

Drude model 
Δ𝜎(𝜔) =

Δ𝜎0

1 − 𝑖𝜔𝜏
 

Plasmon (Lorentz oscillator) model 
Δ𝜎(𝜔) =

Δ𝜎0

1 − 𝑖𝜔𝜏(1 − 𝜔0
2/𝜔2)

 

Cole-Cole model 
Δ𝜎(𝜔) =

Δ𝜎0

1 − (𝑖𝜔𝜏)1−𝛼
 

Cole-Davidson model 
Δ𝜎(𝜔) =

Δ𝜎0

(1 − 𝑖𝜔𝜏)𝛽
 

Generalized Drude model 
Δ𝜎(𝜔) =

Δ𝜎0

(1 − (𝑖𝜔𝜏)1−𝛼)𝛽
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Drude-Smith model 
Δ𝜎(𝜔) =

Δ𝜎0

1 − 𝑖𝜔𝜏
(1 + ∑

𝑐𝑛

(1 − 𝑖𝜔𝜏)𝑛

∞

𝑛=1

) 

 

First, we consider the Drude-Plasmon model. One extension to the Drude model is 

the Plasmon (Lorentz oscillator) model which is given by:  

 Δ𝜎(𝜔) =
Δ𝜎0

1−𝑖𝜔𝜏(1−𝜔0
2/𝜔2)

=
Δ𝑛𝑒2𝜏/𝑚∗

1−𝑖𝜔𝜏(1−𝜔0
2/𝜔2)

. (3.3.4) 

The implicit assumption is that the system under study is much smaller than the wavelength 

of the radiation, which applies for the NWs. This leads to a plasmon resonance oscillation 

at a frequency 𝜔0, which is qualitatively very similar to a Lorentz-like resonance 

oscillation. In the most common case of a spherical particle the plasmon resonance 

frequency 𝜔0 = 𝜔𝑃/√3, where 𝜔𝑃 = √𝑛𝑒2/𝜖𝑚∗ is the bulk plasma frequency. To 

describe the dynamic THz response of the NWs, we present the photoinduced THz 

conductivity as a linear combination of a Drude-like and a surface-plasmon-resonance-like 

(Plasmon-like) contribution:  

Δ𝜎(𝜔) = Δ𝜎𝐷(𝜔) + Δ𝜎𝑃(𝜔) =
Δ𝜎𝐷0

1−𝑖𝜔𝜏
+

Δ𝜎𝑃0

1−𝑖𝜔𝜏(1−Ω𝑃
2 /𝜔2)

=
Δ𝑛𝐷𝑒2𝜏/𝑚∗

1−𝑖𝜔𝜏
+

Δ𝑛𝑃𝑒2𝜏/𝑚∗

1−𝑖𝜔𝜏(1−Ω𝑃
2 /𝜔2)

, 

  (3.3.5) 

where Δ𝑛𝐷 and Δ𝑛𝑃 are the photoexcited carrier densities in the Drude-like and the 

Plasmon-like mode, respectively, Ω𝑃 is the surface plasmon resonance frequency, 𝜏 is the 

carrier momentum scattering time (assumed the same for both modes), 𝑚∗ is the effective 

carrier mass and 𝑒 is the elementary charge. The total photoexcited carrier density is Δ𝑛 =

Δ𝑛𝐷 + Δ𝑛𝑃 and appears in the photoexcited carrier density model in Section 3.2. The 

surface plasmon resonance frequency Ω𝑃 is related to the bulk plasma frequency 𝜔𝑃 by 

Ω𝑃 = √𝑓 × 𝜔𝑃 = √𝑓𝑛𝑃𝑒2/𝜖𝑚∗, where 𝑓 is a geometrical factor [47] (𝑓 = 1/2 in the case 

of a cylinder for our experimental configuration) and 𝜀 is the THz electric permittivity of 

the NWs. Finally, the carrier mobility, 𝜇, which is the NW material parameter of main 

practical interest, can be calculated using 𝜇 = 𝑒𝜏/𝑚∗.  
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Using the Drude-Plasmon model, we produce excellent fits to both the real and the 

imaginary part of the differential THz transmission spectrum for NW sample Ge-10/Si-2, 

as shown in Figure 3.3.2. The small deviation between the experiment and the model 

observed for frequencies below ~0.5 THz is attributed to the frequency dependence of the 

THz probe spot, which becomes comparable to the optical pump spot at lower THz 

frequencies. It is important to note that neither a pure Drude-like nor a pure Plasmon-like 

mode alone can yield satisfactory fits. We perform identical measurements and analysis on 

NW sample Ge-10 (not shown).  

The values of the various parameters, extracted from the fits to the Drude-Plasmon 

model, as a function of pump fluence for NW samples Ge-10 and Ge-10/Si-2 are 

summarized in Figure 3.3.3. We observe slight pump fluence, 𝐹, dependence of the 

momentum scattering time for both Ge and Ge/Si NWs that can be well described by the 

same exponential function 𝑎 × 𝑒𝑥𝑝(−𝑏𝐹) + 𝑐, which was applied to the THz carrier 

dynamics in Section 3.2. As we argued there, with increasing pump fluence, the electrons 

more strongly screen the negative surface field and have a higher probability to reach the 

surface, where the recombination and scattering are enhanced. Thus, carrier screening of 

surface defects may account for the weak photoexcited carrier density dependence of both 

carrier recombination and scattering. Because the Ge/Si NWs have a larger surface defect 

density than the Ge NWs, the momentum scattering time in the former is lower than that 

in the latter at high pump fluence. The values become comparable at very low pump 

fluence, when carrier screening is at its minimum and surface scattering is suppressed.  
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Figure 3.3.3 – (a) Carrier momentum scattering time, (b) surface plasmon resonance frequency and (c) 

Drude-like to Plasmon-like mode ratio extracted from the Drude-Plasmon model fits as a function of the 

pump fluence for NW samples Ge-10 and Ge-10/Si-2.  

