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Abstract

Semiconductor nanostructures form the basic building blocks for the majority of modern

electronic and photonic components. The continuous reduction of their dimensions in the

past decades has opened possibilities to manipulate phononic and photonic properties at

the micro- and nanoscale. With decreasing structure sizes, heat in the form of atomic

vibrations can drastically modify material properties and limit the performance of devices.

This fact poses a major challenge for the design of nanoscale devices due to the complexity

of controlling the heat flow at the nanoscale.

The present work provides an overview of the experimental methods and physical processes

that are relevant for thermal investigations of semiconductor nanostructures. The experi-

mental methods discussed in this work include optical techniques such as micro-Raman ther-

mometry in its one- and two- laser version, frequency and time-domain thermoreflectance,

and femtosecond pump-probe spectroscopy based on asynchronous optical sampling, as well

as contact-based techniques such as the 3-omega method, scanning thermal microscopy, and

the microchip suspended platform. A comparative overview of the state-of-the-art of these

techniques highlights the most suitable experimental approach for materials with different

structures and dimensions and identifies their main advantages and disadvantages with re-

gard to spatial resolution and temperature sensitivity.

Following the discussion of the experimental techniques, the effects of geometry and artificial

periodicity on the thermal properties of materials with reduced dimensionality are exam-

ined. The text provides an overview of phonon scattering mechanisms, phonon lifetimes,

and the effects of phonon confinement on the modification of thermal properties in nanos-

tructures. In addition, recent advances in the study of coherent and non-coherent phonon

heat conduction in materials with reduced dimensionality are explained. These include thin

films and quasi-2D membranes, nanostructures with second-order periodicity such as two-

dimensional phononic crystals and superlattices, nanowires, and quantum dots. The work

highlights own publications that are part of this thesis in conjunction with recent advances

in the understanding and control of phonon mediated heat propagation.
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Zusammenfassung

Halbleiternanostrukturen bilden die grundlegenden Bausteine für die überwiegende Zahl

der modernen elektronischen und photonischen Bauelemente. Die kontinuierliche Reduzie-

rung ihrer Dimensionen in den letzten Jahrzehnten hat Möglichkeiten zur Manipulation

der phononischen und photonischen Eigenschaften im Mikro- und Nanobereich eröffnet. Mit

sinkenden Strukturgrößen kann Wärme in Form von atomaren Schwingungen die Materialei-

genschaften drastisch verändern und die Leistung von Bauteilen limitieren. Diese Tatsache

stellt aufgrund der Komplexität der Steuerung des Wärmeflusses im Nanobereich eine große

Herausforderung für das Design nanoskaliger Bauelemente dar.

Die vorliegende Arbeit gibt einen Überblick über die experimentellen Methoden und physika-

lischen Prozesse, die für thermische Untersuchungen von Halbleiternanostrukturen relevant

sind. Die in dieser Arbeit diskutierten experimentellen Methoden umfassen sowohl opti-

sche Techniken wie die Mikro-Raman-Thermometrie in ihrer Ein- und Zwei-Laser-Version,

die Thermoreflexion in der Frequenz- und Zeitdomäne und die Femtosekunden-Pump-

Probe-Spektroskopie, als auch kontaktbasierte Techniken wie der 3-Omega-Methode, der

Rasterthermomikroskopie und der freistehenden Mikrochip Plattform. Ein vergleichender

Überblick über den Stand der Technik dieser Methoden zeigt den am besten geeigneten

experimentellen Ansatz für Materialien mit unterschiedlicher Struktur und Dimension auf

und identifiziert deren wesentliche Vor- und Nachteile hinsichtlich räumlicher Auflösung und

Temperaturempfindlichkeit.

Nach der Abhandlung der experimentellen Techniken werden die Auswirkungen von Geo-

metrie und künstlicher Periodizität auf die thermischen Eigenschaften von Materialien mit

reduzierter Dimensionalität untersucht. Die Arbeit gibt einen Überblick über Phononen-

streumechanismen, Phononenlebensdauern und die Auswirkungen des Phononeneinschlusses

auf die Modifikation der thermischen Eigenschaften in Nanostrukturen. Darüber hinaus wer-

den in der Arbeit die neuesten Fortschritte bei der Untersuchung der kohärenten und nicht

kohärenten Phononenwärmeleitung in Materialien mit reduzierter Dimensionalität erläutert.

Dazu gehören dünne Filme und quasi-2D-Membranen, Nanostrukturen mit Periodizität zwei-

ter Ordnung wie zweidimensionale phononische Kristalle und Übergitter, Nanodrähte und

Quantenpunkte. Der Text beleuchtet eigene Publikationen, die Teil dieser Arbeit sind, in

Verbindung mit den jüngsten Fortschritten beim Verständnis und der Kontrolle der durch

Phononen vermittelten Wärmeausbreitung.
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1 Introduction

In the last century, a large diversity of research lines emerged targeting the funda-

mental and applied properties of the collective vibrations of lattice atoms of materials

called phonons. Many works were driven by the discovery of inelastic light scattering

as theoretically predicted by Brillouin [1] and experimentally shown by Raman [2]

in the 1920s. Following these discoveries, research efforts focused on unraveling the

detailed structure of the vibrational spectrum of materials. As phonons are the

main heat carriers in most non-metallic materials, the study of the phononic prop-

erties of materials is closely linked to the study of the thermal properties and the

propagation of heat. Although heat transport has been investigated for centuries,

it is only with the advent of nanotechnology that advanced techniques have been

developed to study its properties at the nanoscale. On macroscopic length scales,

heat transport is described by Fourier’s law, Q = −k∇T , where Q is the heat flux,

k is the thermal conductivity, and T is the temperature. It builds on the classical

concept that for a certain material with well-defined composition and structure, the

thermal conductivity is an intrinsic property which is independent of the geometry

and size of the material, just as other intrinsic properties such as density, specific

heat, or electrical conductivity [3]. This characteristic has been confirmed by 200

years of experimental observations. However, at the nanoscale or at low tempera-

tures (low phonon occupation), deviations from this classical behavior occur due to

non-diffusive heat transport, i.e., when the typical dimensions of the material are

comparable to the thermal phonon mean free path Λth which defines the average

distance that thermal phonons can travel without being scattered.

In recent years, a fundamental problem in our understanding of heat has become

apparent, partly driven by the successful fabrication of nanoscale devices for which

heat plays a fundamental role. We were forced to address the problem of heat

propagation through interfaces [4], at nanoscale hotspots [5], and at spatial scales

below the thermal phonon mean free path [6], i.e., where the heat flux Q is far

from equilibrium. In other words, time scales prior to the average thermal phonon

relaxation time have to be considered. This non-equilibrium situation complicates

the problem of addressing heat propagation. Despite recent progress in the study of

thermal properties of structures with reduced spatial dimensions, a comprehensive

understanding and description of heat transport and local energy distribution on
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the nanoscale has not yet been achieved. The lack of knowledge and control of heat

propagation in nanostructures on the one hand, and the raising need for a more

efficient nanoscale energy management in high power electronics and photonics on

the other hand, demonstrate the necessity of intensified research in this field.

From an application point of view, the ability to control and exploit heat propaga-

tion in semiconductor nanostructures constitutes one of the main challenges for the

continued miniaturization of electronic components. It is essential in the develop-

ment of novel technologies such as phase-change memory devices [7] and a broad

range of applications in nano- and optoelectronics [8]. Consequently, the control

of thermal energy quanta on the nanoscale is considered a crucial prerequisite for

a variety of scientific and technological advances in the emerging field of nanoscale

energy management. A better control over heat propagation promises more efficient

thermal insulation [9, 10] and improved thermoelectric energy conversion [11–14].

In particular, 2D and quasi-2D materials such as graphene [15, 16] and ultra-thin

Si membranes [17] are attracting increasing attention as thermal interface mate-

rials [18]. Moreover, the lack of interaction with a substrate and the capability

of nanometer precise fabrication control promote these types of nanostructures to

ideal model systems for the experimental and theoretical study of the fundamental

physical mechanisms of heat propagation and thermal conductivity at the nanoscale.

From a fundamental point of view, aspects such as the transition from the ballistic

to the diffusive thermal transport regimes, hydrodynamic phonon transport, phonon

coherence, or the spectral distribution of the phonon mean free path are examples for

ongoing research areas where a deeper understanding is desirable. The multitude of

open questions partially arises from the technical limitations imposed by the experi-

mental methods available to study thermal transport at the nanoscale. For example,

the concept of a phonon spectrometer (in analogy with an optical spectrometer) still

remains an experimental challenge [19]. Despite these challenges, several proposals

have recently appeared envisioning applications similar to those already achieved in

electronics and photonics such as thermal diodes [20, 21], thermal cloaking [22–25],

and phonon wave guiding [26, 27]. As promising as many of these developments

may be, there is still a rather steep path from the early proof-of-concepts to their

application in commercial devices.
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1.1 Thesis scope and objectives

This cumulative thesis comprises scientific articles published in three main research

topics: (i) thermal transport and phonon coherence in semiconductor nanostruc-

tures, (ii) photonic and electronic properties of III-nitride nanostructures, and (iii)

excitonic, vibrational, and functional properties of II-oxides and its nanostructures.

It is based on publications which were completed during my time as postdoctoral

researcher at the Technical University Berlin TUB and the University of Technology

Sydney UTS (2011-2012), as Marie Curie postdoctoral fellow at the Catalan Insitute

of Nanoscience and Nanotechnology ICN2 (2013-2015), and as principal investigator

of the project A5 ”Electronic Properties of Nanoscale Objects” within the collabo-

rative research center CRC 787 ”Semiconductor Nanophotonics: Materials, Models,

Devices” at TUB (2016-2019). During these years, I have (co)authored 3 book

chapters and 52 peer-reviewed publications, 48 of which are part of this cumulative

thesis.

The focus of this thesis lies on the first of the three topics, i.e. experimental nanoscale

thermal transport. The discussion in this part goes beyond a pure summary of my

own publications but instead provides a more comprehensive overview of both ex-

perimental methodologies and physical processes, which are relevant for thermal

studies of semiconductor nanostructures. In particular, the text focuses on recent

developments addressing both experimental methodologies and physical phenomena

related to thermal transport in nanostructures and discusses these advances in con-

junction with my own works. In order to limit the extent of this cumulative work,

the topics (ii) and (iii) follow a different approach. They do not attempt a compre-

hensive overview of their respective research fields, but rather provide a compressed

summary of the main results of the scientific articles in this cumulative thesis. For

a more comprehensive discussion of the ”optical and structural properties of nitride

based nanostructures” and ”nitride microcavities and single quantum dots for clas-

sical and non-classical light emitters” including my contributions to these fields, the

reader is referred to two book chapters with the same names [28, 29]. They are

published within the book ”Semiconductor Nanophotonics: Materials, Models, De-

vices” [30] which provides an in-depth view of the scientific progress achieved during

the funding of the collaborative research center CRC 787. In addition, parts of my

works on nitrides and oxides are also discussed in an extensive review article that

focuses on the effects of polarity in GaN and ZnO materials and devices [31]. For

a more detailed discussion on specific topics, the interested reader may refer to the

original papers which are part of this thesis.
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1.2 Thesis structure

Following the general introduction on nanoscale thermal transport in this chapter,

the different experimental techniques for thermal transport studies are described in

chapter 2. It provides an overview of the state-of-the-art of experimental tech-

niques for the study of thermal properties at the nanoscale. The focus of the

text lies on recent developments during the past decade. In particular, these in-

clude contact-free all optical techniques such as micro-Raman thermometry in its

one- and two- laser version (2LRT), frequency and time-domain thermoreflectance

(FDTR/TDTR), and femtosecond pump-probe spectroscopy based on asynchronous

optical sampling (ASOPS) (chapter 2.1). The second part of this chapter focuses

on contact-based techniques including the 3-omega (3ω) method, scanning thermal

microscopy (SThM), and the microchip suspended platform (section 2.2). With the

exception of FDTR and the microchip thermal platform, all of these techniques

were applied within the publications comprising this cumulative thesis. The chapter

closes with a brief outlook and highlights a few selected examples that constitute

major experimental advances for nanoscale thermal transport studies in the past 2-3

years.

Chapter 3 builds on the previous discussion of experimental techniques by focusing

on the scientific research questions that currently drive the field of nanoscale ther-

mal transport. The first part of this chapter introduces relevant concepts that affect

heat conduction at the nanoscale such as phonon scattering mechanisms, phonon

confinement, and phonon dynamics. Subsequently, the discussion focuses on re-

cent developments in the study of coherent and non-coherent heat transport in

phononic metamaterials such as phononic crystals and superlattices. Even though

the chapter maintains a close connection to the original publications that are part

of this cumulative thesis, it goes beyond these works by providing a comprehensive

overview of the research field of coherent phonon heat conduction. Therefore, the

publications, which are part of topic (i), are placed within the larger context of the

relevant literature and are discussed considering most recent developments in the

field. The chapter concludes once more with an outlook, this time not focused on

breakthroughs in experimental methodologies but rather highlighting new physical

discoveries of the past 2-3 years, which challenge existing knowledge and preconcep-

tions in phononic nanoscale thermal transport. Parts of the content of chapters 1

to 3 were previously published as separate book chapter [32] (Copyright (2019) from

21st Century Nanoscience – A Handbook: Nanophysics Sourcebook (Volume One),

edited by K. D. Sattler, chapter 11 by J. S. Reparaz and M. R. Wagner, reproduced

by permission of Taylor and Francis Group, LLC, a division of Informa plc).

Furthermore, chapters 4 and 5 list the publications related to my research on III-
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nitride and II-oxide semiconductor nanostructures, respectively. Chapter 4 contains

publications in two main parts: The first part targets the investigation of optical

phonons and excitons in III-nitride thin films and single crystals. These include

the effects of uniaxial and hydrostatic pressure on the optical phonons frequencies,

Born’s transverse effective charge, and dielectric constant in GaN, AlN, and InN as

well as the optical study of doping related charge and energy transfer mechanisms

in GaN. The second part adapts the structure of the previous chapter and orders

the results by dimensionality of the investigated nanostructures, i.e. 2D quantum

well, 1D nanowires and quantum wires, and 0D quantum dots.

Chapter 5 comprises publications related to the phononic and excitonic properties

of oxide thin films and nanostructures with particular focus on ZnO. These in-

clude the optical, thermal, and functional properties of various ZnO nanostructures

including nanospheres, nanocrystals, nanoprisms, and nanowires. The effects of po-

larity in ZnO and GaN are addressed in a comprehensive review article which covers

fundamental and theoretical aspects, growth of epitaxial films and nanostructures,

measurement techniques, and devices [31].

The most relevant findings and conclusions derived from the scientific works which

are part of this thesis are briefly recapitulated in the summary in chapter 6.



2 Experimental techniques for thermal

transport studies

The following chapter contains parts of a prior published book chapter [32]. Adapted

from ”21st Century Nanoscience – A Handbook: Nanophysics Sourcebook (Volume

One)”, edited by K. D. Sattler, chapter 11 by J. S. Reparaz and M. R. Wagner.

Copyright (2019), reproduced with permission of Taylor and Francis Group, LLC,

a division of Informa plc.

During the last two decades, several novel research methodologies were developed

to study thermal transport at the nanoscale. These include contact-free optical

techniques based on reflectivity or Raman scattering measurements (section 2.1) as

well as contact-based electrical and scanning probe techniques (section 2.2). This

chapter aims to give a short and comparative overview of the state-of-the-art of

these methodologies highlighting the most suitable experimental approach for sam-

ples with different structure and dimensionality. The 3-omega method [33] (sec-

tion 2.2.1) was developed in the 1990s and sets its place as the most established and

accurate technique to study thermal transport in thin films and bulk samples. More

recently, contactless techniques received considerable attention due to their experi-

mental versatility and their ability to avoid thermal contact resistances arising from

electrical contacts. The most prominent examples are time- and frequency-domain

thermoreflectance (TDTR and FDTR) [34, 35] which apply a metallic transducer

to monitor a laser induced temperature rise by its temperature-dependent optical

reflectivity (section 2.1.2). Raman thermometry [36, 37] in its one and two-laser

versions (section 2.1.1) has also proven to be of great value for 2D systems and for

suspended thin films (quasi-2D). Lower dimensional systems such as quantum dots

(0D) and nanowires (1D) are typically much smaller than the diffraction limit for visi-

ble and near UV lasers and therefore require techniques, which provide higher spatial

resolution. This can be achieved by e.g. scanning thermal microscopy (SThM) [38]

(section 2.2.2), and microchip suspended platforms consisting of a heater and a ther-

mometer (section 2.2.3). Scanning thermal microscopy achieves the highest spatial

resolutions since it is based on atomic force microscopy. Finally, the microchip sus-

pended platform approach is specifically suitable for nanowires, 2D and quasi-2D

systems, although this approach usually requires a considerable amount of fabri-
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cation efforts. The following sections provide a short overview of the operational

principle of each of these methodologies including their main advantages and dis-

advantages in terms of spatial resolution, temperature sensitivity and geometrical

requirements. For an in depth discussion, the reader may also refer to the original

publications as well as a number of reviews discussing each approach in detail [3,

39–53].

2.1 Optical techniques

2.1.1 Raman thermometry (one- and two-laser version)

Raman thermometry in its conventional one-laser version is a contactless optical

technique for which a laser beam is focused onto the surface of a sample and the Ra-

man shift of any Raman active optical mode is monitored as function of the absorbed

power. With increasing absorbed power, the laser induced heating results in a lattice

expansion of the material which causes an increasing red shift of the Raman mode.

Thus, the lattice temperature can be directly determined provided that the spectral

position of the selected Raman mode as function of temperature is available for cal-

ibration. Such a calibration can be easily obtained by e.g. temperature-dependent

low power Raman measurements in a cryostat or heating chamber. The thermal

conductivity k of the sample can then be extracted if the absorbed power by the

incident laser is known. With the simultaneous knowledge of the local spot tem-

perature, the laser power absorbed by the specimen, and the laser spot size and

shape, it is possible to solve the 2D heat equation by using appropriate boundary

conditions. This technique can be applied to bulk samples and supported thin films,

however, it is for the case of 2D materials and suspended thin films (quasi-2D) where

it provides the best results. The main reason is that a quasi-2D geometry consider-

ably simplifies the applied heat flow model as well as the modeling of the laser spot

shape, particularly in its depth profile. In a 2D material as well as in suspended

thin films, the heat source given by the laser spot can be considered as circular and

homogeneous in the out-of-plane direction.

This approach has proven to be of great value for cases where other methodologies

are experimentally challenging, e.g., the case of graphene and other 2D materials.

