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Abstract

Superlattices (SLs), structures consisting of periodic layers of thin films of several
angstroms to tens of nanometers thick, have unique electrical and thermal properties
that make them well suited for applications in optoelectronics and as fundamental
learning tools in the realm of thermoelectrics. One unique characteristic of SLs is
their low thermal conductivity compared to a bulk material with the same molecular
composition. This property has given rise to extensive theoretical and experimental
investigations regarding thermal transport through SLs. The different thermal trans-
port characteristics have been studied in the context of various transport regimes. In
this thesis, an experimental investigation of thermal transport in the coherent regime
through a SL is presented.

The trend in thermal conductivity that can be expected if such coherent wave
effects exist is dervied from the Landauer-Biittiker formalism, which treats energy
transport as a transmission process. The frequency-dependent transmission proba-
bility for phonons through the SL is found via an application of the transfer matrix
method (TMM). The calculations show that the integral effect of the buildup of
phonon stopbands in the SL is minimal. Thus, if coherent wave effects are present,
the conductance of the SL is nearly constant as the number of periods is increased,
and the thermal conductivity, which is the product of the conductance and the total
thickness of the SL, increases linearly with number of periods.

To test the predictions, five GaAs/AlAs SLs with one, three, five, seven, and
nine periods of one layer of GaAs of 12 nm thickness, and one layer of AlAs of
12 nm thickness are grown using MOCVD. The thermal conductivities of the SLs
are measured using a transient thermoreflectance (TTR) technique at temperatures
ranging from 30K to 300K. The results are the first-ever experimental evidence for
the presence of coherent wave effects in heat transport through SLs.

Thesis Supervisor: Gang Chen
Title: Carl Richard Soderberg Professor of Power Engineering
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Chapter 1

Introduction

As devices of all types—from optoelectronics to power generation—continue getting
smaller, controlling the movement of heat within them will become increasingly im-
portant. Moore’s law has thus far been accurate, predicting that the number of
transistors that can fit on an integrated circuit device doubles every two years, with
the potential of computing devices continually increasing [1]. One unintended conse-
quence of high density integrated circuits is the production of a great deal of excess
heat that must be carried away from these devices at an ever increasing rate [2]. As
a result, it has become increasingly important to determine which nanoscale struc-
tures and devices are best at carrying away heat using both empirical and theoretical
methods. Many of these efforts are aimed at gaining a fundamental understanding
of nanoscale heat transfer so as to better focus the designs of these structures. This
thesis aims to contribute to the understanding of heat transport at the nanoscale via
a close and unique experimental investigation of superlattices (SLs), structures that
have received a great deal of attention during the last quarter century.

Superlattices were first considered by L. Esaki and R. Tsu in 1970 [3]. Superlat-
tices (SLs) are periodic stacks of thin films each with a thickness that can be anywhere
from several angstroms to tens of nanometers thick. The thickness of the entire SL
structure can range from anywhere between several hundreds of nanometers to tens
of microns thick, depending on its application (Fig. 1-1). Superlattices can be made

from a wide variety of materials including metals [4, 5, 6], semiconductors [7, 8],
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dielectrics [9, 10], thermoelectrics [11, 12, 13], quantum dots [14], and even liquids
[15, 16]. SLs were originally time-consuming and expensive to fabricate, requiring
lengthy and resource-consuming epitaxial processes. Recently, the rapid development,
of faster and cheaper nanofabrication techniques that have maintained the high qual-
ity of epitaxial growth systems, has driven down the cost of production, increasing

the availability of SLs and broadening their potential applications [17, 18].

(a) (b)

Figure 1-1: (a) Schematic representation of a superlattice (SL), a periodic nanostructure
consisting of alternating layers of thin films on the order of 1-10 nm thick. (b) An X-TEM
image of a GaAs/AlAs SL fabricated using MOCVD. The sample was fabricated by A.
Jandl of Prof. Gene Fitzgerald’s group at MIT.

1.1 Superlattice Applications

Superlattices have found applications in a number of areas, including optoelectronic
devices like quantum cascade lasers (QCLs), which employ SLs as the lasing medium
[19, 20], and power-generation devices such as thermoelectric (TE) modules [12, 13].