In the Drude-Plasmon model, the existence of a built-in surface field can also be 

thought of as the physical origin of the two different modes in the photoinduced THz 

conductivity, Drude-like and Plasmon-like. This is supported by the pump fluence 

dependence of their relative contribution given by the ratio Δ𝑛𝐷/Δ𝑛𝑃, which also can be 

well described by the same exponential function 𝑎 × 𝑒𝑥𝑝(−𝑏𝐹) + 𝑐. As the surface field 

is more effectively screened at high pump fluence and more photoexcited carriers reach the 

surface, Δ𝑛𝑃 increases relative to Δ𝑛𝐷. Figure 3.3.3 also shows a near square root increase 

of the surface plasmon resonance frequency with photoexcited carrier density in both NW 

samples as predicted from theory. Based on the fits to the plasmon frequency and to the 

ratio Δ𝑛𝐷/Δ𝑛𝑃 near zero pump fluence, we estimate a background carrier density on the 

order of ~1016 cm-3 as anticipated for undoped NWs.  

Second, we consider the Drude-Smith model. The dynamic THz response of the 

NWs can also be described by another extension to the Drude model, which was first 

proposed by Smith [40] and is usually referred to as the Drude-Smith model. The implicit 

assumption is that in the system under study the carriers undergo strong backscattering, 
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which again applies for the NWs due to their large surface. In the Drude-Smith framework, 

the photoinduced THz conductivity is given by:  

 Δ𝜎(𝜔) =
Δ𝜎0

1−𝑖𝜔𝜏
(1 + ∑

𝑐𝑛

(1−𝑖𝜔𝜏)𝑛
∞
𝑛=1 ) =

Δ𝑛𝑒2𝜏/𝑚∗

1−𝑖𝜔𝜏
(1 + ∑

𝑐𝑛

(1−𝑖𝜔𝜏)𝑛
∞
𝑛=1 ), (3.3.6) 

where Δ𝑛 is the photoexcited carrier density, 𝜏 is the carrier momentum scattering time, 𝑐𝑛 

are the coefficients characterizing the carrier persistence of velocity, 𝑚∗ is the effective 

carrier mass and 𝑒 is the elementary charge. Every coefficient 𝑐𝑛 represents the fraction of 

the original carrier velocity which is retained after the nth collision. Under the assumption 

that the carrier velocity is retained for only one collision, the photoinduced THz 

conductivity reduces to:  

 Δ𝜎(𝜔) =
Δ𝜎0

1−𝑖𝜔𝜏
(1 +

𝑐

1−𝑖𝜔𝜏
) =

Δ𝑛𝑒2𝜏/𝑚∗

1−𝑖𝜔𝜏
(1 +

𝑐

1−𝑖𝜔𝜏
). (3.3.7) 

Negative values for the parameter 𝑐 (−1 ≤ 𝑐 < 0) indicate a predominance of carrier 

backscattering. Due to the carrier backscattering, the effective carrier momentum scattering 

time, which is related to the transport properties of the NWs, is 𝜏𝑐 = 𝜏/(1 − 𝑐). Finally, 

the carrier mobility, 𝜇, which is the NW material parameter of main practical interest, can 

be calculated using 𝜇 = 𝑒𝜏𝑐/𝑚∗.  

Using the Drude-Smith model, we produce excellent fits to both the real and the 

imaginary part of the differential THz transmission spectrum for NW sample Ge-10/Si-2, 

as shown in Figure 3.3.4. The small deviation between the experiment and the model 

observed for frequencies below ~0.5 THz is again attributed to the frequency dependence 

of the THz probe spot, which becomes comparable to the optical pump spot at lower THz 

frequencies. It is worth mentioning that the shapes of the fits with the Drude-Plasmon and 

the Drude-Smith model appear very similar. We perform identical analysis on NW sample 

Ge-10 (not shown).  
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Figure 3.3.4 – (a) Real and (b) imaginary part of differential THz transmission spectrum for variable pump 

fluence for NW sample Ge-10/Si-2 fitted with the Drude-Smith model.  

The values of the various parameters, extracted from the fits to the Drude-Smith 

model, as a function of pump fluence for NW samples Ge-10 and Ge-10/Si-2 are 

summarized in Figure 3.3.5. There are some clear similarities between the results for the 
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Drude-Plasmon and the Drude-Smith model, so that some conclusions are the same for 

both models. The values of the momentum scattering time for the two models agree to 

within a factor of ~2. The values of the parameter 𝑐 are largely negative indicating strong 

backscattering from the surface defects. In the Drude-Smith model, the pump fluence 

dependence of both the momentum scattering time and the parameter 𝑐 can be well 

described by the same exponential function 𝑎 × 𝑒𝑥𝑝(−𝑏𝐹) + 𝑐, which was applied in the 

Drude-Plasmon model. As the surface field is more effectively screened at high pump 

fluence and more photoexcited carriers reach the surface, 𝜏𝑐 decreases and 𝑐 becomes more 

negative, because surface scattering is dominant. In that sense, 𝑐 in the Drude-Smith model 

resembles Δ𝑛𝐷/Δ𝑛𝑃 in the Drude-Plasmon. Similarly, because the Ge/Si NWs have a 

larger surface defect density than the Ge NWs, the momentum scattering time in the former 

is lower than that in the latter at high pump fluence.  

 

Figure 3.3.5 – (a) Carrier momentum scattering time and (b) carrier persistence of velocity parameter 

extracted from the Drude-Smith model fits as a function of the pump fluence for NW samples Ge-10 and 

Ge-10/Si-2.  

Next, we study the dependence of the dynamic THz response of the NWs on the 

NW core diameter (or the NW volume-to-surface-area ratio). We measure the normalized 

differential THz transmission spectrum ∆𝑡(𝜔)/𝑡(𝜔) for NW samples with Ge core 
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diameters of ~10, ~20 and ~40 nm both with and without a Si shell at a fixed pump fluence 

of 60 μJ/cm2. The real and the imaginary part of the experimental data together with both 

the Drude-Plasmon and the Drude-Smith model fits is shown in Figure 3.3.6. It is again 

very clear that the shapes of the fits with the two models appear very similar. Purely 

mathematically, this can be attributed to the fact that the two models have similar functional 

forms and generate similar family of curves. It is very important to note, however, that the 

physics behind the Drude-Plasmon and the Drude-Smith model is very different.  
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Figure 3.3.6 – Real (blue) and imaginary (green) part of differential THz transmission spectrum for (a-c) 

Ge and (d-f) Ge/Si NWs fitted with the Drude-Plasmon (red) and the Drude-Smith (magenta) model.  