Fig. 2.1 displays an example of the successful application of this technique [36]. The

systems under investigation are suspended Si thin films with thicknesses between

10 nm and 1000 nm. The thermal conductivity of the thin films decreases with

decreasing thickness due to boundary scattering (geometrical phonon scattering) at

the surfaces of the suspended films [36]. In order to conduct Raman thermometry

measurements in 2D and quasi-2D systems, the following requirements should be

fulfilled:
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� Laser absorption: The systems under investigation must absorb the inci-

dent laser light, which results in local heating of the material. Usually, this

means that the excitation energy of the heating laser should be larger than

the bandgap energy of the material.

� Raman mode: The material must exhibit at least one optical phonon mode

which is Raman active with a pronounced temperature dependence. Typically,

first order Raman modes in conventional semiconductors experience a redshift

with increasing temperature. Associated temperature coefficients range be-

tween 20 and 65 K/cm−1 [37].

� Absorbed power: The absorbed power must be experimentally determined

with the highest possible accuracy. A common source of large errors in the

determination of k is to rely solely on calculations of the absorbed power based

on material composition and dimensions. However, it must be noted that the

absorbed power also depends strongly on the local temperature of the laser

spot on the sample.

� Boundary Conditions: The area of the suspended thin film or 2D material

must be large enough to ensure thermal equilibrium at the edges of the sample.

Neglect of this condition will result in large errors in the determination of the

thermal conductivity of the sample.

Although Raman thermometry based on a one-laser approach is an interesting tech-

nique mainly due to its simplicity, its main drawback is that only one point of the

temperature field is probed to determine k. This may constitute a major limitation

in cases where the boundary conditions cannot be determined a priori since at least

two points are required to obtain the temperature field and the thermal conductiv-

ity. A prominent example for error-prone Raman thermometry measurements are

exfoliated flakes of 2D materials with dimensions in the 10 µm range as the tem-

perature field cannot be expected to decay to the bath temperature over the lateral

size of the flakes [15].

Two-laser Raman thermometry (2LRT) [37] is a novel technique developed within

the scientific works of this thesis which was successfully applied to study the thermal

properties of ultra-thin membranes [37, 54] and 2D phononic crystals [55, 56] (see

also section 3.4). It overcomes the previously discussed limitation by introducing a

second laser to decouple heating of the sample and probing of the local temperature.

While the heating laser with wavelength λ1 is used to produce a temperature gradient

in the sample, an independent probe laser with wavelength λ2 is used to measure

the spatial distribution of the local temperature through the temperature-dependent

red-shift of a Raman mode of the sample. The main advantages of this technique as
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Figure 2.1: (top) Measured absorption, reflection and transmission coefficients as a function

of thickness of Si thin films (dots) and corresponding calculations solving the

Maxwell equations (lines). (left) Temperature of the spot as function of the

absorbed laser power. (right) Thermal conductivity obtained solving the heat

equation [36]. (Reprinted from APL Mater. 2, 012113. Copyright (2014) licensed

under CC BY 4.0.

compared to other contactless steady state methods such as infrared thermometry

is its sub-micron spatial resolution and sensitivity to in-plane thermal transport.

Techniques based on scanning probes such as scanning thermal microscopy (SThM),

or infrared scanning near-field optical microscopy (IR-SNOM) achieve even higher

spatial resolution, however, the difficulties in modeling the thermal response of the

tips constitutes a major drawback. On the other hand, short pulse optical techniques

such as time domain thermoreflectance (TDTR) or thermal transient grating (TTG)

only provide indirect access to k through the thermal diffusivity (α).

We next derive the analytical solution for the temperature field in the case of a free-

standing isotropic membrane. A temperature distribution is created upon excitation

with a point-like laser source as shown in Fig. 2.2. The solution is simply given

by integrating Fourier’s equation: Pabs/(2πr) = −k∇T , where Pabs is the power

absorbed by the system, 2πrd is the cross-sectional area of the heat flux, k is the

thermal conductivity, and T is the temperature. Integration of the Fourier’s equation
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Figure 2.2: a) Schematics of the two-laser Raman thermometry setup consisting of a fixed

heating laser and a low power scanning Raman laser. (b) Representative thermal

map of a 250 nm thick Si membrane. The projection of the temperature profile

onto the bottom plane shows an isotropic temperature distribution. Adapted

based on Ref. [37].

leads to the following solutions for the temperature field

T (r) = T0 −
[
Pabs

2πdk0

]
ln(r/r0) → k = k0 (2.1)

T (r) = T0 −
[
r

r0

]− Pabs
2πdA

→ k (T ) =
A

T
(2.2)

for the cases of a temperature-independent thermal conductivity (k0) and a temper-

ature dependent thermal conductivity k = A/T [37].

Fig. 2.2a displays the schematics of the experimental arrangement. The heating

laser with λ1 is focused onto the lower surface of a membrane, whereas a probe laser

with λ2 is scanned over its upper surface to obtain the local temperature. It should

be noted that while relatively high powers are required for the heating laser (λ1)

in order to create a spatially dependent thermal field, low powers are important

for the probe laser (λ2) to avoid an additional thermal perturbation. As a general

guideline, a power ratio of at least 10:1 between the heating and probe lasers should

be used. Both lasers are focused onto the samples using long distance objectives

with numerical aperture NA ≥ 0.5. Although these objectives provide lower spatial

resolution than short distance objectives (which typically have a NA ≥ 0.9), they

are required to obtain thermal maps in a controlled environment and under variable

temperature conditions in vacuum chambers or micro-cryostats. Especially for thin

films with large surface to volume ratio, measurements in vacuum are obligatory to

exclude cooling by air convection, a common error source of Raman thermometry
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measurements under ambient conditions [56].

Fig. 2.2b displays a 2D temperature map of a 250 nm thick suspended Si film [37].

The maximum temperature of T ≈ 800 K is reached at the center of the map where

the heating and probing lasers are focused onto the same position of the Si mem-

brane. With increasing spatial offset between the two lasers, a thermal decay with

radial symmetry is observed in the temperature projection plane. Although this

radial symmetry arises from the isotropic nature of Si, it is expected that materials

with a directional dependent thermal conductivity (kij) will exhibit an asymmetric

thermal decay. Thus, a major advantage of this technique is its capability to ob-

tain the (anisotropic) temperature dependence of the thermal conductivity in a wide

temperature range self-consistently based on the acquisition of a single 2D temper-

ature map [37]. It is interesting to note that the temperature field in Fig. 2.2b does

not fully decay to room temperature at a distance of 150µm from the heating laser

which is caused by the relatively high thermal conductivity of about 80 Wm−1K−1

for a Si film thickness of 250 nm [36, 37, 54].

2.1.2 Time- and frequency-domain thermoreflectance

Time-domain thermoreflectance (TDTR) [34, 57, 58] and frequency-domain ther-

moreflectance (FDTR) [35, 59] set their place as versatile all-optical techniques for

the measurement of thermal conductivity, heat capacity, and thermal boundary re-

sistance. The contactless nature of both techniques simplifies the measurements

and required fabrication steps as compared to other methods such as the 3-omega

method (section 2.2.1), scanning thermal microscopy (section 2.2.2), and the mi-

crochip suspended platforms (section 2.2.3). TDTR and FDTR are also suitable to

study electrically conductive samples, which is usually more complicated using e.g.

the 3-omega technique due to the need of an insulating layer that prevents current

leakage from the metallic transducer to the sample under investigation. In addition,

they provide relatively high spatial resolution near the diffraction limit. In order to

present the basic concepts of both techniques, which share the same physical prin-

ciples but in different domains (time and frequency), we follow the derivation by

Cahill [34], and Schmidt et al. [35]. The operational principle of these techniques is

based on a two-laser approach similar to a pump-and-probe experiment. Schematic

illustrations of common experimental setups for FDTR and TDTR measurements

are shown in Fig. 2.3 [35]. A comparatively low power laser, the probe laser, is fo-

cused on the surface of the sample (or transducer), whereas a higher power laser, the

pump laser, creates a thermal non-equilibrium state. The reflectivity as a function

of time (frequency) is probed, leading to a time (frequency) dependent temperature

rise in the spot region.

In the case of FDTR, the pump laser is modulated using an electro-optical modulator
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Figure 2.3: (a) Schematics of the FDTR setup based on two continuous wave lasers. The

pump laser is modulated using an electro-optical modulator. (b) Schematics

of the TDTR setup. A pulsed laser is used as pump and probe laser. The

pump laser is frequency doubled to facilitate spectral filtering of pump and probe

signals and the probe laser is time delayed by a mechanical delay stage [35].

Reprinted from Rev. Sci. Instrum. 80, 094901 (2009) with the permission of

AIP Publishing.

(EOM), acousto-optical modulator (AOM), or simply directly modulating the laser

intensity intra-cavity to generate the thermal excitations. Since the pump laser is

modulated at a frequency ω0, the reflectivity of the sample will oscillate with the

same frequency. However, due to the finite response time of the sample (or finite

thermal diffusivity) the reflectivity oscillations will usually exhibit a different phase

than the excitation, i.e., the reflectivity oscillations are retarded with respect to the

pump laser. This quantity is named as “phase lag” and can be easily probed by using

a secondary laser with a different wavelength (chosen to facilitate spectral filtering of

the pump laser). In order to measure this “phase lag” the most convenient approach

is to use a lock-in amplifier, which selectively measures the signal at the reference

(excitation) frequency, thus, damping the noise arising from other frequencies. Thus,

if the intensity of the pump laser is: Ipump α e−iω0t, then the system response at

the probe wavelength will be: Ipr = A e−i(ω0t+ϕ) = Z(ω0)e
−iω0t, where ϕ is the

“phase lag”. The phase of the signal detected by the lock-in amplifier carries the

information on the thermal properties of the sample. Two solutions can be derived

for a multi-layered system depending on the choice of the probe laser. The phase

lag ϕ can be expressed as:

ϕ = tan−1
{
Im [Z (ω0)]

Re [Z (ω0)]

}
= tan−1

(
Vout
Vin

)
(2.3)

where Vin and Vout are the measured in-phase and out-of-phase signals of the lock-in

amplifier at the modulation frequency.
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We then obtain for a continuous wave (cw) laser:

Z (ω0) = β
A0

2π

∫ ∞
0

x

[
−D(ω0)

C(ω0)

]
e−x

2(r2pump+r2probe)

8
dx (2.4)

and for a pulsed laser with repetition rate ωs and delay between pulses τ :

Z (ω0) = β
A0

2π

∞∑
j=−∞

{∫ ∞
0

x

[
−D(ω0 + jωs)

C(ω0 + jωs)

]
e−x

2(r2pump+r2probe)

8
dx

}
e−iωsjτ (2.5)

where β is proportional to the thermal coefficient of the surface, A0 is the power

of the pump laser, rpump and rprobe are the radius of the pump and probe lasers,

and C and D are coefficients of the transfer matrix, with C = kzq · sinh(qd) and

D = cosh(qd). For the coefficients (C and D) the quantity q is given by q2 =

(krx
2 + ρCviω)/kz, with kr and kz being the thermal conductivities in the radial

and cross-plane directions, ρ and Cv are the density and specific heat capacity of the

material, d is the thickness of the sample, and ω = ω0 or ω = ω0+jωs, depending on

the probe laser being cw or pulsed, respectively. This approach is very convenient

for multilayer structures in which case the transfer matrix of the system is obtained

as a product of the individual matrices:

M = Mn . . .M1 =

(
An Bn

Cn Dn

)
. . .

(
A1 B1

C1 D1

)
(2.6)

Here, Mn accounts for the bottom layer, and M1 for the top layers where the pump

laser is incident. It is valid for the common case that the bottom layer (or the

substrate) is in thermal equilibrium, otherwise, additional boundary conditions must

be included in the previous set of equations [34, 35]. Finally, the solution for the

transient case as required for TDTR is simply a generalization of Eq. (2.5) which

is achieved by substituting τ by the temporal variable t. In addition, since usually

the lock-in technique is also used to increase the signal-to-noise ratio, the real and

imaginary parts of Eq. (2.5) are directly related to the in-phase and out-of-phase

components measured by the lock-in amplifier.

Fig. 2.4 displays two typical examples of the data obtained by TDTR (pulsed exci-

tation) and FDTR (cw and pulsed excitation) [52]. The cross-plane thermal conduc-

tivity of a GaN substrate is determined using TDTR by comparing the measured

ratio signal R = −Vin/Vout of in-phase (a) and out-of-phase (b) signals with ther-

mal model simulations as function of delay time (c). The dashed lines in Fig. 2.4c

indicate ±30% bounds of the best fit resulting in a value of kz =170 Wm−1K−1. For

the case of FDTR, Fig. 2.4(right) displays calculated ratio signals for cw and pulsed

measurements of a sapphire substrate with a 100 nm Al transducer [52]. In order to

achieve a high accuracy of the determined values, the FDTR measurements should
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Figure 2.4: (a), (b): In-phase (Vin) and out-of-phase (Vout) signals measured by TDTR for a

GaN substrate with a 100 nm Al transducer as function of delay time. (c): Signal

ratio −Vin/Vout as a function of delay time compared with thermal modeling to

extract the thermal conductivity of the GaN substrate. (right): Calculated

signals for cw and pulsed FDTR measurements of a sapphire substrate covered

with a 100 nm Al transducer over the range 0.05-20 MHz. For the pulsed solution,

the delay time is fixed at 100 ps [52]. Reprinted from J. Appl. Phys. 124, 161103

(2018) with the permission of AIP Publishing.

be conducted in a wide frequency range, preferably, scanning up to frequencies of

10 MHz or above. The main characteristics of TDTR and FDTR can be summarized

as follows:

� Both techniques are suitable to measure the thermal conductivity, heat capac-

ity, and thermal boundary resistances with rather high accuracy.

� To obtain these quantities it is not necessary to know the power absorbed by

the sample in contrast to, for example, Raman thermometry or the 3-omega

method.

� Their contactless fashion makes TDTR and FDTR well suited to measure

electrically conductive samples, thus, avoiding potential errors arising from

current leakage as might occur in the case of the 3-omega method.

� The techniques require minimal sample preparation and they work equally well

in ambient conditions as well as in vacuum chambers or cryostats.

� They are currently not suited to measure the thermal conductivity of mono-

layer or few-layer 2D materials. For these materials, Raman thermometry (in

particular in its 2 laser version) or the microchip suspended platform technique

are preferable.
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2.1.3 Femtosecond pump-probe reflectance spectroscopy by

asynchronous optical sampling

The previous sections have focused on optical techniques which provide informa-

tion about heat transport properties in materials where the phonon population is

controlled by the temperature of the system, in other words, no well-defined phase

relation exists among phonons. The development of ultrashort laser pulses in the

1980’s provided new experimental tools to study the non-equilibrium dynamics of

charge carriers and phonons in nanostructures. The optical excitation of materials

by ultra-short laser pulses results not only in the formation of excitons and free

carriers, their relaxation via scattering with e.g. other excitons, electrons, phonons,

impurities or lattice defects, and recombination back to their energetic ground state,

but can also introduce the propagating of mechanical waves via acoustic phonons. Of

particular interest for the thermal transport in semiconductors are coherent acoustic

phonons, i.e. phonons that maintain their phase relation, as they may contribute to

coherent phonon heat conduction (see section 3.4).

The propagation of coherent acoustic phonons (CAPs) can be investigated by pi-

cosecond / femtosecond opto-acoustics which emerged as experimental technique for

the investigation of elastic properties of thin films [60, 61]. In its original form, the

technique employs a picosecond pump-probe setup in transient reflectivity configu-

ration. The dynamic response of a material to an initial pump pulse is probed by

a second probe laser pulse as function of the delay between the two pulses. The

temporal offset between pump and probe pulses is generated by splitting the pri-

mary laser into two beams and introducing a time delay between the pulses of both

beams by using mirrors on a motorized translation stage (delay line). As the optical

pulse duration is short compared to the timescale of thermal expansion, the mate-

rial’s surface experiences a photo-induced stress which is relieved by strain waves

consisting of coherent acoustic phonons [62]. The propagation of coherent acoustic

phonons in the material and their back-reflection at interfaces or surfaces generates

a modulation of the optical properties such as the reflectivity. A time-delayed probe

pulse can directly monitor these strain-induced modulations and provide detailed in-

formation on elastic and structural properties including e.g. precise measurements

of the thickness of buried layers and the roughness of interfaces [63–65].

With the increasing research interest in semiconductors with reduced dimensions,

some of the inherent limitations of pump-probe picosecond opto-acoustics became

more relevant as compared to the study of e.g. thin films. In particular, these are

the beam pointing stability and spot size variation for long time delays due to the

large increase of the optical path of one beam as well as the slow acquisition times

and limited signal-to-noise ratio in nanostructures with weak optical response.

An elegant solution to overcome these challenges is asynchronous optical sampling
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Figure 2.5: (left): a) Schematic illustration of a conventional pump-probe setup with me-

chanical delay line, b) ASOPS setup consisting of 2 laser oscillators with actively

stabilized frequency offset. (right): Illustration of time-domain signal acquisi-

tion by ASOPS: (a) sample response to the pump pulse, (b) pump and (c) probe

pulses with frequency offset ∆f, (d) complete time-domain signal recorded in

the time 1/∆f. Reprinted from Ref. [66] with permission of Laser Quantum,

Novanta.

(ASOPS) [67], which removes the necessity of a mechanical delay line to introduce

the temporal offset between pump and probe pulses (Fig. 2.5a), but instead produces

pulses from two actively stabilized laser oscillators with slightly detuned repetition

rates (Fig. 2.5b). The dynamic response of the sample (Fig. 2.5(a)) is measured by

the continuously varying pump-probe delay due to the frequency offset ∆f of the

two laser oscillators (Fig. 2.5(b),(c)). While the pump frequency f determines the

accessible time window 1/f , the frequency offset ∆f determines the time required

to record the dynamical response of the sample 1/∆f (Fig. 2.5(d)), i.e. a complete

transient of 1 ns can be obtained in 100 µs for a typical frequency offset of 10 kHz in

a 1 GHz ASOPS. Owing to the high repetition rate of 1 GHz, an excellent signal-to-

noise ratio of above 107 can be achieved for typical acquisition times in the seconds to

minutes range. With the development of dual-GHz femtosecond oscillators [68–70],

the combination of ASOPS with picosecond / femtosecond opto-acoustics become a

powerful tool for the study of the propagation of coherent acoustic phonons in the

GHz [71, 72] to several THz [73] range and thus enabled access to phonons in the

frequency range relevant for nanoscale thermal transport [74–76]. Corresponding

measurements of CAPs in ultra-thin membranes and phononic crystals which were

conducted within the scope of this thesis are discussed in sections 3.2-3.4 [54, 55,

77].