Quantum cascade lasers (QCLs) are one of the most important sources of coherent
light in the mid- to far- infrared and THz regimes. These light sources take advantage

of the electronic structure of SLs to generate light. Alternating thin films act as
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quantum wells with discrete energy subbands. As an electron moves through the
SL, it undergoes inter-subband transitions within these quantum wells, and then
tunnels through the next thin film which acts as a barrier region. It emerges from the
barrier into another quantum well where it undergoes another identical intersubband
transition, thus creating a cascade of coherent photons [20]. These intersubband
transitions are shown in Fig. 1-2. The first QCL contained an InGaAs/InAlAs SL as
this active region [19]. Since then a number of other semiconductor systems have been
used. As a coherent mid- to far- infrared or THz light source, QCLs have applications

that range from medical to military technologies [20].

® Electron

WWP hoton

GaAs
AlAs

Figure 1-2: Intersubband transition in the SL active region of a QCL.

In the realm of thermoelectrics (TE), SLs are attractive because of their inherent
thermal and electrical properties [21, 22, 23]. They serve as a fundamental learning
tool for the design of TE materials and structures. This is because the standard
by which TE materials are measured, the figure of merit Z7', is proportional to the
electrical conductivity, o, of a material and inversely proportional to the thermal con-
ductivity, k, and is given by the following equation, where S is the Seebeck coefficient,

S

T = —T. L.l
7 (11)
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Thus, a material with high electrical conductivity but low thermal conductivity is
desirable. In most metals, however, thermal conductivity and electrical conductivity
are inherently linked, such that materials with high electrical conductivities have high
thermal conductivities, and vice versa. The ZT for bulk materials typically is on the
order of 1 or less. On the other hand, SLs can be fabricated to have lower thermal
conductivities than their bulk counterparts without sacrificing electrical conductivity
[24, 25]). The SL has therefore emerged as a promising way to decouple thermal and
electrical conductivities, theoretically yielding higher ZT's.

Several groups have taken advantage of these properties of SLs to improve the
performance of TE devices. In 2001, a group claiming to have produced a TE element
with a ZT of 2.4 based on BiyTe;/SbyTes SLs reported that the enhancement was
primarily due to the greatly decreased phonon transport through the SLs [13]. In
2009, Chowdhury and colleagues demonstrated a chip-scale cooling device employing
SLs in the TE element that was the first of its kind (Fig. 1-3). Previous attempts at
this scale of TE-based cooling devices ran into structural limitations, but the group
demonstrated that the use of BiyTes based SLs which are fully integrated into the
supporting electronics can achieve adequate cooling rates when devices are operating

with high power fluxes [12, 26].

Other applications of SLs have also been proposed recently, including an acoustic
rectifier that uses a SL as a key component of the device. By coupling a SL with a
thin layer of ultrasound contrast agent microbubble suspension, commonly used to
help visualize the results of ultrasound scans, acoustic energy rectifying ratios on the

order of 10* were achieved [15, 16].

Due to their great potential in a number of applications, many studies, both theo-
retical and experimental, have been conducted to understand the interesting electrical,
optical, and thermal properties of SLs. These studies contribute to the large pool of
knowledge that provides insight into various aspects of SL behaviors. Among these
studies, it has been demonstrated that SLs can be designed with thermal conduc-
tivities well below that of bulk materials with similar chemical compositions. While

a number of mechanisms have been proposed to shed light on these findings, none
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(a) (b)

Figure 1-3: (a) Photograph of the experimental SL-based cooling device. The electrical
connections power the TE cooler located under the heat spreader. The test board con-
tains hardware to read the temperature of the chip. (b) An infrared image showing the
distribution of the heat load during chip operation. Figure reproduced from [12].

can single-handedly explain them. This thesis is concerned with advancing the fun-
damental knowledge and understanding of the heat transport properties of SLs by

studying the effect that coherent phonon transport has on the thermal conductivity

of SLs.

1.2 Models for Heat Transport through SLs

A number of mechanisms have been proposed to explain the reduced thermal con-
ductivity of SLs compared to their bulk counterparts. In order to understand these
mechanisms, it is first necessary to understand the different regimes in which heat
transport may happen in a SL. This section consists of a summary of the relevant
transport regimes, diffusive and ballistic. Within the ballistic regime, coherent and
incoherent transport is discussed. Finally, an overview of the mechanisms that have
been proposed to explain thermal transport within SLs is presented.