The values of the various parameters, extracted from the fits to the Drude-Plasmon 

model, for all NW samples are summarized in Figure 3.3.7. We observe that the momentum 

scattering time for both Ge and Ge/Si NWs (except NW sample Ge-10) increases with the 

NW core diameter (or the NW volume-to-surface-area ratio), because scattering from 
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surface defects diminishes. This conclusion is further supported by a similar trend in the 

ratio Δ𝑛𝐷/Δ𝑛𝑃, which indicates that the Drude-like and Plasmon-like modes dominate in 

thicker and thinner NWs, respectively. In accord, the plasmon frequency, which is directly 

proportional to the square root of the carrier density in the Plasmon-like mode decreases 

with core diameter. We also observe that for NW core diameters of 20 and 40 nm, the Si 

shell increases the momentum scattering time by ~50-60%, which is attributed to stronger 

carrier confinement near the center of the Ge core and away from surface defects.  

 

Figure 3.3.7 – (a) Carrier momentum scattering time, (b) surface plasmon resonance frequency and (c) 

Drude-like to Plasmon-like mode ratio extracted from the Drude-Plasmon model fits as a function of the 

NW core diameter for Ge and Ge/Si NWs.  

NW sample Ge-10 apparently deviates from the rest. We expect that quantum 

confinement effects become important, when the NW core diameter is reduced to ~10 nm 

[48, 49, 50, 51] and begin to compete with the carrier confinement effects due to the Si 

shell. Also, because surface scattering is particularly strong for the smallest NW core 

diameters and the surface defect density for NW sample Ge-10/Si-2 is significantly larger 

than that for Ge-10, the former has a lower momentum scattering time. These results 

suggest that the deposition of a Si shell on Ge NWs can enhance the momentum scattering 
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times, but the scaling of this effect to NWs thinner than ~10 nm requires further 

improvement in the Ge/Si core/shell interface quality and/or the Si shell crystallinity.  

The values of the various parameters, extracted from the fits to the Drude-Smith 

model, for all NW samples are summarized in Figure 3.3.8. There are again some clear 

similarities between the results for the Drude-Plasmon and the Drude-Smith model, so that 

some conclusions are the same for both models. The values of the momentum scattering 

time of the different NW samples for the two models agree to within a factor of ~2. The 

values of the parameter 𝑐 of all NW samples are largely negative indicating strong 

backscattering from the surface defects. We observe that for both Ge and Ge/Si NWs 

(except NW sample Ge-10) the momentum scattering time increases and the parameter 𝑐 

becomes less negative with increasing the NW core diameter (or the NW volume-to-

surface-area ratio), because scattering from surface defects diminishes. As we mentioned 

before, 𝑐 in the Drude-Smith model resembles Δ𝑛𝐷/Δ𝑛𝑃 in the Drude-Plasmon. Similarly, 

we observe that for NW core diameters of 20 and 40 nm, the Si shell increases the 

momentum scattering time by ~50-60%, which is attributed to stronger carrier confinement 

near the center of the Ge core and away from surface defects. Similarly, NW sample Ge-

10 apparently deviates from the rest, because we expect that quantum confinement effects 

begin to compete with the carrier confinement effects due to the Si shell for NW core 

diameter of ~10 nm [48, 49, 50, 51], and the Si shell reduces the momentum scattering time 

due to stronger surface scattering at the rougher Ge/Si interface.  
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Figure 3.3.8 – (a) Carrier momentum scattering time and (b) carrier persistence of velocity parameter 

extracted from the Drude-Smith model fits as a function of the NW core diameter for Ge and Ge/Si NWs.  

It is also informative and useful to calculate a few other device-relevant NW 

material parameters and to compare them to the values in bulk Ge. In these calculations, 

we use the values of the momentum scattering time extracted from fits to the Drude-

Plasmon model as an illustration, but the calculations for the Drude-Smith model are 

analogous. The various calculated parameters for all NW samples are summarized in Table 

3.3.2. The carrier mobility 𝜇 is obtained from 𝜇 = 𝑒𝜏/𝑚∗ (using an average electron-hole 

conductivity effective mass of 𝑚∗ = 0.153𝑚0 [24, 52]). The calculated mobilities for all 

NW samples are lower than the average of the electron and hole mobilities in bulk Ge of 

2900 cm2/(V·s) [24, 52] due to the additional surface scattering in the NW geometry. The 

mean free path 𝑙 is obtained from 𝑙 = 𝑣𝑡ℎ𝜏 (using a thermal velocity of 𝑣𝑡ℎ = 3 × 105 m/s 

at room temperature). The calculated mean free path is comparable to the NW core 

diameter, which supports the claim for ballistic carrier transport and indicates that the 

photoexcited carriers bounce off the NW walls many times before they get trapped at a 

surface recombination center. The diffusion coefficient 𝐷 is obtained from the Einstein 

relation 𝐷/𝜇 = 𝑘𝐵𝑇/𝑒. When we substitute the calculated diffusion coefficient into 

Equation 3.2.6, we confirm our assumption for the THz carrier dynamics that the diffusion 
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term is much smaller than the surface recombination term. A corresponding longitudinal 

diffusion length 𝐿, which is a measure of carrier diffusion along the NW, is obtained from 

𝐿 = √𝐷〈𝜏𝛽〉.  

 

Table 3.3.2 – Carrier transport parameters of Ge NWs, Ge/Si NWs and bulk Ge.  