Furthermore, the ASOPS technique has also led to fundamental breakthroughs in
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Fourier transform dual-comb spectroscopy [78] and THz time-domain spectroscopy

[79–81]. Modern implementations of this technique apply few femtosecond pulse

lasers which enable sub-nanometer precision in the measurement of layered struc-

tures by photo-acoustic echos. In combination with imaging stages, topography

maps of buried layers and their interfaces can be obtained [63, 82]. Despite the

advantages of 1 GHz ASOPS setups (short acquisition times, excellent signal/noise

ratio) the high pulse repetition rate limits the accessible time window to 1 ns and

provides limited spectral resolution for the investigation of low GHz coherent acous-

tic phonons. To overcome this limitation, ASOPS systems with lower repetition

rates (40-80 MHz) are used to increase the frequency resolution at the expanse of a

reduced acquisition speed. For example, a 48 MHz ASOPS was employed to image

the propagation of surface acoustic waves with picosecond temporal and MHz spec-

tral resolution [82]. In the other direction of the frequency spectrum, an ultrafast

10 GHz ASOPS system with a 100 kHz scan rate was recently developed [83]. As

it acquires a full transient in only 10 µs, signal-to-noise ratios exceeding 30 dB can

be achieved in the millisecond range. While the repetition rate of 10 GHz limits

the accessible time window to 100 ps, few tens of picoseconds are often sufficient for

applications such as terahertz time-domain spectroscopy (THz-TDS). Consequently,

exciting new experiments including 2D spatial lifetime mapping [84], time resolved

spectrocopy in millisecond pulsed magnetic fields with B > 30 Tesla [85], and real-

time THz-TDS [86] become possible.

2.2 Electrical and probe techniques

2.2.1 The 3-omega method

The 3-omega technique is based on electrically heating a thin planar metallic resistor

with length L, using an AC harmonic current at a frequency ω, and subsequently

measuring the resulting voltage drop at the first (V1ω) and third (V3ω) harmonics

of the excitation current. The key concept behind this approach is the occurrence

of a voltage component at the third harmonic (V3ω) of the excitation current (I1ω),

which arises from the convolution of the current oscillating at 1ω, with the resistance

of the metallic strip oscillating at 2ω, i.e., heat dissipation on the metallic strip is

independent on the sign (or direction) of the excitation current. In simple words,

applying an AC current to a thin resistor will increase the temperature of the resistor

due to the Joule effect with a magnitude that depends on the thermal conductivity

k of the underlying sample. The power dissipated by the harmonic current, P (t) =

V (t)I(t), leads to a time-dependent temperature rise of the resistor consisting of

a DC part (TDC) which can be related to the root-mean-square (RMS) value of

P (t), and an AC part (TAC) which oscillates around TDC at odd harmonics of the
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fundamental excitation frequency. The amplitude of the AC oscillations |TAC | can

be expressed in terms of the third harmonic of the voltage signal, and through the

temperature coefficient of resistance of the resistor, β = (1/R0)[dR/dT ], as:

|∆TAC | =
2V3ω
βV1ω

(2.7)

where R and R0 are the resistance of the samples at T and T0, respectively. The

analytic solution to this problem can be approximated solving the heat equation for

the case of an infinitely long and narrow heat source (the metallic strip) over a semi-

infinite substrate. Following the solution by S. Carslaw and D. G. Jaeger [87], the

temperature distribution over the heat source is obtained solving the heat equation

as follows:

∆T =
P0

πLk
K0(qr), (2.8)

where K 0 is the zeroth-order modified Bessel function, 1/q = (α/i2ω)1/2 is the

wavelength of the induced thermal wave (or thermal penetration depth), α is the

thermal diffusivity of the specimen, ω is the angular frequency, P0 is the power

dissipated in the resistor, and L is the length of the resistor. In the limit of |qr| � 1,

i.e., large thermal penetration depth, the previous equation can be approximated

as:

∆T =
P0

πLk

[
A− 1

2
log (2ω)− iπ

4

]
, (2.9)

where A is a constant. The magnitude of the power component which drives the

AC temperature oscillations is PRMS = P0/2. Half of the power is responsible for a

DC temperature rise, the other half drives the temperature oscillations, which are

manifested in V3ω. Finally, the thermal conductivity of the sample can be obtained

by inserting the measured temperature rise into Eq. 2.9 as all remaining quantities

are known.

Up to this point, the discussion applies to the case of semi-infinite substrates. The

solution for thin films is rather easy to obtain and was derived by D. G. Cahill [33]

already at the beginning of the 1990’s. The key idea is to consider that the thin

film under investigation behaves like an interface resistance and, thus, contributes

to the temperature rise of the heater which itself is frequency-independent. This

approximation is expressed by:

|∆TAC | = |∆TAC |substrate + |∆TAC |TF (2.10)

In order to find the explicit expression for this last term, one considers a thin film

on a substrate with a film thickness d and a thermal conductivity kTF which is

deposited over a substrate with a thermal conductivity ks. The resistor on top of

the thin film is defined by a width 2b and a length L. Applying the 1D form of



2.2 Electrical and probe techniques 24

Fourier’s law along the cross-plane direction, i.e., parallel to the thickness d of the

thin film one obtains:
P

2bL
= −kTF

|∆T |TF
d

(2.11)

The previous expression gives the thermal conductivity of the thin film from the

measured temperature offset with respect to the reference measurement (substrate).

This equation constitutes a valid approximation if the substrate and thin film fulfill

the following criteria:

� 2b � d: the physical meaning of this approximation is to ensure that the 1D

form of Fourier’s law can be applied.

� 1/q = (α/i2ω)1/2 � d: the thermal penetration depth must be large as com-

pared to the thickness of the thin film which implies that the thermal properties

of the thin film are frequency-independent. In Eq.(2.9) only the contribution

arising from the substrate is frequency-dependent.

� ks ≥ 10kTF : this relation comes mostly from experience and ensures that heat

flows in the cross-plane direction through the thin film with negligible in-plane

contribution.

Figure 2.6: a) A typical example of the output obtained from 3-omega measurements in a

borosilicate glass (Pyrex 7740) substrate. Data points show the measured tem-

perature rise as function of frequency for the in-phase and out-of-phase signals.

b) Temperature rise of the resistor for thin films with respect to the reference

substrate for a 200 nm SiO2/Si thin film. The thermal conductivity is extracted

from the temperature offset averaging through the entire frequency range.

Fig. 2.6 shows two examples of data measured using the 3-omega method in a borosil-

icate glass (Pyrex 7740) substrate (left) as well as for the case of a 200 nm thick

SiO2 thin film deposited over a Si substrate (right). In both cases, the temperature

rise in the metallic transducer is plotted as a function of the excitation frequency.
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In the bulk case, the real part of the temperature oscillations is fitted using a linear

function, whereas for the case of the thin film a reference sample containing only the

substrate must be measured. The thermal conductivity is obtained by the tempera-

ture offset between the substrate and the thin film plus the substrate. In addition to

substrates and thin films, the 3-omega technique can also be applied to multilayered

systems [88, 89]. The depth sensitivity is obtained through the frequency response

to the voltage third harmonic of the injected current [33]. Within the works of this

thesis, the 3-omega method was applied to study the properties of thermal interface

materials (TIMs) such as sintered silver pastes [90]. These materials are of high

technological relevance as they are commonly used to optimize the thermal contacts

between e.g Si microchips or GaN LEDs and metal (Cu, Al) heat sinks [90].

2.2.2 Scanning thermal microscopy

Figure 2.7: (left) Schematic illustration of the scanning thermal microscopy (SThM) tech-

nique with a Au-Cr nano thermocouple junction placed at the end of the tip. The

heat transfer between the tip and the sample is dominated by solid tip-sample

contact whose diameter is in the 10 nm regime. The thermoelectric voltage gen-

erated from the Au-Cr junction is directly proportional to the local temperature

of the sample at the point contact and enables quantitative temperature mea-

surements. (right) Scanning electron microscope images of the SThM probe with

integrated Au-Cr thermocouple at different magnification levels [91]. Reprinted

with permission from ACS Nano 6, 4248. Copyright (2012) American Chemical

Society.

Scanning thermal microscopy (SThM) is based on scanning probe microscopy pre-

viously developed for topography imaging with high spatial resolution. In order to

acquire thermal maps, SThM uses a thermocouple junction which is placed inside

the tip of a scanning probe microscope (Fig. 2.7 (left)). The corresponding scanning

electron microscopy (SEM) images of a thermocouple probe tip are shown at differ-

ent magnifications in Fig. 2.7 (right). Since the invention of SThM in 1986 [38], the

technique was continuously improved regarding spatial resolution and temperature
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sensitivity [5, 91–97]. It was successfully applied for the study of thermal properties

in semiconductor micro- and nanostructures for microelectronics, optoelectronics,

polymer science, and carbon allotropes [41, 50, 98–101]. Modern implementations

of SThM that avoid contact related artefacts [100, 102, 103] achieve sub-10 nm spa-

tial and sub-10 mK temperature resolution [91, 97]. While there are a large number

of different approaches to probe temperature and create local hotspots using scan-

ning probe microscopy tips, the most common methods are:

� Thermovoltage-based methods make us of the thermoelectric voltage gen-

erated at the junction between two electrodes. The electrodes can be chosen

as the tip-sample interface, or built-in sensors within the tip such as a ther-

mocouple and/or Schottky diodes.

� Thermoresistive probe methods are typically based on metallic or Si-

doped tips where the temperature coefficient of resistance is the mechanism

used to sense the temperature: R (T ) = R0(1 + β∆T ).

Figure 2.8: Schematic of the nanoscopic tip-sample contact and the corresponding ther-

mal resistance circuit. The quantities represent the thermal resistance of the

probe Rpr, the thermal contact resistance between the probe and the sample Rc,

and the thermal spreading resistance within the sample Rspr. Qts and Qpr are

heat fluxes transferred from the probe tip to the sample and to the probe base

and Tsensor and T0 are the heater temperature and ambient temperature, re-

spectively [104]. Reprinted from Nanotechnology 28, 505704. Copyright (2017)

licensed under CC BY 3.0.

Although SThM is a promising technique in terms of lateral spatial resolution, its

main drawback is the data reduction procedure. In order to obtain the local tem-

perature and thermal conductivity, several assumptions must be made to model the

conditions at which the experiment is conducted. For example, the influence of

air and water (water meniscus), or the detailed geometrical shape of the tip can

have substantial influence on the data reduction. Heat transport due to convection
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through the surrounding air, heat losses through the tip itself, the influence of con-

tact resistance between the tip and the sample, heat radiation losses, etc., are some

of the boundary conditions that must be considered and modeled in order to obtain

reliable quantitative thermal data of the specimen [105]. A simplified schematic

illustration of the nanoscale tip-sample contact and its thermal resistance circuit is

depicted in Fig. 2.8 [104]. These and related problems of tip based thermal measure-

ment techniques are currently stimulating research efforts of several groups around

the world. For a more comprehensive discussion of thermal probe techniques, the

interested reader is referred to several recent review articles [50, 99–101].

2.2.3 Microchip suspended platforms

Suspended platforms constitute a unique alternative to measure the thermal con-

ductivity of 1D and 2D materials. Typically, these platforms consist of a metallic

heater/thermometer deposited over a SiNx membrane [44, 106]. A gap is inten-

tionally etched in the middle of the suspended membrane, where the sample under

investigation is placed. Fig. 2.9 displays two examples of microchip thermal sensing

platforms.

Figure 2.9: (left) Scanning electron microscope image of a suspended platform used to mea-

sure a single NW [107]. Reprinted with permission from ACS Nano 5, 3954.

Copyright (2011) American Chemical Society. (right) SEM image of a suspended

platform to measure a graphene flake [108]. Reprinted with permission from

Nano Lett. 11, 113. Copyright (2011) American Chemical Society.

The methodology resembles the steady-state approach based on Fourier’s law, i.e.,

a known heat flux is induced through the nanostructure and the temperature gra-

dient is obtained using the metallic thermometers deposited on each side of the

membrane. The resolution of the suspended platform approach in thermal conduc-

tance is of the order of 1 nWK−1 at room temperature. However, improvements

based on a Wheatstone bridge circuit have demonstrated a significant reduction of

the noise to values of 10 pWK−1 [109]. More recently, the sensitivity of this de-

sign was pushed even further with a reported temperature resolution of 50 µK and



2.3 Conclusion and perspectives 28

0.25 pWK−1 thermal conductance resolution [110]. Resistive thermometry using a

modulated heat current on a suspended single pad device was also reported which

is capable of resolving about 1 pW heat current with a temperature resolution of

10-50 µK [111, 112]. Suspended structures have been used to measure the thermal

conductance of a variety of nanostructures such as single- and multi-walled carbon

nanotubes [113–115], hexagonal boron nitride [116], graphene [117], black phospho-

rus nanoribbons [118] as well as Si, SiC, SiGe, Bi, Bi2Te3, InAs, PbS, PbSe, PbTe,

GaN, and ZnO nanowires [119–125]. This approach, however, is prone to large ex-

perimental errors if the thermal leakages within the suspended platform are not

carefully taken into account [126]. The reason is that usually only small heat fluxes

can be induced through the nanostructures and, thus, heat leakages of any form

become relevant. In summary, microchip suspended platforms possess the following

characteristics:

� Their design is excellent to study 1D and 2D structures as heat from the heater

to the thermometer flows exclusively through the nanostructure, thus avoiding

the influence of substrates or interface resistances.

� The temperature and thermal conductance resolution are among the best

nanoscale thermal characterization techniques if common error sources such

as unknown thermal contact resistance, modifications of the temperature dis-

tribution on the platforms (in case of highly conductive samples), and potential

radiation losses can be excluded.

� The fabrication process is more demanding compared to other experimental

approaches. Expensive equipment and facilities such as clean-rooms are nec-

essary to fabricate the sensing platforms. Depending on the dimensions of

the nanostructure under investigation, its placement in between the gap of

suspended heating and probing pads may prove challenging.

2.3 Conclusion and perspectives

This chapter has provided an overview of various contact-free and contact-based

experimental techniques that represent the state-of-the-art for thermal transport

measurements of semiconductor nanostructures. With the exception of frequency-

domain thermoreflectance and microchip suspended platforms, all of the discussed

techniques were applied for the scientific publications which are part of this cumu-

lative thesis. The choice of the most suitable experimental methodology largely

depends on the geometrical aspects of the structure. Contact-free techniques have

received particular attention in recent years due to their versatility and intrinsic

avoidance of thermal interface contacts. However, each material system, dimension,
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and geometry should be evaluated in detail in order to select the most suitable

experimental methodology for the study of nanoscale thermal properties.

Apart from the previously discussed techniques, which have achieved a certain level

of maturity regarding experimental design, modeling, and distribution in nanoscale

characterization labs around the world, novel experimental concepts and techniques

are continuously being developed. These developments are stimulated by the con-

tinuing miniaturization of semiconductor devices with characteristic transistor di-

mensions in the few nanometer range, envisioned novel nanophononic applications

such as phonon lasers [127, 128], thermal diodes [21], thermal transistors [129], ther-

mal cloaks [22, 25], and guided heat transport [26], as well as the recent discoveries

of hydrodynamic transport in graphite [130] and coherent phonon heat conduction

in superlattices [131, 132] (see chapter 3). Two selected examples for such novel

experimental techniques that have emerged in the past few years are time-resolved

magneto-optical Kerr effect thermometry (TR-MOKE) and scanning nanothermom-

etry based on a superconducting quantum interference device placed on a sharp tip

(SQUID-on-tip).

Time-resolved magneto-optical Kerr effect thermometry (TR-MOKE)

One of the main limitations of time-domain thermoreflectance measurements arises

from the metallic transducer that is typically deposited on the sample in order to

ensure a pronounced temperature induced modulation of the probe beam (large

thermoreflectance coefficient). The thickness of the transducer needs to be sufficient

to be optically opaque (typically d ≥ 50 nm) as the data analysis in TDTR relies

on the fact that changes of the intensity of the probe beam are proportional to

changes in the surface temperature of the sample [133]. While this transducer is not

a problem for comparably thick samples, it hampers measurements of the thermal

conductivity and thermal interface conductance of ultra-thin films and 2D materials.

The recently developed TR-MOKE thermometry [133–135] overcomes this limitation

by replacing the temperature-dependent intensity of the reflected light as measure-

ment signal by the temperature-dependent polarization rotation of the probe beam.

In this case, the linear polarized probe beam can be reflected by a semi-transparent

ultra-thin (about 4 nm) ferromagnetic transducer (Co/Pt) that is perpendicular

magnetized insight an external magnetic field. The time-dependent polarization

rotation is produced by the magneto-optical Kerr effect which follows the temper-

ature dependence of the magnetization [133]. The polarization rotation is detected

by splitting the probe beam into orthogonal polarization states using a Wollaston

prism and detecting the changes in intensity by a balanced photodetector for any

given time delay between pump and probe pulses [135]. Using this approach a sig-

nificant increase in sensitivity to the conductance of interfaces with low thermal
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conductivity materials can be achieved as the thinner transducer minimizes lateral

heat flow inside the transducer and improves the sensitivity to lateral heat flow in

the sample [133, 135]. Since the time resolution for thermal pump-probe experi-

ments is typically limited by the heat diffusion time through the transducer (about

4 ps for a 5 nm Co/Pt transducer), the reduction of the transducer thickness in

TR-MOKE could also provide access to non-equilibrium effects of heat carriers in

the time-domain [135, 136].

Furthermore, both TDTR and TR-MOKE can be modified to measure the in-plane

thermal conductivity by introducing a spatial offset between the focused spots of

pump and probe beam on the sample [137]. Instead of measuring the ratio between

in-phase and out-of-phase signal (see 2.1.2), the beam-offset variant of TDTR mea-

sures the full-width half maximum (FWHM) of the out-of-phase signal as the pump

beam is spatially displaced from the probe beam [138]. This approach enables the

determination of the thermal conductivity tensors in anisotropic materials with re-

duced symmetry. Recently, this beam-offset technique was successfully applied to

TR-MOKE thermometry and used to measure the thermal conductivity tensor of

MoS2 [133] and black phosphorous [139].