Which transport regime is relevant to a particular explanation depends on the
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mean free path (MFP), A, of a phonon within the material or structure. The MFP
is the average distance over which a phonon can travel without incurring a scattering
event. It is dependent both on the material properties as well as the temperature of
the material. Internal scattering within a bulk material may involve phonon-phonon
scattering or a phonon scattering off of an impurity. Assuming the material lacks
impurities, the phonon-phonon processes dominate over internal scattering. At higher
temperatures, a greater phonon population exists, leading to more phonon-phonon
scattering events [27]. Thus, at higher temperatures MFPs are short, on the order of
hundreds of nm. At low temperatures, this MFP can be much longer [28, 29]. For
example, the 50% MFP of GaAs at room temperature, 300K, is 147 nm. In other
words, the phonons whose MFP is less than 147 nm account for half of the thermal

conductivity of GaAs at this temperature. At 100K, this 50% MFP is 900 nm [30].

Diffusive transport occurs when the characteristic length scale is much larger than
the MFP, d >> A. In the diffusive regime, the phonons go through several scattering
processes, attaining a local equilibrium, or a definable temperature at every point
within the structure. Transport that occurs at a scale shorter than the MFP, d ~ A,
is either ballistic or quasi-ballistic. In this regime, phonons have largely not undergone
scattering events and a local temperature cannot be defined. In the quasi-ballistic
or ballistic regime, local thermal equilibrium does not exist. At room temperature,
layers of GaAs whose thickness is much greater than 147 nm behave like bulk GaAs
and transport within them can be treated as diffusive. Indeed, films with relatively
large thicknesses have thermal conductivities that are unchanged compared to bulk
thermal conductivities [31]. Transport through layers whose thickness is on the order
of 147 nm is quasi-ballistic, and transport through layers that are much thinner than

147 nm is mostly ballistic.

The addition of impurities such as crystal defects, crystal boundaries, or interfaces
artificially adds scatterers where they otherwise would not exist. These impurities
reduce the effective MFPs of a material [32, 33]. The constituent layers of a SL
are usually thinner than the MFP of the materials. As a result, there is very little

scattering within the layers comprising the SL themselves and the phonons travel bal-
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istically through them. However, the interfaces between the layers scatter phonons.
The phonons may either be scattered coherently such that their phase information
is preserved or incoherently, such that all phase information is lost. When the scat-
tering is incoherent, the presence of the interfaces effectively reduces the MFP of
phonons within the structure. Thus, again, a quasi-local thermal equilibrium can
be defined within the structure when one looks at a region thicker than one layer.
This is referred to as the coarse-grained model and is depicted in Fig. 1-4(a). In
this regime, the SL behaves like a bulk material with a MFP on the order of a layer
thickness. When the phonons scatter coherently off the interface, wave mechanics
becomes relevant. In this regime the SL behaves like an entirely new material with a
unique crystollagraphic structure defined by the presence of periodic interfaces. This
new 1-D periodic structure has its own dispersion relation and relevant transport

properties.

(b)

Figure 1-4: (a) Diffusive model of heat transport through a SL, with a linear temperature
drop within each layer due to internal diffuse scattering, and a thermal resistance at every
interface. If this jagged temperature profile is coarse grained, a linear temperature profile
through the SL emerges, corresponding to an effective thermal conductivity. This picture is
accurate in the limit where the SL layer thicknesses are greater than the phonon MFPs. (b)
Phonon interference effects from multiple interfaces lead to a modified dispersion relation
which modifies the heat transport through the SL through a variety of effects, such as
decreased phonon group velocities or higher scattering rates.
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Theories that treat heat transport through SLs as ballistic and incoherent con-
tend that the reduction in thermal conductivity of SLs compared to bulk materials
with the same chemical composition is due primarily to diffuse scattering at the in-
terfaces between two materials. This diffuse scattering can be caused by a number
of mechanisms, including atomistic mixing and diffusion at the interfaces, strain and
dislocations caused by the two materials having different lattice constants, rough in-
terfaces stemming from an imperfect growth process, or anything else that might
cause a loss of coherence for phonons that impinge upon the interface. It has been
shown that roughness that could lead to diffuse interface scattering is present even
under the best growth conditions [34]. Interface scattering, both diffuse and ballistic,
creates a specific thermal resistance, often referred to as the Kapitza resistance, that
leads to a temperature drop from one side of the interface to the other [35, 36]. This
thermal interface resistance has been observed at the interfaces of every dissimilar
materials system, and a fundamental understanding of how it arises is also lacking

[37].