Core diameter 

(nm) 

Ge NWs 

𝜇 (cm2/(V·s)) 𝐷 (cm2/s) 𝐿 (nm) 𝑙 (nm) 

10 706 18 366 18 

20 344 9 392 9 

40 460 12 678 12 

 

Core diameter 

(nm) 

Ge/Si core/shell NWs 

𝜇 (cm2/(V·s)) 𝐷 (cm2/s) 𝐿 (nm) 𝑙 (nm) 

10 297 8 79 8 

20 573 15 152 15 

40 683 18 220 18 

 

Bulk Ge 

Carrier type 𝜇 (cm2/(V·s)) 𝐷 (cm2/s) 𝐿 (nm) 𝑙 (nm) 

electron 3900 100 N/A 100 

hole 1900 50 N/A 50 

 

Section 3.3.2 Bulk Exciton Response 

In this section, we consider a bulk exciton model for the dynamic THz response of 

the NWs. The basic argument is that the THz probe is absorbed by electron-hole 

correlations (or excitons) formed after photoexcitation by the optical pump.  

In Section 3.3.1, we discussed how a bulk free-carrier model can account for the 

dynamic THz response of the NWs. We considered two types of bulk free-carrier response, 
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given by the Drude-Plasmon and the Drude-Smith models, and how they agree with the 

measured differential THz transmission spectrum of the NWs. However, it is very 

important to note that any bulk free-carrier model fails to explain why there exists a finite, 

instead of quasi-instantaneous (limited only by the temporal resolution of the THz 

spectroscopy measurement), rise time to the THz absorption of the NWs. It can be expected 

that as soon as free carriers are injected into the NW system, they can absorb the THz 

radiation. The assumption that the rise time is related to intraband carrier relaxation is not 

completely justified. Both electrons and holes are initially photoexcited near the Γ point. 

Due to efficient intervalley and intravalley phonon scattering, the hot electrons relax to the 

bottom of the conduction band in the L valley, while the hot holes relax to the top of the 

valence band in the Γ valley. Because the Γ valley has a much smaller effective electron 

mass than the lowest L valley, THz absorption by the electrons is expected to be larger in 

the Γ valley than in the L valley. At the same time, THz absorption by the holes is not 

expected to change substantially as they relax within the L valley. We note that the 

experimental data is not consistent with these expectation, which suggests that something 

is missing in the physical model.  

In this section, we consider if the finite rise time to the THz absorption of the NWs 

is consistent with the built-up of electron-hole correlations (or excitons) after 

photoexcitation by the optical pump. To test this idea, we study the dependence of the 

dynamic THz response of the NWs on the substrate temperature. Figure 3.3.9(a) and (b) 

show the normalized differential THz transmission spectrum ∆𝑡(𝜔)/𝑡(𝜔) at a substrate 

temperature of 300 K and 10 K, respectively, for variable pump-probe delay at a fixed 

pump fluence of 60 μJ/cm2 measured for NW sample Ge-20. For clarity, only the real part 

is presented. We observe that the width of the resonance-like shape, which is observed at 

a finite frequency in the measured differential THz transmission spectrum for all NW 

samples, slightly narrows down at cryogenic temperatures. The magnitude of the 

differential THz transmission decreases with increasing pump-probe delay as the 

photoexcited carriers recombine, which is qualitatively similar to decreasing the pump 

fluence (or the initial photoexcited carrier density). We also note that the peak position of 

the resonance-like shape remains almost constant at the frequency of ~1 THz (≈ 48 K).  
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Figure 3.3.9 – Real part of differential THz transmission spectrum for variable pump-probe delay at a 

substrate temperature of (a) 300 K and (b) 10 K for NW sample Ge-20.  

The dynamic THz response arising from electron-hole correlations has been 

extensively theoretically studied in direct bandgap semiconductors such as GaAs [53, 54, 

55]. It has also been experimentally observed at cryogenic temperatures in very high 
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quality GaAs multi-quantum wells [56, 57], bulk Cu2O [58] and bulk Si [59]. Very low 

temperatures are essential for excitons with binding energies in the THz range to prevent 

them from disassociating into free uncorrelated electrons and holes. The excitonic response 

is characterized by a narrow non-symmetric resonance-like shape, which peaks at the 

frequency corresponding to the 1s-to-2p transition energy, 𝐸1𝑠−2𝑝, of the exciton. This 

shape is strikingly similar to the dynamic THz response of the NWs measured at a substrate 

temperature of 10 K. Both direct and indirect excitons have also been extensively 

theoretically studied in indirect bandgap semiconductors such as Ge and Si [60, 61, 62, 63, 

64]. In bulk Ge, the 1s-to-2p transition energy 𝐸1𝑠−2𝑝 of the indirect exciton, in which the 

electron is in the L valley and the hole is in the Γ valley, corresponds to ~1 THz (≈ 48 K), 

which is again consistent with the measured dynamic THz response of the NWs. Hence, 

within the exciton model, the dynamic THz response of the NWs is attributed to the indirect 

excitonic response of bulk Ge. The finite rise time to the THz absorption arises from the 

gradual formation of electron-hole correlations between the photoexcited electrons as they 

scatter to the L valley, and the photoexcited holes as they relax in the Γ valley.  

To find the exciton wavefunctions and energies, we solve the Wannier equation for 

an indirect exciton in the zero-density limit, which is given by:  

 𝐸𝜆𝜙𝜆(𝒌) = 𝜀𝒌𝜙𝜆(𝒌) − ∑ 𝑉𝒌−𝒌′𝜙𝜆(𝒌′)𝒌′ , (3.3.8) 

where 𝜆 = {𝑛, 𝑙, 𝑚} is the full set of quantum numbers. The linear THz absorption spectrum 

of the excitonic transitions follows from the THz-Elliott formula [55]:  

 𝛼(𝜔) = 𝐼𝑚 [∑
𝑆𝜆,𝜈(𝜔)Δ𝑛𝜆,𝜈

(0)
−(𝑆𝜆,𝜈(−𝜔)Δ𝑛𝜆,𝜈

(0)
)

∗

𝜖0𝜖𝑟𝑐𝜔(ℏ𝜔+𝑖𝛾𝐽)𝜆,𝜈 ]. (3.3.9) 

The response function is defined by:  