Scanning nanothermometry based on a superconducting quantum

interference device placed on a sharp tip (SQUID-on-tip)

Although the previously discussed techniques provide a diverse set of tools to in-

vestigate the thermal properties of nanostructures, they share one common short-

coming: None of them is sensitive enough to study energy dissipation mechanisms

in quantum systems. As an example, the dissipated power limit of an ideal qubit

operating at f = 1 GHz and T = 4.2 K as given by Landauer’s principle [140] is

P = E0f = kBT ln2f = 40 fW [141, 142]. Depending on the dimensions of the

qubit and the thermal conductivity of the substrate, such a power dissipation will

result in a temperature increase in the few µK range, several orders of magnitude

below the sensitivity of the discussed techniques. Thus, the thermal study of energy

dissipation processes in quantum structures seemed out of reach with the existing

experimental tools. Recently, Halbertal et al., have overcome this limitation by

developing a nanothermometry system capable of contact-free thermal imaging at

cryogenic temperatures with sub-µK sensitivity [143]. The technique is based on

a superconducting quantum interference devices (SQUID) consisting of a single Pb

superconducting junction that is placed on a sharp quartz pipette of a scanning mi-

croscope operating at cryogenic temperatures. It is capable of thermal imaging with

a nanometer spatial resolution in combination with a remarkable temperature sensi-

tivity limited by a thermal noise level of 440 nK. Using this technique, Halbertal et

al., were able to observe energy dissipation changes due to single-electron charging
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of individual quantum dots in carbon nanotubes [143] and phonon emission from

individual atomic-scale defects in graphene [144].

These examples demonstrate the currently highly dynamic state of the research

field of experimental nanoscale thermal transport. It can be expected that existing

nanoscale characterization techniques will be further refined and improved in the

coming years in order to provide the experimental tools to study thermal properties

of individual quantum structures and transport dynamics of thermal phonons with

comparable spatial and temperature resolution and sensitivity as already achieved

in the cases of photons and electrons in nanophotonics and nanoelectronics.



3 Thermal transport in nanostructures

The following chapter contains parts of a prior published book chapter [32]. Adapted

from ”21st Century Nanoscience – A Handbook: Nanophysics Sourcebook (Volume

One)”, edited by K. D. Sattler, chapter 11 by J. S. Reparaz and M. R. Wagner.

Copyright (2019), reproduced with permission of Taylor and Francis Group, LLC,

a division of Informa plc.

This chapter discusses the effects of geometry and artificial periodicity on the ther-

mal properties of materials with reduced dimensionality. The text focuses on non-

metallic nanostructures where phonons constitute the main particles responsible

for thermal transport and heat propagation. The first sections summarize the most

common phonon scattering mechanisms that influence the thermal conductivity (sec-

tion 3.1) and discuss the effects of phonon confinement on the phonon dispersion

relation and phase velocities in semiconductor nanostructures (section 3.2). The

modification of the thermal conductivity and phonon dispersion relation in materi-

als with reduced dimensions is closely related to the alteration of phonon lifetimes.

Consequently, section 3.3 focuses on the dynamics of coherent acoustic phonons in

nanostructures.

Following these fundamental aspects of thermal properties of semiconductor nanos-

tructures, the subsequent discussion targets recent advances in the study of coherent

on non-coherent phonon heat conduction in materials with reduced dimensionality

(section 3.4). These include thin films and quasi-2D membranes (section 3.4.1),

nanostructures with second-order periodicity such as two-dimensional phononic crys-

tals and superlattices (sections 3.4.2 and 3.4.3), nanowires (section 3.4.4) and quan-

tum dots (section 3.4.5). The chapter highlights works that are part of this cumu-

lative thesis in conjunction with recent progress in the understanding and control

of phonon mediated heat propagation within the last decade. For a more general

discussion including earlier developments, the reader may consult a variety of com-

prehensive reviews on nanoscale thermal transport and phononic crystals [3, 40, 42,

46, 47, 145–152].
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3.1 Thermal conductivity modification at the nanoscale

The continuous reduction of dimensions during the last decades has opened the win-

dow to manipulate phononic and photonic properties at the micro- and nanoscale.

With decreasing dimensions, the presence of heat in the form of atomic vibrations

can drastically modify material properties and, in some cases, even structurally

change nanomaterials as e.g. in the case of phase change materials [7]. This fact

constitutes a major challenge for the design of nanoscale devices due to the com-

plexity of controlling heat flow at the nanoscale. One of the main reasons lies within

the diverse frequency spectrum of phonons that generally consists of many differ-

ent possible vibrations (modes) depending on the symmetry of the atomic lattice.

Furthermore, phonons experience anharmonic decay which complicates the control

of their individual propagation as they convert to lower frequency phonons through

Normal and Umklapp scattering within short timescales. Thus, two key questions

which summarize the importance of this topic are:

� Which are the leading mechanisms that influence thermal transport at the

nanoscale?

� To what extent can we control these mechanisms in order to influence nanoscale

heat transport?

Nanoscale heat transport is rather complex to fully address due to the large number

of different scattering processes and interactions involved. However, we can divide

phonon-related thermal processes into two main categories with fundamentally dif-

ferent physical origin. These are non-coherent particle-like and coherent wave-like

processes that arise from the particle/wave duality of phonons. While most of the

modifications of thermal conductivity in nanostructures can be explained by non-

coherent processes, wave-like phonon heat conduction is a more elusive phenomenon

that only recently attracted increased research attention. In order to explain the

modification of thermal properties in semiconductor nanostructures by non-coherent

processes, we need to consider the different scattering processes that heat-carrying

phonons can undergo. These are:

� Normal scattering N : Phonon-phonon scattering for small wave-vector

phonons is a non-resistive scattering mechanism that conserves momentum

and does not affect the propagation of heat.

� Umklapp scattering U : Phonon-phonon scattering for large wave-vector

phonons results in a sum moment outside of the first Brillouin zone. The

resulting phonon momentum is not conserved as Umklapp processes transfer
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momentum to the crystal leading to resistive scattering that degrades the heat

current.

� Boundary scattering B: Scattering of phonons at boundaries such as sur-

faces, interfaces, or domain walls is usually diffusive and increases thermal

resistivity. Specular (non-diffusive) phonon reflection at boundaries can occur

when the roughness of the surface or interface is very small compared to the

wavelength of the phonons.

� Defect scattering D: Scattering of phonons at intrinsic point defects such

as vacancies, interstitials, or substitutionals, which disturb the periodic lattice

potential.

� Impurity scattering M : Scattering of phonons at chemical elements which

are not intrinsic to the crystal lattice (low concentration).

� Alloy scattering A: Scattering of phonons due to the introduction of chem-

ical elements at higher concentrations that form an alloy. The distribution

of the alloying element within the lattice determines the disorder degree and

affects the phonon scattering rates.

� Isotope scattering I: Scattering of phonons due to the mass difference be-

tween different isotopes of a chemical element.

� Free carrier scattering C: Scattering of phonons with free carries such as

electrons, holes, and excitons.

Except for Normal scattering (and specular-reflected phonons at boundaries), all

other listed phonon scattering processes are resistive since they limit the average

distance that a phonon can travel in a material without collision (phonon mean free

path Λ). Within the kinetic theory, the thermal conductivity is given by

k =
1

3

∑
ij

CijvijΛik, (3.1)

where C is the specific heat capacity, v is the phonon group velocity and Λ is

the phonon mean free path with summation over all phonon modes i and phonon

branches j of the phonon spectrum contributing to k. The phonon mean free path

Λ is determined by the product of phonon velocity v and phonon lifetime τ with

Λij = vijτij . (3.2)

The total scattering rate 1/τtotal can be expressed by Matthiessen’s rule as:

1

τtotal
=

1

τN
+

1

τU
+

1

τB
+

1

τD
+

1

τM
+

1

τA
+

1

τI
+

1

τC
+ ... (3.3)
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Thus, an increase of the phonon scattering rate at e.g. boundaries of nanostructures

with smaller dimensions (1/τB) will results in a reduced thermal conductivity of the

material as expressed by Eqs. 3.1 - 3.3.

In contrast to these incoherent processes, coherent scattering arises from the wave

nature of phonons which results in the modification of the phonon dispersion re-

lation and formation of phononic bandgaps, and influences the coupling between

different phonon branches, phonon group velocities, and phonon lifetimes. Typical

examples of these cases are phononic metamaterials, i.e. materials with an artificial

second-order periodicity such as phononic crystals (section 3.4.2) and superlattices

(section 3.4.3) in which acoustic and thermal properties can be tailored by appropri-

ate choice of materials, lattice symmetry, dimensions, and periodicity [153]. While

incoherent scattering can rather easily be introduced and tuned using the previ-

ously described mechanisms to increase or decrease phonon scattering, the field of

coherent heat manipulation is still in an early development stage, mainly due to the

stringent conditions on surface roughness and periodicity in order to achieve phonon

wave interference [154].

3.2 Phonon confinement

The quantum confinement of electrons and photons is a well-known phenomenon

that occurs when structures exhibit a contrast of a relevant material property that

limits the propagation of these particles in at least one spatial dimension. In the

case of electrons (and holes) typical examples are semiconductor quantum wells and

quantum dots where spatial confinement leads to a modification or discretization of

the electronic density of states and a corresponding shift of absorption and emission

lines. With the discovery of photonic crystals [155, 156], confinement of photons was

exploited to achieve e.g. directional control of photon emission, to increase extraction

efficiency, or to inhibit spontaneous light emission in these structures [157–159].

In a similar way, confinement of phonons results in a pronounced modification of

the phonon dispersion relation and density of states and can be used to generate

phononic bandgaps in which phonon propagation is prohibited (section 3.4.2).

Free-standing ultra-thin Si films are ideal examples to study the 1-dimensional con-

finement of phonons. Being unsupported, a quasi two-dimensional geometry is

achieved that enables studies free from the effects of a substrate. The acoustic

mismatch with the surrounding air (or vacuum) leads to a confinement of the me-

chanical energy of the elastic waves supported by the system. The propagation of

acoustic waves is often described within the elastic continuum theory, which is usu-

ally valid provided the wavelength of elastic waves is significantly larger than the

atomic lattice constant.
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Figure 3.1: Phonon dispersion relation (a),(c) and phase velocity (b),(d) of acoustic phonons

in bulk silicon and in a 250 nm thick Si (001) membrane in [110] direction, re-

spectively. Lines indicate LA (blue), TA1 (red), and TA2 (grey) phonon modes in

bulk Si and antisymmetric (blue), symmetric (red) and shear horizontal (grey)

modes in the membrane. Red and blue data points represent measurements

of S and A phonon frequencies by angular resolved Brillouin light scattering

spectroscopy (BLS). Dark red data points indicate measured phonon frequen-

cies of symmetric S1 and S2 Γ-point phonon modes by femtosecond pump-probe

reflectance spectroscopy based on asynchronous optical sampling (ASOPS) (sec-

tion 2.1.3). Adapted based on [53, 55, 160].

The acoustic phonon dispersion relation of bulk Si and of a 250 nm thick Si (001)

membrane are displayed in Fig. 3.1a and Fig. 3.1c, respectively. The dispersion

relation is shown in [110] direction for small wavenumbers near the center of the

Brillouin zone. For bulk Si, the well-known LA, TA1, and TA2 acoustic phonon

modes are observed in decreasing order of their phase velocity (Fig. 3.1b). In the

case of the 250 nm thick Si membrane, the spatial confinement in one dimension gives

rise to three types of acoustic waves that are classified by their displacement relative

to the mid-plane of the membrane: antisymmetric (A) or flexural (F) waves (blue),

symmetric (S) or dilatation (D) waves (red), and shear-horizontal (SH) waves (gray).

Apart from the 0th order of these modes which have vanishing energy at the center

of the Brillouin zone, the breaking of the spatial continuity results in the appearance
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of higher-order modes [160]. For example, in the case of the displayed 250 nm thick

silicon membrane, the first-order symmetric (dilational) mode S1 (D1) is observed

at 16.8 GHz. The experimental determination of the mode frequency is achieved

by femtosecond time-domain reflectance spectroscopy using a 1 GHz ASOPS setup

(see sections 2.1.3 and 3.3 for details about the technique and physical mechanisms,

respectively) [55]. In the applied normal incidence geometry, this method is only

sensitive to modes with non-zero out-of-plane displacement at the center of the

Brillouin zone. This condition applies for odd-order symmetric Γ-point phonons

such as S1, S3, S5 [161, 162]. The data points at non-zero wave-vector originate

from angular resolved Brillouin light scattering (BLS) spectroscopy, directly probing

the modification of the acoustic phonon dispersion relation by 1-dimensional spatial

confinement in quasi 2D membranes [160]. Fig. 3.1d displays the phase velocities

of the different modes in the membrane. A strong reduction in the phase velocity

occurs for the fundamental (zero-order) antisymmetric A0 mode [53]. In the case of

an 8 nm thin Si membrane, its velocity decreases to 300 m/s [163]. By contrast, the

velocity converges to the surface wave velocity in the [110] direction of bulk silicon

of 5085 m/s for thicker membranes.

The discussion in this section has demonstrated that phonon confinement in mem-

branes constitutes a path to tailor the phonon dispersion relation, with the mem-

brane dimensions as tuning parameter [163, 164]. Furthermore, the phonon disper-

sion relation can also be modified by strain, thus, fabrication of strained membranes

offers an additional degree of freedom to tailor the phonon propagation [165]. In the

larger context of this chapter, it should be noted, that thermal transport properties

will only experience a significant influence by phonon confinement if the material

dimensions are comparable to the wavelength of thermal phonons. As most of the

heat is transported by phonons in the low THz range [153], the dimensions for which

confinement of thermal phonons becomes relevant are in the sub-10 nm regime. Con-

sequently, the reduction of the thermal conductivity of Si membranes with thickness

below 1 µm (section 3.4.1) cannot be attributed to phonon confinement - as it will

affect only phonons in the low GHz frequency range - but rather to the reduction

in the phonon mean free path by boundary scattering (section 3.1) [36, 37, 54].

On the other hand, periodic structures, such as phononic crystals, superlattices, or

multi-quantum wells can experience significant modifications of thermal transport

properties by phonon wave interference effects as discussed in sections 3.4.2 and

3.4.3.
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3.3 Coherent acoustic phonon dynamics

Apart from the previously discussed reduction of thermal conductivity by phonon

boundary scattering (section 3.1) and the modification of the phonon dispersion re-

lation by phonon confinement (section 3.2), the lifetime of coherent acoustic phonons

(CAP) also shows a pronounced size dependence at the nanoscale. While there are

extensive works on the optical phonon lifetimes and electron-phonon coupling dy-

namics in bulk and epitaxial semiconductors, coherent acoustic phonon lifetimes in

nanostructures are among the least well-known quantities. Even in the technologi-

cally relevant case of Si, measurements of acoustic phonon lifetimes are scarce [76,

161, 166]. In contrast to optical phonons, coherent acoustic phonons can be used

to study the elastic properties of nanostructures and interfaces since their group

velocity is non-zero. Thus, they can propagate inside micro- and nanostructures

and provide information on e.g. anisotropic or size dependent phonon velocities in

nanostructures [167–170].

Fig. 3.2a displays femtosecond pump-probe reflectivity spectra of Si membranes with

three different thicknesses measured by the asynchronous optical sampling technique

(section 2.1.3) [55, 70, 71, 161]. The fast initial change in reflectivity represents the

electronic response of the material induced by the excitation and relaxation of free

carriers. The subsequent weaker oscillations (blue shaded area) are caused by coher-

ent acoustic phonons. The optical excitation of coherent acoustic vibrations arises

from the electronic and thermal stresses (σDP and σT ) induced by the pump pulse

which are caused by the generated electron-hole pair density and the temperature-

induced lattice deformation, respectively [61, 161, 171]. After the fast relaxation of

free carriers, the total stress is given by

σ = σDP + σT = −B∂Eg
∂P

N − 3Bβ∆T, (3.4)

where B is the bulk modulus, Eg is the band gap energy, P is the hydrostatic pres-

sure, N is the generated electron-hole pair density, β is the linear thermal expansion

coefficient, and ∆T is the difference in lattice temperature. The first term describes

the electronic stress due by the hydrostatic deformation potential and the second

term corresponds to the thermal stress due to the temperature rise and the sub-

sequent lattice deformation [161, 171]. For the case of Si, the electronic stress is

found to dominate over the thermal stress with σDP /σT ≈ −7.4 [161]. The so ex-

cited out-of-plane (dilatational) oscillations change the optical cavity thickness of the

membranes which leads to a modulation of the probed reflectivity by the Fabry-Perot

effect [76, 161, 162]. The time-domain spectra of the relative change in reflectivity

in Fig. 3.2a can be fitted by a combination of damped harmonic oscillators

∆R

R
(t) =

∑
n

An sin(ωnt) exp(
−t
τn

) (3.5)
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Figure 3.2: (a) Relative change of reflectivity ∆R/R for a Si membrane with a thickness of

105.8 nm as function of time delay between pump and probe. Insets: Close-

ups of coherent acoustic phonon oscillations for three different Si membranes

with thicknesses of 105.8 nm, 74.2 nm, and 47.2 nm (from top to bottom). (b)

Coherent acoustic phonon lifetimes of the first-order symmetric (dilatational)

mode S1 (D1) as function of frequency (bottom scale) and membrane thickness

(top scale). Green diamonds are obtained from measurements shown in (a), gray

spheres are values published in Ref. [76], dark blue diamonds are obtained by

measurements of suspended Ge membranes with thicknesses between 200 nm

and 50 nm. Adapted based on [55, 76, 77] and unpublished data.

where A is the mode amplitude, ω is the mode frequency and τ is the corresponding

phonon lifetime with summation n over all symmetric modes Sn. The frequencies

spectrum of the CAP modes can be derived from the time-domain spectra by nu-

merical Fourier transformation. Using this approach, one can directly obtain the

complete zone-center (q = 0) coherent phonon spectrum from the low GHz up to

the THz regime [55]. While the time-domain reflectivity spectra contain information

on all coherent optical phonons that have non-vanishing out of plane propagation

vectors, the largest amplitude is given by the first-order dilatational mode S1 (c.f.

Fig. 3.1). In addition, higher-order modes up to the 19ths harmonic of the first-order

symmetric (S1) mode were observed in Si membranes [161]. The different harmonics

in the vibrational spectrum appear as equidistant peaks as a consequence of the con-

finement of the acoustic modes [161, 172, 173]. The amplitude of the higher-order
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odd symmetric modes decreases with 1/ω2 [55]. The absence of even harmonics can

be understood taking into account that those modes have only in-plane displacement

at the Γ point so that no modulation of the optical cavity thickness occurs [162].

Using the value of the longitudinal sound velocity for Si [001] of vL = 8433 m/s [174],

the initial thickness of the membrane d0 determines the frequencies of the observed

modes ωn = nπvL/d0 [161]. Apart from the mode frequencies, the time-domain

spectra in Fig. 3.2 provide direct access to the coherent acoustic phonon lifetimes

τn. For a complex frequency spectrum with higher harmonics, the phonon lifetime

of the CAPs can exhibit a strong frequency dependent damping where higher-order

modes decay faster then the fundamental S1 mode [162, 175].