However, experiments have shown that interface resistance due to diffuse scat-
tering alone is not adequate in explaining the reduction in SL thermal conductivity.
Most SLs are fabricated such that the individual layer thicknesses are on the order of
or less than phonon MFPs. In this configuration the ballistic transport within the SL
layers as well as any possible coherent wave contributions have to be considered. In
general, the wave interference effects in SLs are included via a unique SL dispersion
relation, first studied by Narayanamurti et al., who showed that interference effects
due to the periodic presence of interfaces (Fig. 1-4(b)) lead to a modified dispersion
relation. The dispersion relation in a periodic solid, such as a crystal or a SL, dictates
how phonons of specific energies will contribute to energy transfer in the material,
and is highly dependent on the unique chemical composition of the material as well
as the periodicity of the material. A crystal typically has a periodicity on the order of
several angstroms. SLs, on the other hand, have periodicities on the order of one to
ten nm, and thus have a greatly modified dispersion relation from what one typically

observes in a crystalline material [38]. Since the periodicity of the SL is much greater
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than a regular crystal, the size of the brillouin zone (BZ), which increases inversely
with the size of the repeated period in a structure, is greatly reduced compared to the
BZ in a bulk crystal, leading to zone folding [39, 40, 41]. Conceptually, zone-folding

leads to a number of conclusions regarding the phonon transport through the SL.

One conclusion is that the group velocity of phonons traveling with wavevectors
near the edge of the BZ approaches zero. Thus, phonons that in bulk materials would
contribute to heat transfer are stymied by a reduced group velocity [41, 42]. Although
this effect can partially account for a reduction in the overall thermal conductivity
in GaAs/AlAs SLs in a lattice dynamics model of a SL, overall agreement with ex-
perimental values is poor. It is also clear that just one consequence of the unique SL
microstructure is not sufficient to explain the modified thermal transport properties
[43].

A modified crystallographic structure and dispersion relation leads to different
scattering rates than would be seen in the bulk constituent materials, some of which
could increase the thermal conductivity of SLs and others of which could decrease
it. For example, a smaller BZ with a flattened dispersion reduces bulk Umklapp
scattering rates, thus increasing the thermal conductivity, an effect that competes
with the lower phonon group velocities [44]. Other studies, however, have shown that
the rates of mini-Umkkapp processes, which result from the mini-zones created by
zone-folding, actually increase, thereby decreasing overall thermal conductivity [45].
Aside from these competing effects due to scattering within the modified crystal,
there is also a reduction in thermal conductivity due to the mass mismatch between

different layers. This effect generally reduces SL thermal conductivity [46].

Several studies have presented theories and procedures that include multiple po-
tential SL effects in order to explain their reduced thermal conductivity. The tech-
niques used to model SL thermal behavior have included lattice dynamics (LD)
[42, 47, 48], the Boltzmann Transport equation (BTE) [49, 50], and molecular dy-
namics (MD) simulations [51], among others. These theoretical investigations of the
thermal behavior of SLs have yielded a great breadth of information. Many of the

mechanisms described in the theoretical work have competing effects on the overall
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thermal properties of the SLs, are heavily material dependent, and also vary depend-
ing on the geometry of the SL. A great deal of experimental work has been carried
out to further enhance the understanding of SL behavior and to complement the

theoretical investigations.

1.3 Previous Experimental Investigations

A study from 1979 supported the theory that wave mechanics plays some role in ther-
mal transport in a SL. The group used a transfer matrix method (TMM) to determine
the theoretical transmission of phonons in the (111) direction of a GaAs/AlGaAs SL.
Using superconducting tunnel junctions as phonon generators and detectors, they
were able to detect the attenuation of phonons in the frequency bands expected from
wave mechanics calculations [39]. Similarly, in 1986, photoluminescence experiments
showed electric carrier localization in GaAs/GaAlAs SLs. Random variation of the
thicknesses of the SL layers changed the efficiency with which photo-excited electrons
traveled through the SL. As the disorder in the layer structure increased, so too did
the inhibition of carrier transport [52].

Knowing the thermal transport properties of SLs is fundamental to designing
them for optoelectronic or energy harvesting purposes. Thus, many experimental
studies have been performed to determine the thermal transport properties of SLs.
These studies have largely focused on determining the thermal conductivity of SLs
with varying period thicknesses. One of the first such studies was performed in 1987
by T. Yao, who used ac calorimetry to study the in-plane thermal conductivity of
GaAs/AlAs SLs at room temperature. Yao found that the thermal conductivity
of the SL along the film-plane direction was larger than that of an alloy with the
same molecular composition, and attributed this effect to the suppression of alloy
scattering. In addition, he found that there was an overall increase in SL thermal
conductivity with increasing SL period thickness. Yao’s results were among the first
experimental studies of thermal transport properties of SLs [53].