 𝑆𝜆,𝜈(𝜔) = ∑
𝐸𝛽−𝐸𝜆

𝐸𝛽−𝐸𝜆−ℏ𝜔−𝑖𝛾𝐽
𝐽𝜆,𝛽𝐽𝛽,𝜈𝛽 , (3.3.10) 

where the transition matrix element between two states is given by:  

 𝐽𝜆,𝜈 = ∑ 𝜓𝜆(𝒌) (
−𝑒ℏ𝑘 𝑐𝑜𝑠(𝜗)

𝜇𝑧
) 𝜓𝜈(𝒌)𝒌 . (3.3.11) 
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We numerically calculate the wavefunctions and energies of the indirect exciton in 

bulk Ge and its THz response. Figure 3.3.10 shows a comparison between the experimental 

THz response measured for NW sample Ge-20 at a substrate temperature of 10 K and the 

theoretical THz response calculated for bulk Ge. We observe that experiment and theory 

are in very good agreement. The THz frequencies corresponding to the 1s-to-2p transition 

energy 𝐸1𝑠−2𝑝  and the exciton binding energy 𝐸1𝑠−𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑢𝑚 of the indirect exciton are 

also indicated. We confirm that both 𝐸1𝑠−2𝑝 and 𝐸1𝑠−𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑢𝑚 are near ~1 THz (≈ 48 K), 

where the THz response peaks, as expected. However, the bulk exciton model cannot 

account for the dynamic THz response of the NWs at temperatures close to room 

temperature of 300 K, because all excitons are expected to be completely dissociated into 

free uncorrelated electrons and holes.  

 

Figure 3.3.10 – Comparison between experimental THz response (solid lines) measured for NW sample 

Ge-20 at a substrate temperature of 10 K and theoretical THz response (dashed lines) calculated for an 

indirect excitonic transition in bulk Ge.  
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Section 3.3.3 Quantum Confinement Effects 

In this section, we consider quantum confinement effects on the dynamic THz 

response of the NWs. The basic argument is that the quantum confinement of carriers in 

the quasi-one-dimensional (1D) NWs can substantially modify the Coulomb interactions 

between the carriers and their THz absorption.  

In Sections 3.3.1 and 3.3.2, we considered a bulk free-carrier response and a bulk 

exciton response contribution, respectively, to the dynamic THz response of the NWs. The 

main assumption in both types of response is that the NW dimensions are large enough to 

regard the NWs as a bulk semiconductor and ignore any modifications to their THz 

absorption. However, this assumption is not completely justified for the NW core diameters 

of a few tens of nanometers, which we study here. We mentioned before that previous 

electrical transport measurements [1, 2] have shown clear evidence for the existence of a 

confinement potential for carriers in the NWs, including the observation at low 

temperatures of well-controlled Coulomb blockade oscillations and conductance 

quantization, corresponding to ballistic transport through 1D subbands. These quantum 

confinement effects can substantially modify the Coulomb interactions between carriers, 

which will affect the dynamic THz response arising from both free carriers and electron-

hole correlations (or excitons).  

In this section, we consider the effects of quantum confinement on the dynamic 

THz response of the NWs. First, we determine the degree of quantum confinement of 

electrons and holes in the NWs. To find the confinement wavefunctions and energies, we 

solve the Schrödinger equation for a particle in a cylinder defining a potential structure 

with infinitely high walls, which is given by:  

 [−
ℏ2

2𝑚∗ (
𝜕2

𝜕𝑥2 +
𝜕2

𝜕𝑦2) + 𝑉(𝑥, 𝑦)] 𝜉𝑙,𝑚(𝑥, 𝑦) = 𝜀𝑙,𝑚𝜉𝑙,𝑚(𝑥, 𝑦), (3.3.12) 

where {𝑙, 𝑚} is the full set of subband quantum numbers. The wavefunctions are 

proportional to the Bessel functions of the first kind:  

 𝜉𝑙,𝑚(𝜌, 𝜑) = 𝑁𝑚𝐽𝑚 (𝛼𝑙,𝑚
𝜌

𝑅
) 𝑒𝑖𝑚𝜑, (3.3.13) 
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where 𝑅 is the NW radius and 𝛼𝑙,𝑚 is the 𝑙-th root of the 𝑚-th Bessel function. With the 

boundary conditions that the wavefunctions must vanish at the NW surface, the 

confinement energies are given by:  

 𝜀𝑙,𝑚 =
𝛼𝑙,𝑚

2

𝑅2

ℏ2

2𝑚∗. (3.3.14) 

In Ge, the Γ valley is isotropic in both the conduction and the valence band, so that 

both the electron and the hole effective mass is the same in all directions. On the other 

hand, the L valley in the conduction band is highly anisotropic. The heavy electron 

effective mass, 𝑚𝑒,𝑧, is parallel to the length of the NW in the [111] crystallographic 

direction, while the light electron effective mass, 𝑚𝑒,𝑥𝑦, is transverse, as illustrated 

schematically in Figure 3.3.11. The incident THz probe is also shown for both parallel and 

perpendicular polarization relative to the NW orientation, respectively. We note that 

because the quantum confinement in the NW is only in the transverse direction, the light 

electron effective mass needs to be used in the calculations for electrons in the L valley. 

Table 3.3.3 shows the electron and hole confinement energies for a few of the lowest 

subbands, which are calculated for a Ge NW with 𝑅 = 10 nm. We observe that the energy 

spacing between the two lowest subbands for electrons is Δ𝜀𝑒,𝐿 ≈ 41.6 meV in the L valley 

and Δ𝜀𝑒,𝛤 ≈ 82.7 meV in the Γ valley, both of which are quantum confined even at room 

temperature of 300 K (≈ 25.8 meV). The energy spacing between the two lowest subbands 

for holes is Δ𝜀ℎ,𝛤 ≈ 10.3 meV in the Γ valley, which is much more weakly quantum 

confined. The direct and indirect excitons, having exciton binding energies of 𝐸𝐵
𝛤 ≈ 1.9 

meV and 𝐸𝐵
𝐿 ≈ 4.5 meV, respectively, are also very strongly quantum confined. We note 

that the precise degree of quantum confinement depends critically on the NW radius, 

because the confinement energies scale inversely with its square.  
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Figure 3.3.11 – Schematic diagram of the incident THz probe for (a) parallel and (b) perpendicular 

polarization relative to the NW orientation.  