For the study of size effects on the CAP lifetimes, it proves practical to focus on

the most intense fundamental S1 mode and omit the higher harmonics. In this case,

Eq. 3.5 takes the simplified form: ∆R/R(t) = A sin(ωt) exp(−t/τ). Fig. 3.2b dis-

plays the measured lifetimes τ of the S1 coherent acoustic phonons as function of

their frequency for Si and Ge membranes with thicknesses between 8 nm and 250 nm.

The two different top axis reflects the difference in the longitudinal sound velocity

between Si and Ge as all data points are shown as function of the same frequency

axis. With decreasing thickness of the membranes, one observes an increase in the

measured frequency and simultaneous reduction in the coherent acoustic phonon

lifetime. Within the displayed frequency range, the CAP lifetime is reduced by sev-

eral orders of magnitude. In combination with theoretical modeling of the intrinsic

phonon-phonon and extrinsic phonon-boundary scattering rates, the measured fre-

quency dependent CAP lifetimes provide information about the dominating phonon

scattering mechanism (section 3.1). The red curve is fitted to the experimental data

of the Si membranes with τ(ω) = (1/τph−ph(ω)+1/τB(ω))−1. It shows that boundary

scattering dominates for high frequency phonons in ultra-thin structures, whereas

phonon lifetimes in thicker membranes are dominated by Normal phonon-phonon

scattering processes. In general, intrinsic phonon lifetimes are modeled either by the

Landau-Rumer model [176] or the modified Akhieser model [177], which consider the

thickness-dependent modification of the thermal conductivity of the membranes [36,

37, 54]. The surface scattering is included using Ziman’s wavelength-dependent spec-

ularity parameter [178]. The combination of these empirical models was found to

describe the trend of phonon lifetimes well over several orders of magnitude, varying

from being dominated by intrinsic effects for thicker membranes to being limited by

surface roughness for thinner membranes [53, 76].
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3.4 Coherent and non-coherent phonon heat conduction

3.4.1 Thin films and membranes

Many studies of the fundamental aspects of thermal transport in semiconductors

with reduced dimensionality are based on Si supported and free standing thin films.

The maturity of Si technology allows for the production of nominally undoped,

defect-free, free-standing, ultra-thin films (membranes). These membranes come

close to ideal text-book examples to demonstrate how the reduction of dimension-

ality from 3D to quasi-2D, i. e. confinement in 1 dimension, results in the modifi-

cation of the phonon dispersion relation (see also section 3.2) and leads to phonon

boundary scattering resulting in a substantial reduction of the thermal conductivity

(section 3.1). One possible application of nanostructured crystalline Si thin films

are their use in thermoelectric devices [13, 179]. In order to achieve this goal a

rather large reduction (at least 2 orders of magnitude) of the thermal conductivity

is desirable due to its large value of about 148 Wm−1K−1 for bulk Si at room tem-

perature [180]. Pioneering studies of supported Si thin films have revealed clear size

effects of the thermal conductivity, i.e., the in- plane and cross-plane components

of k were found to decrease as function of film thickness [181–183]. These results

were later confirmed by extensive studies based on contactless methodologies such

as Raman thermometry in its one-laser [36, 184] and two-laser version [37, 56], time-

and frequency-domain thermoreflectance (TDTR and FDTR) [34, 35] and transient

thermal grating (TTG) [185, 186].

The origin of the thickness dependent thermal conductivity reduction in supported

and suspended thin films is the boundary scattering of phonons at the surface of the

films. In other words, the thickness of the films sets an upper limit for the mean

free path of thermal phonons Λth. Thus, if phonons with mean free path larger than

the thickness of the samples are present, these phonons will experience mostly dif-

fusive scattering at the surface resulting in a reduction of the thermal conductivity

as compared to its bulk value. Fig. 3.3 displays a summary of published data of the

thickness dependent thermal conductivity of Si membranes using electrical and opti-

cal techniques [54]. Apparently, a large reduction of k occurs as the thickness of the

thin films is reduced. In addition, the data shows that the roughness and chemical

conformation of the surface becomes important when approaching film thicknesses

below about 50 nm [54]. In particular for very thin films of about 10 nm, the pres-

ence of the native SiO2 reduces the thermal conductivity by approximately a factor

of 2 as compared to pure Si suspended films of equal thickness (see open diamonds

in Fig. 3.3) [54]. An additional reduction of k for rough surfaces as compared to

ideally smooth ones is predicted by molecular dynamics simulations and measured

by two laser Raman thermometry (Fig. 3.3) [54]. These effects must be considered
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Figure 3.3: Normalized computed and measured thermal conductivities (k/kBulk) of silicon

membranes at T = 300 K as a function of membrane thickness. The filled squares

represent results from equilibrium molecular dynamics simulations computed for

smooth crystalline (orange), rough crystalline (blue), oxidized (red), and rough

oxidized (violet) silicon membranes. The experimental data (open diamonds) are

obtained using two-laser Raman thermometry (section 2.1.1). Red diamonds and

green diamonds represent membranes with a native oxide layer and HF-etched

membranes, respectively. The orange diamonds represent membranes with 6 h

oxidation after etching [54]. Reprinted with permission from ACS Nano 9, 3820.

Copyright (2015) American Chemical Society.

also in periodic structures such as phononic crystals since they can play a signifi-

cant role in the modification of the thermal conductivity and might complicate the

differentiation between non-coherent and coherent phonon effects.

The main effect of roughness and surface oxidation is to drastically shift the ac-

cumulation functions toward shorter phonon MFPs, or, in other words, to largely

obstruct the propagation of phonons with long mean free paths and, consequently,

their contribution to the thermal conductivity. Fig. 3.4 shows that 50% of the ther-

mal conductivity is contributed by phonons with MFPs up to 160 nm in the smooth

crystalline silicon membrane, while the same fraction is contributed by phonons

with MFPs up to 15 nm in the rough oxidized membrane [54]. Surface oxidation

(red squares) and roughness (without oxidation, blue squares) lead to rather simi-

lar accumulation functions, while the combination of the two (violet squares) shifts

the accumulation function toward even shorter phonon mean free paths. While the

phonon mean free paths in the Si membranes with ideally reconstructed surfaces

remain fairly long (>1000 nm), phonons with mean free paths shorter than 100 nm

contribute roughly 90% of the total thermal conductivity in ultra-thin membranes

(7 nm) with rough native oxide layers.
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Figure 3.4: Thermal conductivity accumulation functions in free-standing silicon membranes

as a function of phonon mean free paths (MFP). The orange, blue, red, and

violet squares represent an atomically smooth silicon membrane, a rough (1 nm)

membrane, a smooth oxidized membrane, and a rough oxidized membrane with

a thickness of 7 nm, respectively. The solid lines are obtained utilizing the size

dependence of thermal conductivities computed using non-equilibrium molecular

dynamics (NEMD) [54]. Reprinted with permission from ACS Nano 9, 3820.

Copyright (2015) American Chemical Society.

Apart from Si, various other semiconductors can be used to fabricated sub-

micrometer thin membranes including GaAs, GaN, SiC, SiN, Ga2O3, Ge, and

diamond [187, 188] However, only very few works in e.g. Ge [77, 189], poly-

crystalline diamond [190–192], and amorphous SiN [190] address also phononic

properties (acoustic and thermal) in these membranes. As the ultimate limit of

confinement in 1 dimension, 2D materials constitute the obvious choice to study the

fundamental aspects of thermal transport in nanostructures. In particular, the re-

cently developed experimental method of 2 laser Raman thermometry (section 2.1.1

and Refs. [37, 55, 56]) is ideally suited for the study of the thermal properties of 2D

materials and their heterostructures since it is a contact-free all-optical technique

and, in contrast to other techniques neither requires the deposition of a metallic

transducer (TDTR, FDTR) nor nanofabrication facilities (microchip suspended

platform). For an overview of the extensive literature on thermal properties in 2D

materials, the interested reader may refer to a variety of recent review articles on

graphene [193–198] as well as other 2D materials [150, 199–202].
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3.4.2 Phononic crystals

Phononic crystals constitute an attractive class of material structures with the po-

tential to control and manipulate the propagation of thermal energy. Comparable

to photonic crystals [155, 156], the introduction of a second-order periodicity which

fulfills the Bragg condition (nλ ∼ 2a) results in a modification of the phonon disper-

sion relation and the formation of phononic bandgaps where the phonon density of

states is zero and the propagation of mechanical waves is prohibited in the phononic

crystal structure (see Fig. 3.5). The reason for the formation of these bandgaps lies

within the wave interference of phonons in periodic structures and was comprehen-

sively summarized by Maldovan [154]. An early demonstration of such a phononic

bandgap was realized in an artistic sculpture consisting of periodically arranged steel

cylinders, which result in a strong attenuation of certain sound frequencies in the

low kHz range [203]. Since then, the continuing progress in miniaturization and

nanofabrication has pushed the accessible frequencies for the formation of phononic

bandgaps from a few kHz to the edge of the THz domain, thus allowing not only the

modification of the propagation of sound (kHz), ultrasound (MHz), and hypersound

(GHz), but also opening the prospect to control the propagation of heat [153]. This

development has paved the way towards the realization of novel thermal applica-

tions and devices such as thermal diodes [20, 21], thermal transistors [204, 205] and

thermal cloaks [22–25]

An active research topic in the field of phononic crystals concerns the influence of

particle-like incoherent and wave-like coherent phonon heat transport and their indi-

vidual contributions to the reduction of the thermal conductivity in PnCs [55, 206–

211]. The term incoherent phonon scattering refers to all diffusive scattering pro-

cesses in which the phase information of the phonon is lost. These include phonon-

phonon (Umklapp) scattering, phonon-impurity scattering and diffusive phonon-

boundary scattering as discussed in section 3.1. In contrast, coherent phonon effects

preserve the phase of the phonons and wave interference occurs. Several recent pub-

lications have therefore tried to distinguish particle-like effects and wave-like effects

in two-dimensional phononic crystals [55, 206–215]. The majority of these works fo-

cuses on silicon based two-dimensional phononic crystals built of air-filled cylinders

in a silicon suspended thin film or membrane where the holes are usually aligned

in ordered square, hexagonal, or honey-comb lattices. The main line of arguments

to explain the reduction of thermal conductivity in these phononic crystals usually

follows the following ideas:

� The introduction of air holes leads to the formation of additional interfaces

which increase phonon boundary scattering and effectively reduce the thermal

conductivity.
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Figure 3.5: Left: Phonon dispersion relation of a 2D phononic crystal of air-filled cylinders

in a Si suspended film of 250 nm thickness. Data points represent measured

frequency by Brillouin light scattering, solid lines show the calculated phonon

dispersion relation for symmetric (red) and antisymmetric (blue) modes obtained

by finite element modeling. The green bar indicates the presence of a phononic

band gap in the GHz frequency range. Right: Schematic top view (a) and lateral

view (b) of the phononic crystals structure and orientation [160]. Reprinted with

permission from Physical Review B 91, 075414. Copyright (2015) American

Physical Society.

� For a second-order periodicity below the mean free path of phonons, an addi-

tional reduction of the thermal conductivity may occur as the length scale for

ballistic propagation of phonons is reduced by the additional interfaces.

� Beyond these purely particle-related effects, coherent wave-like effects may also

reduce the thermal conductivity due to the introduction of phononic bandgaps

and the reduction of the phonon group velocities.

While the first two points describe well-established mechanisms related to phonon

scattering processes, the experimental proof for coherent phonon heat conduction

poses significant challenges in the absence of a direct measurement technique for

thermal phonon coherence and fuels controversial discussions up to the present day.

So far, most works rely on the measurement of the thermal conductivity in struc-

tures with varying geometrical features in order to deduce indirectly the presence of

coherent phonon heat conduction.

An elegant approach to study the existence of coherent wave-like phonon effects and

the potential impact of phonon coherence on the thermal properties is based on

the fabrication of ordered and disordered two-dimensional phononic crystals. The

approach relies on the basic principle that wave interference of phonons will be dis-
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Figure 3.6: (a) 2 laser Raman thermometry line scans of an unpatterned Si membrane, an

ordered, PnC and a disordered PnC. (b) Logarithmic plot of the highlighted

area in (a) to visualize the ln(r) relation (section 2.1.1). (c) Phonon frequency /

phonon wavelength as a function of disorder and roughness parameter R. Solid

lines indicate the dependence for selected specularity parameters p between 0.01

and 0.90. Data points represent measured coherent acoustic phonon frequencies.

The blue-shaded area indicates the coherent phonon regime extrapolated from

the highest measured coherent phonon frequencies, the red-shaded area marks

the non-coherent phonon regime [55]. Reprinted with permission from Nano

Letters 16, 5661. Copyright (2016) American Chemical Society.

turbed by the introduction of disorder, which will nullify a potential reduction of the

thermal conductivity by coherent phonon effects. Fig. 3.6 displays thermal conduc-

tivity measurements of ordered and disordered two-dimensional phononic crystals

obtained by two laser Raman thermometry (section 2.1.1). Independent of the level

of disorder in the PnC lattice, the same thermal conductivity of about 14 Wm−1K−1

at room temperature were observed as compared to 80 Wm−1K−1 in the unpatterned

Si membrane (Fig. 3.6 a,b) [55]. This six fold reduction is well within expected pa-

rameters and can be solely explained by non-coherent effects related to increased

phonon scattering in the patterned membrane. Beyond that, the equal thermal con-

ductivity of the ordered and disordered PnCs indicates that high frequency thermal

phonons do not experience coherent effects in these structures.

Using femtosecond pump-probe reflectivity measurements, we have therefore inves-

tigated the frequency limit for the presence of coherent acoustic phonons [55]. It

could be shown that phonon interference is strongly affected by both disorder and

roughness and that for a given roughness of 1 nm, coherent phonon effects would play

a negligible role for frequencies above about 400 GHz (see Fig. 3.6). Taking into ac-

count that most of the heat-carrying phonons at room temperature have frequencies

in the low THz range, the absence of coherent phonons in this range directly ex-

plains why the room temperature thermal conductivity is not affected by disorder in
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the phononic crystals. Consequently, modifications of the thermal conductivity due

to phonon coherence will only occur for very smooth surfaces/interfaces where the

limit of the coherent phonon regime reaches the THz range or for sufficiently low

temperatures where the wavelength of the thermal phonons is significantly larger

and thereby greatly exceeds the characteristic roughness of the phononic crystal

structure.

Figure 3.7: Top: Thermal decay rate measurements of 2D phononic crystals with varying

disorder. At 4K, the thermal decay rate depends on the level of disorder whereas

at 300 K heat dissipates through ordered and disordered structures at an equal

rate (inset). Bottom: Theoretically expected disorder dependence alongside the

experimentally measured difference between thermal decay rates for different val-

ues of the effective surface roughness [210]. Reprinted with permission of AAAS

from Science Advances 3, e1700027. Copyright The Authors, some rights re-

served; exclusive licensee American Association for the Advancement of Science.

Distributed under a Creative Commons Attribution NonCommercial License 4.0

(CC BY-NC).

These conclusions were later confirmed by the study of 2D PnCs with varying level of

disorder in the second-order periodicity at cryogenic temperatures. Corresponding

time-domain thermoreflectance measurements (section 2.1.2) of PnCs with varying

level of disorder were reported by Maire et al. and are displayed in Fig. 3.7 [210]. A

pronounced reduction of the thermal decay rate, which corresponds to a reduction

in thermal conductivity, is observed in the ordered PnC lattice at T = 4 K. With
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increasing level of disorder, the values approach a constant threshold. In contrast,

the thermal decay rate at room temperature (Fig. 3.7 inset) is independent of the

amount of lattice site disorder in the PnCs. Temperature depend studies have further

shown that the reduced thermal conductivity in the ordered PnCs is only observable

for temperatures below about 10 K. At these temperatures, the wavelength of the

heat-carrying phonons is of similar size as the periodicity of the phononic crystal

lattice so that wave-interference effects in ordered PnCs occur at frequencies of heat-

carrying phonons.

Figure 3.8: a) Periodic and aperiodic nanomesh structures to distinguish between coherence

effects and particle backscattering effects, b) Variation of pitch to quantify the

contribution of phonon backscattering at the bridging necks. c) Normalized ther-

mal conductivity and d) normalized thermal conductance as function of varying

pitch aspect ratio for experimental values at three different temperatures and

simulations assuming fully diffusive (p=0) and partly specular (p=0.8) scatter-

ing [216]. Reprinted from Nature Communications 8, 14054. Copyright (2017)

licensed under CC BY 4.0.

A particular case of ordered and disordered 2D phononic crystals are quadratic

and rectangular nanomeshes [212, 216, 217]. One advantage of these nanomeshes

is the possibility to adjust the spacing of holes in one direction while leaving it

constant in the other direction. In this way, a transition from a regularly-ordered

lattice to an equally spaced nanowire geometry can be realized (see Fig. 3.8). Such a

design variation can be used to decouple the contributions of wave-related coherence

effects and particle-related effects with particular sensitivity to the contributions
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of phonon backscattering [216]. Analogous to the previously discussed phononic

crystals, nanomeshes are typically realized as thin suspended films or membranes

with a fabricated periodic mesh of holes.

Fig. 3.8 shows the schematic illustrations of periodic and aperiodic nanomeshes

with different pitch between the vertically bridging necks and the corresponding

measurements of the normalized thermal conductivity and thermal conductance.

The modification of the thermal conductivity as function of pitch in the aperiodic

nanomeshes is caused by the change in wall density that can be explained by phonon-

backscattering. This conclusion is in accordance with several recent works, which

mostly agree that coherent phonon effects do not contribute to the reduction of the

thermal conductivity in lithographically fabricated 2D phononic crystals at room

temperature.

Apart from the investigation of coherent wave-like effects, another promising re-

search development in recent years targets the realization of directional heat propa-

gation by ballistic phonon transport [136, 218, 219]. The concept relies on the fact

that phonons can travel in straight lines (or undergoing fully specular reflection at

surfaces and interfaces) without heat dissipation for hundreds of nanometers as ob-

served in various nanostructures including membranes [185], holey silicon [220], and

nanowires [124]. However, in order to exploit this property for practical applications,

it is crucial to achieve control over the directionality of the phonon propagation. Such

a directional control of ballistic phonons was recently demonstrated by Anufriev et

al. in patterned silicon nanostructures consisting of aligned and staggered phononic

crystals with varying periodicity [26]. Using TDTR measurements (section 2.1.2) it

was shown that the obstruction of ballistic heat conduction in staggered structures

results in a significant reduction of the thermal conductivity as compared to the sam-

ples with aligned holes. Furthermore, it was demonstrated that heat propagation

can be guided by a regular phononic crystal lattice.