 

Table 3.3.3 – Electron and hole confinement energies calculated for a Ge NW with 𝑅 = 10 nm.  

Confinement energies of symmetric wavefunctions 

Quantum numbers 

{𝑙, 𝑚} 

Electrons  

in L valley 

𝜀𝑙,𝑚
𝑒,𝐿

 (meV) 

Electrons  

in Γ valley 

𝜀𝑙,𝑚
𝑒,𝛤

 (meV) 

Holes  

in Γ valley 

𝜀𝑙,𝑚
ℎ,𝛤

 (meV) 

{1,0} 27.04 53.75 6.68 

{2,0} 142.44 283.15 35.18 

 

Confinement energies of antisymmetric wavefunctions 

Quantum numbers 

{𝑙, 𝑚} 

Electrons  

in L valley 

𝜀𝑙,𝑚
𝑒,𝐿

 (meV) 

Electrons  

in Γ valley 

𝜀𝑙,𝑚
𝑒,𝛤

 (meV) 

Holes  

in Γ valley 

𝜀𝑙,𝑚
ℎ,𝛤

 (meV) 

{1,1} 68.65 136.46 16.95 

{2,1} 230.11 457.42 56.83 

 

Next, we investigate how the Coulomb potential of a 1D NW is modified due to its 

dielectric environment. To obtain the modifications to the Coulomb potential of a test 

charge 𝑞𝑗 at a position 𝒓𝑗 due to a dielectric background with a refractive index profile 

𝑛(𝒓), we solve the Poisson equation, which is given by:  
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 ∇ ∙ [𝑛2(𝒓)∇𝑉(𝒓)] = −
𝑞𝑗

𝜖0
𝛿(𝒓 − 𝒓𝑗). (3.3.15) 

In the NW geometry, we have spherical symmetry around the longitudinal growth 

direction. We therefore define the dielectric background as:  

 𝜖(𝒓) = 𝑛2(𝒓) = 1 + 𝐹0𝑒−𝑟||
2/Δ𝑅2

, (3.3.16) 

where we decompose 𝒓 = (𝒓||, 𝑧) and introduce the width of the distribution ∆𝑅. An abrupt 

change in the dielectric constant would lead to numerical difficulties, so we choose a soft 

wall function. After applying a Fourier transformation of Equation 3.3.15 and the 

convolution theorem, we obtain:  

 𝑘2𝑉𝑘 + ∑ 𝐹𝒌−𝒌′𝑉𝑘′𝒌 ∙ 𝒌′
𝒌′ =

𝑞𝑗

𝜖0𝐿3 𝑒−𝑖𝒌∙𝒓𝑗. (3.3.17) 

By combining Equations 3.3.15 and 3.3.17, assuming quasi-continuous bands (∑ → ∫ ) and 

solving the resulting integrals, we obtain:  

(𝑘||
2 + 𝑘𝑧

2)𝑉(𝑘) +
∆𝑅2𝐹0

2
∫ 𝑘||

′ 𝑑𝑘||
′ 𝑉(𝑘||

′ , 𝑘𝑧) [𝑘𝑧
2𝐽0 (

𝑘||𝑘||
′

2
∆𝑅2) + 𝑘||𝑘||

′ 𝐽1 (
𝑘||𝑘||

′

2
∆𝑅2)] =

𝑞𝑗

𝜖0
𝑒−𝑖(𝑘||𝑟𝑗,||+𝑘𝑧𝑟𝑗,𝑧),  (3.3.18) 

in which we used  𝐿3𝑉𝑘 → 𝑉(𝑘) and  𝐽𝑛 (𝑛 = {0,1}) are the Bessel functions of the first 

kind.  

We can solve Equation 3.3.18 numerically to calculate the modifications to the 

Coulomb potential of the NWs. We discover that due to the quantum confinement, the 

relative dielectric constant 𝜖𝑟 of a Ge NW with 𝑅 = 10 nm in the THz range is reduced 

from the bulk Ge value of 𝜖𝑟 ≈ 16 to 𝜖𝑟 ≈ 1.5, which is very close to that of free space. This 

large reduction of the relative dielectric constant constitutes a very substantial modification 

to the Coulomb interactions between carriers in the 1D NW geometry, which has a very 

strong impact on the THz response of both free carriers and electron-hole correlations (or 

excitons). We calculate that the 1s-to-2p transition energy of the indirect exciton 𝐸1𝑠−2𝑝 in 

a Ge NW with 𝑅 = 10 nm shifts from the bulk Ge value of 𝐸1𝑠−2𝑝 ~ 1 THz to 𝐸1𝑠−2𝑝 ~ 10 

THz, which is well beyond the accessible THz bandwidth. This strongly suggests that 

indirect excitons cannot account for the dynamic THz response of the NWs, when quantum 
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confinement effects are considered. In addition, the 2D quantum confinement of free 

carriers in the NWs results in different longitudinal and transversal dielectric functions seen 

by the incident THz probe for parallel and perpendicular polarization, respectively (see 

Figure 3.3.11), which is consistent with the observed highly anisotropic dynamic THz 

response of the NWs.  

Section 3.4 Summary for Semiconductor Nanowires 

In conclusion, we have studied the dynamic THz response and the hot-carrier 

dynamics of high quality single-crystal germanium (Ge) and germanium/silicon (Ge/Si) 

core/shell nanowires (NWs) following ultrafast photoexcitation using ultrafast time-

resolved THz spectroscopy. First, we discussed the transient THz carrier dynamics of the 

NWs within the framework of a photoexcited carrier density model, in which the 

photoexcited THz conductivity of the NWs is directly proportional to the photoexcited 

carrier density. We explained the experimental data in the context of intraband carrier 

relaxation and interband carrier recombination processes. We observed clear evidence for 

ballistic carrier transport in the NWs. We also identified surface defect states as the 

dominant carrier recombination and scattering mechanism limiting carrier lifetime and 

transport in the NWs.  