Fig. 3.9 displays phononic crystal lattices that are aligned (b) and disaligned (c)

towards suspended nanowires. The relative differences between thermal decay times

as function of nanowire length (T = 4 K) and temperature (1 µm length) are shown

in Fig. 3.9 (d) and (e), respectively. In the case of the aligned nanowires, heat dissi-

pates up to 15 % faster through the coupled structure as compared to the uncoupled

one. The results demonstrate that phononic crystals can act as a directional source

of ballistic phonons that propagate preferentially in a predefined direction, in this

case along the nanowire axis [26]. The effect decreases with increasing length of the

nanowires as heat conduction eventually becomes diffusive regardless of the initial

direction for length scales beyond the phonon mean free path.

The directional heat propagation becomes even more pronounced at low temperature

due to two different effects: Firstly, the phonon wavelength λ becomes longer at low
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Figure 3.9: (a) SEM image of a nanowire-coupled phononic crystal sample. Close-up views

showing the difference between the coupled (b) and uncoupled (c) samples. The

scale bar is 300 nm. Difference between the coupled and uncoupled samples

∆uncoupled
coupled = (τuncoupled − τcoupled)/τcoupled as function of nanowire length (d)

and temperature (e) measured by TDTR. Error bars show standard deviation

between different measurements on the same sample. Monte Carlo simulations

(blue lines) for roughness η of 2 and 3 nm [26]. Reprinted from Nature Commu-

nications 8, 15505. Copyright (2017) licensed under CC BY 4.0.

temperatures, which increases the probability of specular scattering p expressed by

p = exp(−16π2η2cos2α

λ2
) (3.6)

where η is the surface roughness and α is the normal incidence angle. Hence, the

incident angle for specular reflection becomes wider with increasing phonon wave-

length, which effectively increases the number of ballistic phonons at low tempera-

tures. Secondly, the phonon mean free path Λ lengthens at lower temperatures [6,

221, 222] or, in other words, phonons can travel ballistically over longer distances in

the micrometer range.

These recent approaches demonstrate the potential of controlling the directionality

of ballistic heat propagation and will further benefit from the realization of smaller

nanostructures by advanced nanofabrication techniques and materials with increased

phonon mean free path. It therefore becomes conceivable to fabricate phononic

structures that can guide, confine, or disperse heat fluxes on length scales of typical

nano- and microstructures.

3.4.3 Superlattices

The propagation of heat in superlattices (SLs) is determined by a variety of differ-

ent mechanisms. In particular, the thermal properties are defined by the acoustic
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impedance mismatch between the different materials of the superlattice [223–225],

the thermal boundary resistance at the interfaces, alloy scattering [223, 224], the for-

mation of phonon minibands due to the interference of coherently reflected phonons

from multiple interfaces [225, 226], phonon tunneling [227, 228], and coherent phonon

heat conduction [131, 132].

In contrast to the previously discussed 2D phononic crystals and nanomeshes, su-

perlattices constitute a type of 1D phononic crystal, which, in principle, are capable

of overcoming the main limitations for coherent phonon heat conduction in litho-

graphically fabricated 2D PnCs. In particular, these are an interface roughness,

which is about one order of magnitude smaller than the phonon wavelength and a

second-order periodicity of the same order as the wavelength of the heat-carrying

phonons (Fig. 3.6c). Both conditions are nowadays accessible by epitaxial growth

techniques such as molecular beam epitaxy (MBE), metal-organic-chemical vapor

deposition (MOCVD) and atomic layer deposition (ALD) which under ideal condi-

tions enable atomically flat superlattice structures over many superlattice periods.

Consequently, superlattices constitute an ideal platform to study the particle and

wave nature of phonons via their thermal transport properties [131, 132, 229].

While the experimental study of coherent phonon effects in 2D phononic crystals is

mainly limited to Si caused by the maturity of Si nanofabrication techniques, the

epitaxial growth of superlattices allows a much wider range of materials which satisfy

the requirements on interface roughness and periodicity. These include for exam-

ple the semiconductor-semiconductor SLs GaAs/AlAs [131], CaTiO3/SrTiO [132],

SiGe [223, 224], Si/SiOx [230], and AlN/GaN [231], the metal-semiconductor SLs

W/Al2O3 [232], TiN/AlScN [233, 234], and ZrN/ScN [235], as well as inorganic-

organic SLs such as ZnO/benzene [236, 237] and TiO2/benzene [238]. As the large

quantity of recent works renders a comprehensive discussion within the scope of this

chapter impossible, only few selected examples are mentioned, which focus on the

possibility of coherent wave-like effects in superlattices.

This research field was widely stimulated by the report of coherent phonon heat

conduction in epitaxially grown GaAs/AlAs superlattices with an individual layer

thickness of 12 nm. Time-domain thermoreflectance measurements (section 2.1.2)

have shown a linear increase of the cross-plane thermal conductivity with increasing

number of periods in the temperature range between 30 und 150 K (Fig. 3.10)

which was attributed to thermal transport by coherent phonons [131]. Above 150

K, the increase of k is less pronounced which indicates the presence of diffusive

interface scattering as the wavelength of the heat-carrying phonons decreases with

increasing temperature. However, the persistent increase of k as function of SL

periods evidences the existence of partial phonon coherence and their contribution

to the heat propagation even at elevated temperatures over 150 K [131].
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Figure 3.10: (left) Cross-sectional TEM image of the 3-period GaAs/AlAs SL, (inset)

HRTEM image of one of the interfaces. (right) TDTR measurements of ther-

mal conductivity of GaAs/AlAs superlattices as a function of number of SL

periods for different temperatures between 30 K and 296 K [131]. (Reprinted

with permission of AAAS from Science 338, 936. Copyright (2012) American

Association for the Advancement of Science.

In a slightly different approach, Ravichandran et al., have studied the thermal con-

ductivity of perovskite superlattices with intrinsically low phonon Umklapp scat-

tering as function of periodicity [132]. The authors observed a minimum thermal

conductivity for a specific superlattice periodicity that was attributed to a crossover

between coherent wave-like and non-coherent particle-like phonon heat conduction

(Fig. 3.11a). The minimum forms because of opposing dependences of k as func-

tion of interface density in the coherent and non-coherent transport regime. In the

non-coherent regime, a reduction of the period thickness reduces the thermal con-

ductivity as phonons experience diffusive boundary scattering at each interface. In

other words, the phonons behave particle-like and thus the thermal resistance in-

creases with increasing interface density. A further decrease in the period thickness

reverses this trend and results in an increase of k. This behavior is not compatible

with only diffusive phonon scattering. Considering that the period thickness is now

in the range of the coherence length of thermal phonons, the observed increase in k

for small period thicknesses reflects the wave nature of phonons and was attributed

to the presence of coherent phonon heat conduction. The combination of both effects

results in a minimum of k that becomes more pronounced at lower temperatures due

to the increase of the phonon wavelength and reduction of Umklapp scattering.

Following these initial works on coherent phonon heat conduction, several follow-up

works have appeared in recent years that investigate the impact of phonon coher-

ence in various superlattice structures. These include a variety of theoretical works

which investigate phonon coherence in various superlattices [240] and random mul-

tilayers [241, 242] such as Si/Ge [229], GaAs/AlAs [243], graphene/h-BN [244, 245],
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Figure 3.11: Measured thermal conductivity values for (STO)m=(CTO)n superlattices [132]

(a) and TiN/Al0.72Sc0.28N metal/semiconductor superlattices [239] (b) as func-

tion of period thickness (interface density) at different temperatures measured

by TDTR. Solid lines (a) are guides to the eye. A minimum in the thermal

conductivity is visible in both superlattice systems which persists over a wide

range of temperatures. Adapted from references [132] and [239].

C12/C13 [246], and van der Waals superlattices [247]. Recently, additional experi-

mental support for coherent phonon heat conduction in SLs was published by Saha

et al. [239]. Fig. 3.11b displays the measured cross-plane thermal conductivity of

TiN/Al0.72Sc0.28N metal/semiconductor SLs as function of period thickness for tem-

peratures of 150 K, 300 K, and 500 K. Similarly to the previously discussed work by

Ravichandran et al. [132], the minimum of k becomes more pronounced at lower tem-

peratures and is explained by the crossover between the non-coherent and coherent

phonon regimes.

Apart from these works, the lowest in-plane thermal conductivity of Si-based planar

superlattices was recently reported considering exclusively non-coherent effects [230].

Hybrid nano-membrane superlattices were fabricated by strain-engineered role-up

and compression of 20 nm Si and 2nm amorphous SiOx layers. Thermal conductivity

measurements were conducted using the suspended microchip suspended platform

technique (see section 2.2.3). The strong reduction of the thermal conductivity
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(about 3 times lower than in an individual 20 nm thick Si layer) was attributed

to a dominant phonon scattering in the SiO2 layers. The results are in agreement

with the previously discussed reduction of the thermal conductivity in Si membranes

(section 3.4.1) [54] and phononic crystals [248] by the native oxide and emphasize

the crucial role of the surface configuration not only in suspended ultra-thin films

but also in superlattice structures.

The here discussed works demonstrate that 1D superlattices constitute a versatile

class of nanostructures for both, the study of fundamental properties such as the con-

ditions for phonon interference and coherence, and, for the realization of materials

with very low thermal conductivity by the exploitation of coherent and non-coherent

phonon effects. Together with their 2D and 3D counterparts, 1D superlattices can

be used to build phononic metamaterials which hold the promise of many more in-

teresting discoveries and applications in the field of nanoscale thermal transport in

the near future.

3.4.4 Nanowires

Nanowires, in their idealized 1D geometry, constitute another interesting class of ma-

terials for the study of thermal transport and phonon coherence at the nanoscale. In

particular, Si nanowires have attracted great attention due to their excellent physical

and chemical properties and ideal interface compatability with conventional Si tech-

nology [8, 249]. Since the thermal conductivity of bulk Si is governed by phonons

with a broad distribution of mean free paths [6], Si nanowires are well-suited to

study size effects on the thermal conductivity. Several works have reported a diam-

eter dependent reduction of the thermal conductivity of Si nanowires as compared

to bulk Si [12, 250, 251]. Fig. 3.12 displays the temperature dependent thermal con-

ductivity of two series of Si nanowires with varying diameters fabricated by vapour

liquid solid growth (VLS) [250] and electroless etching [12]. Both series exhibit a

reduction of thermal conductivity with decreasing NW diameter which is caused by

an increase of diffusive phonon boundary at the surface of thinner NWs resulting in

the reduction of the phonon mean free path.

Comparing the two data set in Fig. 3.12, it is interesting to note the significantly

stronger reduction of k in the etched NWs as compared to the VLS grown ones.

As discussed already in the previous sections 3.4.1 to 3.4.3, not only the dimen-

sion but also the surface composition and roughness affects the thermal transport

in nanostructures [54, 55, 154]. High-resolution TEM images of the NWs reveal

smooth surfaces in the VLS NWs (roughness of 1-2 monolayers) as compared to a

mean roughness height and period of up to 5 nm in the etched NWs [12]. Thus, the

roughness at the surface of the NWs reduces specular phonon reflection in favor of

diffusive scattering and backscattering of phonons, resulting in an additional reduc-
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Figure 3.12: Left: Temperature dependent thermal conductivity of vapour-liquid-solid

(VLS) grown Si NWs (dark blue circles) [250] and Si NWs fabricated by elec-

troless etching (EE) (red diamonds) [12] with diameters between 37 nm and

115 nm. Adapted by permission from Springer Nature: Nature 451, 163. Copy-

right (2008). Right: Temperature-dependent thermal conductivity of electroless

etched (EE) Si nanowires with different surface roughness between 0.65 nm and

2.6 nm [252]. Reprinted with permission from Nano Letters 16, 4133. Copyright

(2016) American Chemical Society.

tion of thermal conductivity beyond size effects. Similar observations were reported

by Boukai et al. [13] who measured a reduction of k in 10-20 nm wide Si NWs by

more than 2 orders of magnitude as compared to the bulk value, thus approaching

or even surpassing the amorphous limit of Si of 1.7-2.1 Wm−1K−1 [6, 253]. Such

a drastic reduction could not be explained by theoretical models considering only

the diameter and average roughness of the NWs. Instead, Lim et al. found that

the reduction of k is more correctly described considering both root-mean square

(rms) value and correlation length of the surface roughness [254]. Subsequently, Lee

et al. [252] conducted a detailed study of the temperature dependent thermal con-

ductivity of NWs with well-defined surface roughness and correlation length which

revealed persistent reductions of k with increasing rms roughness and decreasing

correlation length of the entire temperature range from 20-700 K (Fig. 3.12b).

Recently, Mukherjee et al. [255] have studied the influence of isotope disorder and

crystal phases on the thermal conductivity of Si NWs. The NWs were investigated by

HAADF-STEM analysis and differentiated in cubic, rhombohedral, and mixed poly-

morphs. The highest thermal conductivity was observed for isotopically pure 29Si

NWs in the cubic crystal phase. Both structural and isotopic disorder were shown

to reduce the thermal conductivity with the lowest k obtained for 28Six
30Si1−x NWs
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Figure 3.13: Left: Thermal conductivity as function of He ion irradiation dose for eight

different Si NW samples. Inset: Same data plotted on a logarithmic scale.

Solid black squares denotes the thermal conductivity of non-irradiated NWs as

reference [256]. Reprinted from Nature Communications 8, 15919. Copyright

(2017) licensed under CC BY 4.0. Right: Thermal conductivity of SiGe NWs

with different diameters and alloy compostions as function of NW length l. The

inset displays the same data plotted as thermal resistance per unit area (A/k)

as function of l. Dotted lines indicate linear fits to the data in the ballistic

(l < 8.3µm) and diffusive (l > 8.3µm) regimes [124]. Reprinted by permission

from Springer Nature: Nature Nanotechnology 8, 534. Copyright (2013).

with rhombohedral phase. Furthermore, the isotope-disorder induced reduction of

k was found to be insensitive to the crystal phase, thus demonstrating the general

role of phonon isotope scattering in the reduction of the thermal conductivity [255].

Phonon scattering at defects constitutes another scattering mechanism responsible

for the reduction of k. The influence of defects introduced by helium ion irradiation

on the thermal properties of NWs was studied by Zhao et al. [256]. A linear decrease

in thermal conductivity by up to 70% was observed for point defect concentrations

up to about 4% underlining the strong influence of phonon scattering by point

defects on k (see Fig. 3.13a). For higher irradiation doses, the reduction in thermal

conductivity saturates and approaches the amorphous limit of k as the irradiation

dose is sufficient to induce the transition from the crystalline to the amorphous

phase [256]. These works demonstrate the impact of intrinsic phonon scattering by

defects, isotopes, and structural disorder in addition to the reduction of the phonon

mean free path by diffusive boundary scattering at the (rough) surface of the NWs.

Finally, several works have recently appeared focusing on the ballistic transport of

phonons in NWs, meaning the absence of scattering mechanisms other than specular

phonon reflections on the surface [124, 125, 210, 257]. Such ballistic heat transport

was demonstrated in SiGe alloy NWs [124] and Si-Ge core-shell NWs [125] where the
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phonon mean free path was found to be 8.3 µm and 5 µm, respectively. Using the

microchip suspended platform technique (section 2.2.3), the thermal conductivity

of the SiGe NWs was found to increase linearly with length l up to 8.3 µm (see

Fig. 3.13b). This behavior is consistent with Laundauer’s formulation for a ballistic

thermal conductor where k ∝ l [258]. For longer NWs, k remains constant since

additional dissipation occurs inside the SiGe NWs and heat transport occurs as

in an ordinary diffusive thermal conductor [124]. The reason for the long phonon

mean free path is found in the localization of high frequency phonons resulting in

the reduction of the thermal conductivity k in the NWs. Taking into account that

phonon scattering by defects increases with ω4, the ballistic heat conduction over

long distances must be carried by low frequency acoustic phonons. It was shown

that alloy concentrations below 10% are sufficient to localize most high frequency

phonons enabling low-frequency phonons, which occupy 0.1% of the excited phonon

spectra, to become the dominant heat carriers [125]. The remaining long-wavelength

phonons experience only specular reflection at surfaces and low defect scattering

resulting in the observed long phonon mean free path. In the case of pure Si NWs,

semi-ballistic heat transport was observed only at low temperatures as phonons with

long wavelength contribute to heat transport and undergo specular reflection at the

NW surface [210].

The previously discussed works make use of several different experimental techniques

to tackle the delicate task of thermal transport measurements in single NWs. The

most common technique is to suspend the NWs between microfabricated platforms

for heating and sensing (section 2.2.3) [106, 124, 125, 250, 252]. More recently, the

thermal conductivity was also determined using a modified microchip suspended

platform consisting of 2 sensor pads at the edges of the suspended NW which

is heated by a focused electron beam [125, 256, 259]. For electrically conducting

nanowires, a convenient approach is to use self-heating in a 3-omega type measure-

ment (section 2.2.1), although it requires careful consideration of both thermal and

electrical contact resistances [260, 261]. Scanning thermal microscopy (section 2.2.2)

furthermore enables high-resolution thermal imaging of composition, diameter, or

defect gradients along the NWs [104, 262]. Non-contact techniques, such as Raman

thermometry (section 2.1.1) are less frequently applied for thermal measurements

of single nanowires [255, 262, 263]. The main challenge lies in the accurate de-

termination of the absorbed power which is complicated when the diameter of the

NW d is smaller than the diffraction-limited size of the heating or probing laser

(d ≤ 500 nm) [37]. Finally, thermoreflectance based techniques are gaining increas-

ing attention for the study of ballistic transport in NWs [210, 264]. For a detailed

discussion of experimental approaches and challenges of thermal transport measure-

ments in single NW, the reader may refer to the reviews in Refs. [3, 43, 45, 265].
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3.4.5 Quantum dots

Very few experimental works exist that address the thermal properties of quantum

dots. The main reason is the tremendous challenge to realize a thermal probing tech-

nique with a spatial resolution commensurate to the dimensions of quantum dots, i.e.

≤ 10 nm. This requirement disqualifies almost all of the in chapter 2 discussed meth-

ods for the study of thermal properties of quantum dots. Furthermore, temperature

changes due to energy dissipation in e.g. quantum dot emitters are exceptionally

small and require not only nm spatial resolution but also µK temperature resolution.

Consequently, experimental studies of the thermal conductivity usually address the

collective properties of quantum dots in a matrix material. These include both ran-

domly distributed Ge quantum dots in Si [266, 267] and periodic Ge dots in Si/Ge

superlattices [74, 266–270]. Thermal conductivity measurements were conducted

using the 3-omega method (section 2.2.1) [74, 266–270] and thermoreflectance based

on ASOPS (sections 2.1.2 and 2.1.3) [74]. These studies are usually motivated by the

prospect to achieve very low thermal conductivity in materials with good electrical

conductivity for more efficient thermoelectric energy conversion. In a comparative

study between vertically aligned and disaligned quantum dots, a two-fold reduction

in the thermal conductivity in the uncorrelated structures was observed as compared

to the aligned QD structure (7 instead of 14 Wm−1K−1 at room temperature) and

attributed to the randomization of the dot spatial distribution [267].