Then, we discussed the full dynamic THz response of the NWs to explain its 

microscopic origins. We considered three possible contributions including bulk free-carrier 

response, bulk exciton response and quantum confinement effects. First, by expanding the 

photoexcited carrier density model, we discussed how a bulk free-carrier model can 

account for the dynamic THz response of the NWs. We considered two types of bulk free-

carrier response, given by the Drude-Plasmon and the Drude-Smith models, and how they 

agree with the measured differential THz transmission spectrum of the NWs. We 

discovered that both models can fit the experimental data equally well, while at the same 

time they entail completely different physical origins of the dynamic THz response of the 

NWs. The Drude-Plasmon model presumes that the pure Drude-like response observed in 

bulk semiconductors is modified by the existence of a surface plasmon resonance 

oscillations in the NW geometry due to the small volume-to-surface-area ratio. The Drude-

Smith model presumes that the pure Drude-like response is modified by the strong carrier 
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backscattering off the NW walls. Both phenomenological models possess a reasonable 

inherent physical justification and appear consistent to a very similar degree with the 

experimental data, so that we cannot conclusively distinguish between the two. However, 

we also noted that any pure bulk free-carrier response cannot account completely for the 

finite rise time of the THz absorption of the NWs.  

Then, we discussed a bulk exciton response contribution to the dynamic THz 

response of the NWs. Within this model, the finite rise time of the THz absorption is 

attributed to the built-up of electron-hole correlations (or excitons). We discovered that the 

indirect exciton in bulk Ge is consistent with the measured differential THz transmission 

spectrum of the NWs at cryogenic temperatures, but not at room temperature. However, 

we also noted that the indirect exciton transition energies are shifted to much higher values, 

when quantum confinement effects are considered, which strongly suggests that they 

cannot account for the dynamic THz response of the NWs.  

Finally, we discussed quantum confinement effects on the dynamic THz response 

of the NWs. We discovered that the quantum confinement of carriers in the quasi-one-

dimensional (1D) NWs can substantially modify the Coulomb interactions between 

carriers, which affects the dynamic THz response arising from both free carriers and 

electron-hole correlations (or excitons). The 2D quantum confinement results in different 

longitudinal and transversal dielectric functions seen by the incident THz probe for parallel 

and perpendicular polarization, respectively, which is consistent with the observed highly 

anisotropic dynamic THz response of the NWs. The precise theoretical and numerical 

details of a quantum confinement model, which can explain completely the true physics 

behind the dynamic THz response of the NWs, is still under work.  
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Chapter 4 

Conclusions and Further Directions 

Section 4.1 Conclusions 

Nanotechnology has recently enjoyed a tremendous scientific and engineering 

interest stimulated largely by the need for ever smaller and faster electronic and photonic 

devices and systems. Many emerging nanoscale and low-dimensional materials and 

devices, which hold promise to revolutionize and extend the semiconductor technology 

past its present limitations, are currently under active investigation.  

In this dissertation, I studied systematically the physics of the ultrafast terahertz 

(THz) response and the hot-carrier relaxation and cooling dynamics in two sample classes 

of state-of-the-art nanoscale low-dimensional materials, namely graphene and 

semiconductor nanowires, by using ultrafast time-resolved THz spectroscopy. I looked 

specifically first at a wide variety of high quality graphene, including epitaxial and 

chemical-vapor-deposited (CVD), and second at high quality single-crystal germanium 

(Ge) and germanium/silicon (Ge/Si) core/shell nanowires (NWs). Both graphene and 

semiconductor nanowires have shown remarkable technological potential and have 

attracted enormous attention. The design and development of novel nanoelectronic and 

nanophotonic devices based on these materials and operating into the THz frequencies 

necessitates thorough understanding of the physics of their dynamic THz response and hot-

carrier dynamics. Ultrafast time-resolved THz spectroscopy is an excellent experimental 

technique to provide such essential insight into the electronic and optical properties of 

nanoscale low-dimensional materials and to explore their device applications at THz 

frequencies. Here I list the major conclusions and accomplishments.  

 

The conclusions for graphene include:  
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 The dynamic THz response of pristine epitaxial and CVD graphene is remarkably 

dispersionless in the detectable frequency range of ~0.2-2.5 THz under all 

experimental conditions. This response is qualitatively consistent with the simple 

Drude model and is characteristic for a pristine graphene layer with very low 

disorder.  

 In pristine epitaxial and CVD graphene, the THz carrier dynamics depend critically 

on the doping density. The carrier relaxation times range from a few picoseconds 

in graphene with high doping of ≥ 1012 cm-2 to hundreds of picoseconds in graphene 

with very low doping of ≤ 1010 cm-2. A microscopic density-matrix theory of 

carrier-carrier and carrier-phonon interactions accounts quantitatively for all 

experimental results without the need for any fitting parameters, phenomenological 

models or extrinsic effects such as disorder. Physically, the high-energy tail of the 

hot-carrier distribution relaxes via the emission of optical phonons, and the carrier-

carrier scattering processes very efficiently and continuously rethermalize the 

carrier population. A Drude model approximation is only semi-qualitatively 

consistent with the data, but the full microscopic theory is required to explain the 

data quantitatively under all experimental conditions.  

 In multilayer epitaxial graphene with a few highly doped and many lightly doped 

layers, the THz carrier dynamics at very low carrier energies slow down with the 

number of layers. The low-energy carrier relaxation times in the lightly doped 

layers extend up to hundreds of picoseconds and are consistent with a first-

principles theory of hot-carrier equilibration based on interlayer energy transfer via 

screened Coulomb interactions. Physically, the hot carriers in the lightly doped 

layers cool down by scattering with and transferring their energy to the cold carriers 

in the highly doped layers, which act as a Coulomb-coupled heat sink. The 

interlayer energy transfer theory can account for all experimental trends without the 

need for any fitting parameters.  