In 2010, Pernot et al. [74] achieved a record low thermal conductivity value of

0.9 Wm−1K−1 at room temperature in 5 layers of epitaxial Ge dots separated by

Si spacers. The experimental observations were explained by a totally diffusive

mismatch model for the barriers, i.e. phonons scatter in a completely diffusive

way [74]. High-resolution transmission electron microscopy (HRTEM) and atomic

force microscopy (AFM) imaging of the layer structures could further exclude the

presence of dislocations or extended defects as additional phonon scattering centers.

The question remains if there are any indications for an additional reduction of the

thermal conductivity due to wave interference effects. However, the absence of a

thermal conductivity minimum for a series of layer periods down to 3.7 nm rather

supports the conclusion that the low thermal conductivity is solely achieved by highly

diffusive phonon scattering at the dots and that no coherent effects participate (c.f.

section 3.4.3 and Fig. 3.11) [74].

Recently, Halbertal et al., have demonstrated a major breakthrough in the ther-

mal study of quantum dots and extended defects in carbon nanotubes and graphene

using a superconducting quantum interference device placed on a sharp tip of a scan-

ning microscope (see perspectives in section 2.3) [143, 144]. Using this approach,

the energy dissipation of individual quantum dots by single-electron charging could

be measured with sub-µK sensitivity. These recent advances constitute the first
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promising examples of thermal imaging of nanoscale dissipation processes in quan-

tum structures.

3.5 Conclusion and perspectives

This chapter has elucidated fundamental aspects of phonon mediated thermal trans-

port such as phonon scattering mechanisms, phonon mean free path, phonon con-

finement, and phonon lifetimes. Subsequently, the largest part of this chapter has fo-

cused on the discussion of coherent and non-coherent thermal transport in nanostruc-

tures with different geometry. These include suspended thin films, two-dimensional

phononic crystals, superlattices, nanowires, and quantum dots. While most of the

existing studies focus on the thermal transport governed by non-coherent phonon

scattering in order to reduce the thermal conductivity for thermoelectric applica-

tions, the field of heat conduction by coherent phonons is still in its infancy. Several

recent examples for successful demonstration of coherent phonon wave effects and

ballistic phonon propagation were discussed in phononic crystals, superlattices, and

nanowires. All of them have in common that surface and interface roughness plays

a crucial role in the preservation or destruction of phonon coherence. Furthermore,

the periodicity of phonon structures with second-order periodicity should commen-

surate the wavelength of thermal phonons and the phonon mean free path should be

sufficiently long to allow interference effects. With the continuing miniaturization

in semiconductor devices and improvement of nanofabrication techniques, many of

these conditions are nowadays complied with and heat manipulation and guidance

based on coherent effects and ballistic transport have the potential to become a

corner stone of future nanoscale heat engineering.

Apart form the discussed aspects in this chapter, two most recent research highlights

shall not be left unmentioned. These are the discoveries of ultra-high thermal con-

ductivity in boron arsenide (BAs) and the observation of second sound at elevated

temperatures in graphite.

Ultra-high thermal conductivity materials:

While most of the literature on thermal properties focusses on low k materials for

thermoelectric energy conversion, high k materials are crucial as heat spreaders for

the thermal management of high-power electronics and high-power light emitters.

Currently, they rely mostly on the metals Ag, Cu, and Al as well as the non-metals

synthetic diamond, BN, and SiC, all of which have higher k values than the best con-

ducting metal Ag. In 2018, three independent works were published in the same issue

of Science which reported record high values of the thermal conductivity in cubic

boron arsenide (BAs) single crystals at room temperature [271–273]. The obtained
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values for k all lie within ±15% of the cross study average of 1140 Wm−1K−1 and

were measured using TDTR (section 2.1.2). The results deserve particular attention

as they break with conventional guidelines for high k materials which favor - apart

from a simple crystal structure, strong interatomic bonding and low anharmonicity

- mainly lattice atoms with low atomic mass [274]. This simple relation was firmly

established in e.g. group IV elements with kGe < kSi < kDiamond and was also taken

for granted in binary compound semiconductors such as kBAs < kBP < kBN. Thus,

the predicted value of 200 Wm−1K−1 for BAs [274] was well within the expected

range, although it was never measured since its prediction in 1973.

40 years later, the direct calculation of k became possible due to significant advances

in computational power and algorithms solving the Boltzmann transport equation

using atomic force constants calculated from first principles. Using these modern

theoretical tools, Lindsay et al. and Feng et al. calculated k values for BAs of

2200 Wm−1K−1 considering 3-phonon scattering [275] and 1400 Wm−1K−1 including

also 4-phonon scattering processes [276]. The experimental confirmation of such

high k values in BAs [271–273] supports the theoretical prediction that ultra-high

thermal conductivity in non-metals is related to acoustic phonon bunching combined

with large acoustic-optical gaps [275]. In other words, a suppression of k limiting

three-phonon scattering processes can occur, when the energy gap between acoustic

and optical branches is large and when the three acoustic branches are bunched

closely together [277]. As such, binary compound semiconductors with large mass

ratios such as BAs are prime candidates for high-k materials where the remaining

challenge lies in the growth of pure and defect free materials so that no other phonon

scattering mechanisms at defects and impurities limits k. Moreover, the elimination

of isotope scattering in isotopically pure crystals can further increase the thermal

conductivity. In the case of BAs, phonon-isotope scattering is already weak since As

is a monoisotopic element, i.e. it has only one stable isotope (75As), and calculations

predict an additional increase of k of about 40% for isotopically purified BAs [275].

Most recently, the influence of isotope scattering was experimentally demonstrated

in cubic boron nitride (cBN). Using TDTR and FDTR measurements, Chen et al.

reported an almost twofold higher thermal conductivity in isotopically pure c10BN

and c11BN (about 1650 Wm−1K−1) as compared to cnatBN with natural isotope

distribution (880 Wm−1K−1) [278].

Second sound at elevated temperatures:

Second sound, also called hydrodynamic phonon transport, is the non-resistive,

wave-like propagation of heat by collective phonon flow (see Fig. 3.14), which was

first predicted in single crystals of solid dielectrics in 1947 and experimentally ob-

served in solid helium crystals in 1966 [280]. In 2019, Huberman et al. have reported
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Figure 3.14: Schematic illustration of diffusive, hydrodynamic, and ballistic transport

regimes. Following the generation of a thermal non-equilibrium by a heat

pulse, the spatial distribution of the phonon density (red: high, blue: low)

at any given time depends on the thermal transport regime. a) Diffusive trans-

port: The phonon density (or temperature) decreases with distance from the

heating spot as described by Fourier’s law, b) Hydrodynamic transport: Heat

is transported by non-resistive propagation of phonons in wave packets driven

by Normal scattering (second sound), c) Ballistic transport: Phonons propa-

gate with different group velocities on ballistic trajectories without scattering.

Inspired by reference [279].

the experimental observation of second sound in graphite at temperatures as high as

125 K [130]. Particularly interesting in this work is the high-T range at which sec-

ond sound is observed. Up to this work, only few materials were known to exhibit

hydrodynamic heat transport which occurs in a transport regime between ballis-

tic and diffusive transport and only at very low temperatures. They include 3He

(0.42 - 0.58 K) [280], Bi (1.2 - 4 K) [281], NaF (11 - 14.5 K) [282–284], and Al2O3

(3.4 K) [285]. Since no further progress was achieved in increasing the tempera-

ture range in which hydrodynamic phonon transport could appear, the topic was

abandoned for almost 40 years. With the growing impact of 2D materials during

the past decade, theoretical works have refocused on phonon hydrodynamics and

predicted a much larger temperature window for second sound in graphene [220],

graphite [286], and other 2D materials [287]. The recent work by Huberman et

al. [130] marks the first experimental proof of hydrodynamic heat transport well

above liquid nitrogen temperature. Within this transport regime, phonons experi-

ence mainly non-resistive Normal-scattering whereas all resistive scattering processes
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including Umklapp-scattering play a negligable role. Since Normal scattering can-

not dissipate a heat flux, the absence of other scattering processes results in the

propagation of heat pulses as phonon density wave (Fig. 3.14) [279].

The reason why second sound was only observed in very few crystals at low tem-

peratures lies within the stringent conditions for hydrodynamic phonon transport,

i.e. the rare combination of strong Normal-scattering and weak Umklapp-scattering.

Although Umklapp scattering can be easily suppressed at temperature much lower

than the Debye temperature where the phonon population is limited to small wave-

vectors, this usually coincides with few Normal-scattering events resulting in ballis-

tic transport. Thus, hydrodynamic thermal transport is favored in materials with

high Debye temperature (reduced U-scattering) and large anharmonicity (strong N-

scattering). These conditions also explain the favorable predictions for second sound

in carbon-based layered materials as they combine a high Debye temperature caused

by the light atomic mass of carbon and strong sp2 hybridization with large anhar-

monicity of flexural modes [288]. A logical starting point in the search for other

materials with pronounced hydrodynamic phonon transport are thus materials with

a high population of interacting small-wavevector phonons, similar to the flexural

modes in 2D systems [279].

Both recent discoveries, the unusually high thermal conductivity in BAs and the

observation of non-resistive hydrodynamic heat transport in graphite challenge con-

ventional thermal transport theories and open new pathway to non-resistive phonon

propagation in ultra-high thermal conductivity materials.



4 Photonic and phononic properties of

III-nitride semiconductors

This chapter lists the scientific articles related to III-nitride semiconductors and

their nanostructures which are part of this cumulative thesis. The chapter consists

of two main parts. The first part addresses phononic and excitonic properties in

III-nitride thin films and single crystals, the second part focuses on nanostructures

such as quantum wells, nanowires, and quantum dots. The applied experimental

methods in these works encompass continuous-wave and picosecond time-resolved

micro-photoluminescence spectroscopy (µPL, µTRPL), photoluminescence excita-

tion spectroscopy (PLE), auto- and cross-correlation measurements in the Hanbury-

Brown and Twiss configuration (HBT), (resonant) micro-Raman spectroscopy, uni-

axial and hydrostatic pressure dependent Raman spectroscopy, and tip-enhanced

Raman spectroscopy (TERS).

4.1 Thin films and single crystals

4.1.1 Phonon deformation potentials, Grüneisen parameters, and

Born’s effective charge

The first section addresses phonons in III-nitride single crystals and epitaxial films in-

cluding their fundamental lattice vibrational properties such as phonon deformatio-

nen potentials, Grüneisen parameters, and Born’s transverse effective charge values.

The pressure coefficients and phonon deformation potentials of AlN, GaN, InN, and

ZnO are determined by uniaxial and hydrostatic pressure-dependent micro-Raman

measurements [289–291]. Furthermore, the hydrostatic pressure dependence of the

ordinary and extraordinary refractive indices of GaN, AlN, and ZnO are determined

by optical interference measurements inside a diamond anvil cell [292]. Finally, the

phonon-plasmon coupling in the ternary alloy systems InGaN and AlGaN is studied

by micro-Raman spectroscopy and theoretical modeling [293]. Published articles in

this section include: [289–293]
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4.1.2 Defects, impurities, and charge transfer mechanisms

This section contains publications that study the optical properties of epitaxially

grown GaN thin films with particular focus on the spectroscopic investigation of

impurities and defects and their respective energy and charge transfer mechanisms.

In particular, the works focus on Mg and Si as the technologically most relevant

dopants to obtain shallow acceptors and donors in GaN, respectively. The donor

and acceptor binding energies as well as exciton localization and activation energies

related to these impurity states are determined by a combination of temperature

dependent PL and PLE spectroscopy [294, 295]. The identification of shallow im-

purity bound excitons and their related electronic and vibrational excited states is

accomplished by high-resolution PLE which reveals charge and energy transfer pro-

cesses between related optical transitions [296]. In combination with time-resolved

PL, a clear distinction between effective mass like shallow donor bound excitons and

defect or complex bound excitons is achieved [294]. Further works include the study

of polarity effects and carrier localization in GaN lateral polar junctions [297], as

well as structural and optical properties of ammono-thermal GaN [298] and epitaxial

AlN [299]. Finally, a combined experimental and theoretical study of highly doped

GaN:Ge indicates the stabilization of exciton-like particles by a degenerate electron

gas formed for free carrier concentrations beyond the Mott density [300]. Published

articles in this section include: [294–300].

4.2 Nanostructures

The second part of this chapter addresses optical and electronic properties in ni-

tride based nanostructures. These include the study of quantum efficiency, electric

field- and confinement effects, carrier dynamics, and non-classical light emission in

quantum wells, nanowires, quantum wires, and quantum dots.

4.2.1 Quantum wells

The works in this section focus on the study of quantum efficiency and droop in In-

GaN/GaN commercial LED devices and AlGaN/AlN multi-quantum-well (MQW)

heterostructures. The radiative and non-radiative charge carrier recombination pro-

cesses are studied by time-resolved PL measurements on LED structures as func-

tion of operation current. The differential carrier lifetimes of InGaN LED struc-

tures are investigated by small-signal time-resolved photoluminescence (SSTRPL)

in order to quantify Shockley-Read-Hall (SRH), Auger, and radiative recombination

coefficients [301]. The technique combines steady-state electrical excitation with

quasi-resonant, time-resolved optical excitation. In the case of the AlGaN/AlN
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MQWs, resonant, time-resolved PL as function of excitation power density is ap-

plied to determine the internal quantum efficiency and quantify the radiative and

non-radiative recombination coefficients [302]. Furthermore, a new method is pre-

sented in GaN/AlN MQW nanostructures that enables the tuning and suppression

of the quantum-confined Stark effect in the polar growth direction. Using a pair

of AlN layers on both sides of the quantum well structure, the corresponding inter-

face charges shift the electric field gradient out of the active region, thus enabling

a significantly enhanced radiative recombination rate inside the active region [303].

Published articles in this section include: [301–303].

4.2.2 Nanowires and quantum wires

The publications in this section focus on the investigation of structural and vibra-

tional properties of nanowires with sub-diffraction spatial resolution by tip-enhanced

Raman scattering (TERS). Vertically aligned InGaN/GaN quantum-well nanorods

and Ge single nanowires are studied by TERS with a spatial resolution of about

30 nm. It is demonstrated that TERS mapping is capable of obtaining exten-

sive information about local strain, composition fluctuation, charge accumulation,

polymorphism, and clustering within these nanostructures [304, 305]. The surface

sensitivity of TERS allows to study the distribution of In-accumulation inside the

quantum well at the apex of the nanorods [304] and the gradient of Ge compo-

sition towards the surface of the nanowires [305]. The relaxation of far-field Ra-

man selection rules is demonstrated for Ge doped GaN, graphene, and carbon nan-

otubes [306]. In the case of highly doped GaN, a significant increase of the intensity

of the longitudinal-optical phonon-plasmon coupled (LPP) mode occurs that scales

with the dopant concentration and demonstrates the importance of free carriers for

the enhancement of near-field Raman scattering [306]. Three additional publica-

tions on plasmon-resonant TERS in InN, as well as In fluctuations and clustering in

InGaN thin films and quantum wells studied by TERS are currently under review or

being finalized. In addition, the photonic properties of few nm thin GaN quantum

wires, grown on the non-polar side facets of AlN/GaN nanowire heterostructures are

studied by steady-state and time-resolved micro-PL spectroscopy [307]. The intense

quantum wire luminescence is a result of an efficient charge carrier transfer between

the different optically active regions, feeding the quantum wire states with photo-

excited charge carriers generated in the larger GaN parts of the heterostructure.

The absence of electric fields due to the growth on the non-polar facets results in

narrow, deep UV emission lines which are shifted to higher energies due to carrier

confinement [307]. Published articles in this section include: [304–307].
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4.2.3 Quantum dots

The last section of this chapter comprises articles that address the electronic and

optical properties of quantum dots (QDs). The photon emission from the biexci-

ton cascade in single GaN/AlN QDs is investigated as function of biexciton binding

energy, temperature, and excitation density [308]. GaN QDs are an ideal mate-

rial system for these studies since the fine-structure splitting of the excitonic bright

states and the biexciton binding energy can be tuned close to zero as function of the

QD dimensions. The emission process can be changed from cascaded single-photon

emission to a bunched two-photon emission process as shown by the appearance of

bunching around zero time delay in Hanbury-Brown and Twiss second-order cor-

relation measurements [308]. In the case of InAs/GaAs QDs, time-resolved reso-

nant Raman scattering experiments enable the distinction between the energetically

overlapping coherent resonant Raman process and the incoherent phonon-assisted

photoluminescence process which are governed by decay dynamics in the picosecond

and nanosecond range, respectively [309]. In addition, the emission directionality of

stacked InAs QDs is studied using 8-band k · p theory for QD stacks with varying

barrier thickness and number of layers. The calculations reveal that the direction

of emission from stacked QDs can be tuned from top emitters to edge emitters

for increasing QD aspect ratio, decreasing barrier width, and increasing number of

QD stacks, thus providing a framework for the design of photonic emitters based on

stacked QDs [310]. Published articles in this section include: [308–310]. A more com-

prehensive discussion of nitride-based nanostructures is scheduled to be published

in two book chapters [28, 29] which are part of a book on semiconductor nanopho-

tonics [30]. Finally, the chapter closes with an extensive review article discussing

the effects of polarity in GaN and ZnO single crystals and nanostructures [31].



5 Metal-oxide thin films and

nanostructures

The final chapter comprises publications that address the optical, electronic, vibra-

tional, and functional properties of metal-oxide thin films and nanostructures with

focus on the II-VI semiconductor ZnO. Similar to the previous chapter, the first

part of chapter 5 focuses on single crystals and thin films whereas the second part

contains studies of a variety of different ZnO nanostructures. The applied experi-

mental methods in these works include photoluminescence spectroscopy as function

of temperature, polarization, excitation power density, uniaxial pressure, and ex-

ternal magnetic field strength, magneto-absorption, photoluminescence excitation

(PLE), time resolved photoluminescence (TRPL), time-domain THz spectroscopy

based on asynchronous optical sampling, cathodoluminescence (CL) imaging, µ-

Raman scattering, Raman thermometry, nuclear magnetic resonance (NMR), and

positron annihilation spectroscopy (PAS).