 In buckled epitaxial graphene, in which an energy gap of up to ~0.7 eV has been 

carefully engineered, the THz carrier dynamics are up to two orders of magnitude 

faster relative to pristine epitaxial graphene under identical experimental 

conditions. The carrier relaxation times are sub-picosecond under all experimental 
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conditions and are attributed to large enhancement of the phase-space available for 

carrier scattering due to the finite bandgap. Physically, the hot electrons and holes 

recombine across the strongly non-homogenously broadened bandgap via the 

emission of optical phonons, and the carrier-carrier scattering processes very 

efficiently and continuously rethermalize the carrier population.  

 In epitaxial graphene nanoribbons, in which carriers are carefully quantum 

confined in two dimensions (2D), the THz carrier dynamics exhibit a pronounced 

anisotropy with the THz polarization relative to the nanoribbons orientation. The 

carrier lifetimes in the high-energy subbands extend up to on the order of a hundred 

picoseconds, which is a clear manifestation of the strong quantum confinement 

effects in the exceptionally high quality nanoribbons.  

 

The conclusions for semiconductor nanowires include:  

 The THz carrier dynamics of Ge and Ge/Si core/shell NWs are characterized by 

fast few-picosecond intraband carrier relaxation followed by slower sub-

nanosecond interband carrier recombination processes. In both Ge and Ge/Si NWs, 

the recombination times scale linearly with the NW core diameter, which is a clear 

evidence for ballistic carrier transport on tens of nanometers. Surface defect states 

are identified as the dominant carrier recombination and scattering mechanism 

limiting carrier lifetime and transport. Physically, carriers scatter many times off 

the NW walls before they are captured by a surface defect state and recombine. The 

recombination times of Ge NWs are about an order of magnitude longer than those 

of Ge/Si NWs under identical experimental conditions, which is attributed to higher 

surface defect density at the Ge/Si interface.  

 The dynamic THz response of Ge and Ge/Si core/shell NWs exhibits a pronounced 

anisotropy with the THz polarization relative to the NW orientation. Furthermore, 

the response is qualitatively inconsistent with the simple Drude model by having a 

resonance-like shape with a peak at a finite THz frequency. Three possible physical 

origins of the response were considered including bulk free-carrier response, bulk 

exciton response and quantum confinement effects.  
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 First, the dynamic THz response of the NWs was considered within the framework 

of two types of bulk free-carrier response, given by the Drude-Plasmon and the 

Drude-Smith models. The Drude-Plasmon model presumes that the pure Drude-

like response observed in bulk semiconductors is modified by the existence of a 

surface plasmon resonance oscillations in the NW geometry due to the small 

volume-to-surface-area ratio. The Drude-Smith model presumes that the pure 

Drude-like response is modified by the strong carrier backscattering off the NW 

walls. Both phenomenological models can fit the experimental data equally well, 

but fail to account for the finite rise time of the dynamic THz response.  

 Second, the dynamic THz response of the NWs was considered within the 

framework of a bulk exciton response. Within this model, the finite rise time of the 

dynamic THz response is attributed to the built-up of electron-hole correlations. 

The indirect exciton in bulk Ge is qualitatively consistent with the experimental 

data at cryogenic temperatures, but fails at room temperature.  

 Third, quantum confinement effects on the dynamic THz response of the NWs were 

considered. The Coulomb interactions between carriers are substantially modified 

in the quasi-one-dimensional (1D) NW geometry, which affects the dynamic THz 

response arising from both free carriers and electron-hole correlations. This results 

in different longitudinal and transversal dielectric functions seen by the incident 

THz radiation for parallel and perpendicular polarization, respectively, which is 

qualitatively consistent with the observed highly anisotropic dynamic THz 

response.  

Section 4.2 Further Directions 

The field of novel nanoscale and low-dimensional materials and devices is rapidly 

growing at an ever accelerating pace. Therefore, there are plenty of opportunities for new 

research studies and exploration. Here I list some further directions for future work.  

 The THz carrier dynamics of buckled epitaxial graphene are substantially faster 

than pristine epitaxial graphene due to the finite, but non-homogenous bandgap. It 

will be very interesting to study the THz carrier dynamics of buckled epitaxial 

graphene or other semiconducting forms of graphene with larger and more 
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homogenous bandgaps. It can be expected that in such semiconducting graphene 

the carrier relaxation times could be much longer than in metallic graphene, because 

optical phonon emission should be strongly suppressed, when the optical phonon 

energy is smaller than the bandgap energy. Thus, the carrier relaxation times could 

be tuned by many orders of magnitude by carefully controlling the size of the 

graphene bandgap.  

 The THz carrier dynamics of epitaxial graphene nanoribbons are substantially 

modified due to the 2D quantum confinement and the carrier lifetimes in the high-

energy subbands extend up to on the order of a hundred picoseconds. It will be very 

interesting to study the THz carrier dynamics in a wider array of epitaxial graphene 

nanoribbons including different physical dimensions and types of edges. By 

carefully tuning these physical parameters, both the edge state and inter-subband 

transitions in graphene nanoribbons could be probed, and the physical mechanisms 

responsible for the THz carrier dynamics could be investigated.  

 Three possible physical origins of the dynamic THz response of Ge and Ge/Si 

core/shell NWs were considered. Quantum confinement effects were found to be 

important and qualitatively consistent with the dynamic THz response, but a theory 

which agrees quantitatively with the experimental data is still under work. It will 

be essential to develop the precise theoretical and numerical details of a quantum 

confinement model, which can explain completely the true physics behind the 

dynamic THz response under all experimental conditions. It will be also very 

interesting to study a wider array of NWs including different composition and 

doping density, and more complex physical structure (e.g. multi-shell, multi-

segment, p-n junctions, etc.).  

 The ultrafast time-resolved THz spectroscopy is a powerful experimental 

technique, which can be applied to study the dynamic THz response and the hot-

carrier dynamics in the vast variety of emerging nanoscale and low-dimensional 

materials, including transition metal dichalcogenides (e.g. MoS2, MoSe2, WS2, and 

WSe2), topological insulators, multilayered and other van der Waals 

heterostructures.  
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