5.1 Excitons, phonons, and defects in ZnO thin films

and single crystals

The emission and excitation spectra of ZnO near the band edge consist of a mul-

titude of characteristic transition lines that can provide detailed information on

impurities, dopants, strain, and defects. Well know features in the low-temperature

emission spectra of ZnO include free- and donor bound excitons in their neutral

and ionized charge states, two-electron satellites, and donor-acceptor pair transi-

tions. In the spectral proximity of the shallow donor bound excitons, ZnO single

crystals, thin films, and nanostructures commonly exhibit sharp exciton-like emis-

sion lines of ambiguous origin. Using a variety of complementary spectroscopic

techniques, these transitions are identified as excitons bound to structural defect

complexes which introduce additional donor states [311]. It is demonstrated that

these defect-bound excitons exhibit specific characteristics such as low thermal ac-

tivation energies, weak exciton-phonon coupling strength, short monoexponential

decay dynamics, and small uniaxial pressure coefficients in clear distinction to the

shallow donor-bound excitons in ZnO [311].
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The combination of pressure-dependent photoluminescence spectroscopy, first-

principle calculations based on the HSE+G0W0 approach, and k · p modeling using

the deformation potential framework is applied to obtain detailed information on the

stress dependence of the electronic band structure and exciton-polariton transitions

in ZnO [312]. These include the zero-stress values as well as the strain and stress

coefficients for the bandgap energies, valence band splittings, crystal-field splitting,

and anisotropic spin-orbit coupling under uniaxial, biaxial, and hydrostatic pressure.

In addition, the uniaxial stress rates are determined for the longitudinal-transverse

splitting of the exciton-polaritons and their excitonic binding energies and the full

set of excitonic deformation potential constants which preserve the wurtzite symme-

try are derived [312]. Based on the joint experimental and theoretical study, clear

evidence is found that the ordering of the topmost A(Γ7) and B(Γ9) valence bands

in ZnO is robust even for large uniaxial and biaxial stress [312].

Further works in this section study the effects of nitrogen doping and doping induced

defect formation in ZnO [313, 314]. Low-temperature photoluminescence studies of

nitrogen-doped ZnO epilayers reveal pronounced differences in the optical emission

spectra depending on the polarity of the growth plane [313]. Homoepitaxial growth

on the non-polar a-plane or polar Zn-face of the c-plane favors the incorporation

of nitrogen as acceptor as compared to the O-face of c-plane ZnO substrates [313].

Characteristic donor-acceptor pair (DAP) transitions provide evidence for the forma-

tion of shallow acceptors by amonia-doping in ZnO with an acceptor binding energy

of about 160 meV. The observed shift of DAP transitions to smaller energies for

nitrogen concentrations > 5 · 1019 cm−3 is indicative for the presence of fluctuating

potentials arising from the interaction of free carriers with the electric field caused

by high amounts of ionized donors and acceptors [313]. Apart from the negative

ion-type defects due to the nitrogen impurities, doping of ZnO with nitrogen also

results in the formation of intrinsic vacancy clusters as demonstrated by positron

annihilation spectroscopy [314]. These vacancy clusters are found to be particularly

stable for N-doping whereas the single Zn-vacancy defect or easy removable vacancy

clusters are common for ZnO doped with other impurities [314]. Publications in this

section include: [311–314]

5.2 Optical, thermal, and functional properties of ZnO

nanostructures

The second part of this chapter focuses on the investigation of the optical, vibra-

tional, thermal, and functional properties of ZnO nanostructures. Different synthesis

and growth methods are applied to fabricate ZnO nanoparticles with variations in

shape, size, and composition. Most investigated nanostructures are obtained using a
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versatile organometallic ZnO precursor involving a tetrameric methyl-zinc-alkoxide

with heterocubane structure (Zn4O4) [315]. Due to its good solubility, a wide variety

of solvents can be used to synthesize ZnO nanostructures from colloidal solutions

with specific geometrical and functional properties. Control over the nanoparticle

shape is achieved using different emulsification agents which determine the main

growth direction of the ZnO particles [316]. Using this approach a variety of dif-

ferent morphologies could be obtained using the same precursor system. These

include elongated ZnO nanocrystals with prismatic morphology [315], hollow, yolk-

shell, mesoporous, and solid nanospheres [316–318], lithium doped ZnO nanoparti-

cles and nanorods [319, 320], anisotropic halogen [321] and europium [316] doped

ZnO nanoparticles, and Al doped porous aerogel-like nanoparticles [322]. In addi-

tion nominally undoped as well as carbon and hydrogen doped ZnO nanowires are

grown by a catalyst-free vapor-solid process [323] and metalorganic vapor phase epi-

taxy (MOCVD) [324]. The different nanostructures exhibit large differences in their

functional properties caused by variations in the surface-to-volume ratio, elonga-

tion in polar and non-polar directions, dopant concentration, electrical, and thermal

conductivity. The following examples provide a compressed summary of the specific

properties of these nanostructures.

In the case of ZnO nanoprisms, a tuning of the absorption edge to lower energies

could be achieved as demonstrated by PL and absorption spectroscopy [315]. This

effect is not related to bandgap engineering by alloying but rather a direct conse-

quence of the specific morphology of the nanoprisms, which are terminated by the

polar [002] face. Changing the elongation of the anisotropic nanoprisms changes

the electric field strength between the Zn2+ and O2− terminated facets and thus

reduces the optical bandgap by up to 200 meV [315]. Bandgap engineering of ZnO

synthesized from molecular precursors is also obtained in spherical nanoparticles of

the ternary ZnO1−xSx alloy. As the material synthesis is performed at temperatures

insufficient to overcome the diffusion barriers in the solid state, precise control of

the sulfur concentration even beyond the thermodynamic solubility limit is possi-

ble [317]. Thus, a reduction of the optical bandgap by up to 700 meV could be

achieved [317]. Furthermore, the thermal properties of nominally undoped ZnO

nanospheres with different morphologies are studied. In particular, hollow ZnO

nanospheres are identified as promising candidates for thermoelectrics as they pos-

sess an exceptionally low thermal conductivity which is reduced by two orders of

magnitude as compared to bulk ZnO, while maintaining sufficient electrical conduc-

tivity [318].

Apart from the previously discussed nominally undoped ZnO nanostructures, sev-

eral works focus on the synthesis and characterization of ZnO nanoparticles with

a variety of different dopants including Li [319, 320], Cl, Br, I [321], Al [322], and
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Eu [316]. Building on the Zn4O4 precursor system, Li doping is obtained by adding

lithium acetate or lithium stearate to the aqueous phase [320]. Micro-Raman spec-

troscopy of lithium doped ZnO nanocrystals and nanorods enables the identification

of characteristic Raman modes related to local Li vibrations in the ZnO lattice [319,

320]. In combination with nuclear magnetic resonance (NMR) spectroscopy, it is

shown that Li+ occupies the Zn2+ position in these nanostructures while maintain-

ing perfect crystallinity as demonstrated by high resolution transmission electronic

microscopy (HRTEM). The introduction of shallow donor states results in an in-

creased electrical conductivity and improved sensitivity when applied as chemical

gas sensor [320].

Starting from the same organometallic precursors, doping of ZnO nanoparticles with

the halogens chlorine, bromine, and iodine could be realized [321]. The introduction

of shallow donor states that increase the free electron concentration at room temper-

ature in Cl doped ZnO is demonstrated by the longitudinal optical phonon-plasmon

mode shift observed in micro-Raman spectroscopy and confirmed by time-domain

THz spectroscopy [321]. Further improvement in the detection sensitivity of gas

sensors is enabled by Al doped aerogel-like ZnO [322]. Doping with Al concentra-

tions up to 4% is achieved without any change in the ratio of Al on Zn site to Al

on interstitial site with Al3+ substituting for Zn2+ being the dominant process. For

higher Al concentrations, micro-Raman spectroscopy reveals a strong phonon mode

broadening indicating a significant distortion of the ZnO crystal lattice. While the

incorporation of Al3+ on Zn2+ lattice site reduces the effective lattice parameters

due to the smaller ionic radius of Al3+, the opposite effect is observed for Eu doped

ZnO where Zn2+ substitution by larger Eu3+ ions result in a lattice expansion as

demonstrated by a linear frequency shift of the non-polar phonon modes for Eu

concentrations of up to 0.7% [316]. Moreover, the effects of carbon doping and hy-

drogen codoping are studied in ZnO nanowires grown by MOCVD. Temperature and

excitation power-dependent steady-state and time-resolved PL measurements show

clear signatures of donor-acceptor-pair transitions in the optical spectra. Based on

these observations, two shallow acceptor states with binding energies of 180 meV

and 130 meV are identified as the commonly observed nitrogen and defect related

acceptors in ZnO [324]. Publications in this chapter include: [315–324]. Beyond

these works, the effects of polarity in ZnO single crystals, thin films, and nanostruc-

tures are discussed in detail in the previously mentioned extensive review article on

GaN and ZnO [31].



6 Summary

This cumulative habilitation thesis has presented an overview of my post-doctorate

scientific works related to the study of phononic and photonic properties of semicon-

ductor nanostructures. These include quasi-2D structures such as ultra-thin (sus-

pended) films, quantum wells, and 2D phononic crystals, 1D structures including

nanowires, nanorods, and quantum wires, and 0D quantum dots. It comprises pub-

lications from three of my major research topics during the past years, i.e. nanoscale

thermal transport and phonon coherence, photonic and phononic properties of III-

nitride semiconductors and their nanostructures, and optical, electronic, vibrational,

and functional properties of ZnO nanostructures. While the discussion of the nitride

and oxide related publications was limited to a compressed summary of the most

essential results, a more comprehensive treatment of the experimental techniques

and physical aspects of nanoscale thermal transport was presented with respect to

the state-of-the art of the research field.

In order to obtain the scientific results presented within the publications of this

thesis, a wide variety of experimental techniques was applied. Thus, a considerable

amount of time and effort was dedicated to the conceptional design, development,

and implementation of new or improved experimental techniques. In particular,

two techniques shall be highlighted, which were developed, implemented, and used

extensively for the publications on nanoscale thermal transport (chapters 2 and 3).

These are two-laser Raman thermometry and femtosecond time-domain reflectance

spectroscopy by asynchronous optical sampling. In conjunction with Brillouin light

scattering, scanning thermal microscopy, and 3-omega measurements, these tech-

niques have unraveled a multitude of information about the phononic and thermal

transport properties of ultra-thin membranes and phononic crystals. Some of the

scientific highlights in this topic include:

Demonstration of the tuning of coherent and non-coherent phonon

regimes by short range disorder in 2D phononic crystals

It was shown that short range disorder results in a pronounced modification of the

phononic properties (dispersion, coherence) in the hypersonic (GHz) range while

leaving the thermal properties unaffected [55]. Based on the experimental data

and theoretical modeling, a general criteria for phonon coherence as function of
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roughness and disorder was derived and used to explain why the room temperature

thermal conductivity in lithographically patterned structures is typical not affected

by phonon coherence [55]. These findings have important ramification for novel

phononic crystal based applications in RF communication technologies and optome-

chanics, which depend on the ability to modify the phonon dispersion relation and

thus the group velocity of acoustic phonons. Using controlled levels of disorder,

these results might pave the way towards a new class of disordered phononics in

analogy to the already actively applied field of disordered photonics.

Tuning thermal transport in ultra-thin membranes by surface nanoscale

engineering

Silicon provides an ideal platform to study the relations between structure and heat

transport since its thermal conductivity can be tuned over more than 2 orders of

magnitude by nanostructuring and size reduction [36, 37]. Using a combination of

atomistic modeling and experiments, the origin of the thermal conductivity reduc-

tion in ultrathin suspended silicon membranes was investigated down to a thickness

of 4 nm. It was shown that heat transport is mostly controlled by surface scattering

where rough layers and the native oxide at the surfaces limit the mean free path of

thermal phonons below 100 nm [54]. In addition, it was demonstrated that the re-

moval of the native oxide layers by chemical processing allows to increase the thermal

conductivity by more than 1 order of magnitude for ultra-thin membranes [54]. The

results have important implications for the materials design of future phononic ap-

plications since they define the length scale at which nanostructuring affects thermal

phonons most effectively.

Modification of the phonon dispersion relation and thermal

conductivity in ultra-thin Si membrane based 2D phononic crystals

The dispersion relation and thermal properties of 2D phononic crystals made of

Si membranes with different characteristic dimensions (thickness, hole spacing and

hole diameter) was investigated by inelastic light scattering techniques (Brillouin

light scattering and 2 laser Raman thermometry). The measured phononic crystals

showed significant changes in the acoustic phonon propagation due to Bragg scatter-

ing with respect to the Si membrane. The symmetry, localization and polarization

of the acoustic modes in the phononic crystals was successfully modeled using finite

element method (FEM) simulations [160]. Moreover, it was shown that thermal

properties of the phononic crystals can be tuned in a simple and efficient manner by

changing the neck size between the holes of the phononic crystal lattice [56]. The

thermal conductivity in the phononic crystals can be reduced at best by a factor of
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40 with respect to the value of bulk Si at room temperature. It thereby approaches

the amorphous limit of Si while maintaining a feature size that is significantly larger

than the electron mean free path in highly doped Si. These results are encouraging

for the application of nanoscale engineered Si based structures as thermoelectric

devices operating at high temperatures.

The study of nitride- and oxide-based nanostructures was conducted with a com-

parable variety of experimental techniques. In particular, the light emission (PL)

and inelastic light scattering (Raman) processes of nanostructures were probed as

function of excitation energy (resonance) and power density, polarization, temper-

ature, magnetic field, uniaxial and hydrostatic pressure. The measurements were

conducted in micro- and near-field configuration, using steady state and pulsed ex-

citation for single photon counting, time delayed, and time-correlated spectroscopy.

Selected research highlights in these topics include:

Non-destructive identification of phase segregation, clustering, and

composition fluctuation in nitride-based thin films and quantum wells

InGaN/GaN heterostructures with high In content commonly experience a non-

uniform In distribution resulting in the formation of local clusters and defects that

increase non-radiative recombination channels and limit the performance of light

emitting devices. Using tip-enhanced Raman scattering mapping, the presence

of InN clusters in caped InGaN quantum wells was demonstrated by this non-

destructive near-field imaging technique [304]. Additional information on strain

distribution, chemical composition, polymorphism, and charge accumulation was

derived by TERS mapping with a spatial resolution below 35 nm [304]. It was

shown that TERS is particularly sensitive to quantum well structures with small

cap layers below 5 nm and experiences a pronounced enhancement with increasing

free carrier concentration [306]. Based on these observations it can be concluded that

tip-enhanced Raman characterization of semiconductors with large surface charge

accumulations is particularly sensitive due to a resonance enhancement with free sur-

face charge carriers. The results are encouraging as they demonstrate the potential

of tip-enhanced Raman scattering as a non-destructive, nanoscale characterization

technique with great sensitivity to In-rich nitride hetero- and nanostructures.

Quantification of radiative and non-radiative recombination mechanisms

in InGaN and AlGaN based LEDs and quantum wells

Closely related to the previous topic is the quantification of radiative and non-

radiative recombination mechanisms in InGaN and AlGaN multi-quantum well het-
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erostructures and light emitting diodes. Using small-signal time-resolved photo-

luminescence spectroscopy (SSTRPL), the internal quantum efficiency of InGaN

LEDs was determined under operation conditions [301]. The technique enables dif-

ferential carrier lifetime measurements by electrical pumping identical to operating

conditions with simultaneous time-dependent quasi-resonant optical probe excita-

tion. Using current density and temperature dependent SSTRPL measurements,

the reason for the efficiency reduction of InGaN LEDs towards longer wavelength

was identified as a combination of diminishing electron-hole wave function overlap

due to the quantum-confined Stark effect and the increasing localization of holes,

which shifts the balance between radiative and Auger recombination [301]. The ef-

ficiency droop in AlGaN quantum-well heterostructures was found to behave nearly

identical to the case of InGaN QWs. The reduction of internal quantum efficiency at

high excitation power densities was related to the presence of strong non-radiative

Auger recombination. The results have important implications as they identify and

quantify major limiting factors that need to be tackle in order to increase the effi-

ciency of light emitters both in the InGaN and AlGaN material systems.

Electronic properties of impurity and defect bound excitons and free

exciton-polaritons in ZnO and GaN

The wide bandgap semiconductors ZnO and GaN exhibit narrow emission lines

at cryogenic temperatures, which are characteristic fingerprints for the presence of

specific defects and impurities. Using a combination of high-resolution emission

and excitation spectroscopy, detailed information on the electronic structure such

as exciton localization energies, donor binding energies, electronic excited states,

and charge transfer mechanisms were obtained for a variety of different defects and

impurities in ZnO and GaN [294, 296, 311]. The application of external magnetic

fields enabled an unambiguous identification of the donor or acceptor character of

impurities and defects [311]. The combination of modern first-principle calculations

based on the HSE+G0W0 approach, k · p modeling using the deformation potential

framework, and polarized PL measurements as function of uniaxial and hydrostatic

pressure provided detailed information on the electronic band structure of ZnO,

including the spin-dependent electronic deformation potentials and the strain and

stress rates for bandgap energies, exciton-polariton transition- and binding energies,

crystals-field splitting, spin-orbit coupling, and exchange interaction [312]. The

results have valuable implications as they contribute to the general knowledge of

near-bandgap recombinations in GaN and ZnO and facilitate the identification of

the chemical identify of impurities and their electronic properties by simple PL

spectroscopy, provided that strain and temperature as main reasons for spectral

shifts are sufficiently precise quantified.
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Apart from the few selected highlights which were briefly recapitulated in this sum-

mary, a multitude of additional results were obtained including the study of the

photon statistics of single GaN quantum dots [308], the observation of intense and

sharp UV emission lines of non-polar GaN quantum wires with strong confinement

effects [307], the tuning of the quantum confined Stark effect in polar AlN/GaN

multi-quantum well structures [303], the observation of exciton-like quasi-particles

in highly doped GaN which are stabilized by a three dimensional electron gas [300],

the quantification of the pressure dependence of refractive indices and optical phonon

transverse effective charges in InN, GaN, AlN, and ZnO [289–292] as well as detailed

studies of phonons, carrier recombinations, polarity effects, and thermal conductiv-

ities in a multitude of doped and alloyed ZnO nanostructures [315–324]. For a

detailed discussion, the interested reader is referred to the original publications that

constitute the main work of this cumulative thesis.
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Shchepetov, V. Kachkanov, N. R. Wilson, M. Myronov, J. S. Reparaz, R. S. Ed-

wards, M. R. Wagner, F. Alzina, I. P. Dolbnya, D. H. Patchett, P. S. Allred,

M. J. Prest, P. M. Gammon, M. Prunnila, T. E. Whall, E. H. C. Parker, C. M.

Sotomayor Torres, and D. R. Leadley, “High quality single crystal Ge nano-

membranes for opto-electronic integrated circuitry”, Journal of Applied Physics

115, 144307 (2014) (cit. on p. 43).

190A. Sikora, J. Richard, H. Ftouni, J. Richard, C. Hébert, D. Eon, F. Omnès, and
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