The first experimental investigation of cross-plane thermal conductivity of SLs was
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conducted by G. Chen and colleagues. Although SLs can be grown over large areas,
their thicknesses are usually limited to several microns. As a result, experimental
techniques that require contact with the sample, such as ac calorimetry, introduce
a great deal of error because the contact resistance can be on the order of or larger
than the SL thermal resistance. Chen et al. used a non-invasive optical technique
to measure the thermal diffusivity of GaAs/AlAs SLs. They provided an important
benchmark for future theoretical and experimental studies, as they showed that SL

cross-plane thermal conductivity was less than its bulk counterpart [8].

Similarly, subsequent studies used a‘ range of different experimental techniques
to show that SLs mostly have larger thermal conductivities than alloys of the same
molecular composition, and an increasing SL thermal conductivity with increasing
SL period thickness. At very small periods, the SL conductivity approaches the al-
loy limit and in some cases is even lower than the alloy value [8, 54, 55]. These
studies also looked at the temperature dependence of the SL thermal conductivity.
Since different scattering mechanisms have different temperature-dependent behav-
iors, studies of thermal conductivity with temperature lend insight into the dominant
scattering mechanisms for certain SLs. Different material systems were found to be-
have differently with temperature. Below a critical temperature, GaAs/AlAs thermal
conductivity increases with increasing temperature, contrary to the behavior of a bulk
single crystal material. However, at higher temperatures (>100 K), the thermal con-
ductivity appears to decrease with increasing temperature, suggesting that at these
temperature ranges, phonon-phonon scattering is the dominant mechanism behind
thermal conductivity reduction in the SLs used for the studies [54, 56, 57]. The ther-
mal conductivities of Si/SiGe and SiGe/SiGe SLs, on the other hand, increase with
increasing temperature [55, 58]. This behavior is characteristic of materials where

defect scattering dominates thermal behavior.

Many of the experimental and theoretical investigations carried out thus far into
the thermal properties of SLs have shown that incoherent transport plays an impor-
tant role in SL thermal behavior. However, these studies have left the door open to

investigating the role that coherent transport plays in this thermal behavior. In this

23



thesis, an experimental investigation into the role of coherent transport is presented.

1.4 Organization of this Thesis

The experimental investigations performed on SLs thus far have varied the period
length and the temperature and determined the thermal conductivity dependence
of the SLs on these properties. We have approached the problem from a different
perspective. Rather than vary the width of the period, we have varied the number
of periods in our samples in order to detect coherent wave effects in SLs. By varying
the number of periods in the structure, we can add to the growing understanding
of the properties of SLs. The number of periods in our SLs vary from one to nine.
A non-invasive, optical pump-and-probe technique is used to measure the through
plane thermal conductivity of five MOCVD-grown GaAs/AlAs SLs ranging from one
period to nine periods thick.

In Chapter 2, the predicted trend of the thermal conductivity of the SLs when
coherent phonon transport dominates is presented. The calculations are based on
the Landauer-Biittiker formalism which treats energy transport as a transmission
process. The most important quantity necessary in applying this formalism to the
problem of determining thermal transport properties is the transmission probability.
This probability is found by applying the transfer matrix method to phonons traveling
through the SL. A thorough quantitative calculation of the thermal conductivity using
the Landauer-Buttiker formalism would involve a great deal of complexity and can
require tremendous computing power. Due to the experimental nature of this thesis,
simplifying assumptions are made and the calculations presented herein represent
only the expected trend of the thermal conductivity of SLs.

Chapter 3 outlines the transient thermoreflectance (TTR) experimental technique
used to study the thermal transport properties of the SLs as well as the process used
to grow them, molecular organic chemical vapor deposition (MOCVD). The thermal
conductivities of the SLs are measured at a wide range of temperatures. The resulting

thermal conductivities as well as other relevant data are presented in chapter 4.
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Finally, Chapter 5 delves into the potential future directions in which this study
can continue. This experiment has, for the first time to our knowledge, experimen-
tally demonstrated the presence of coherent wave effects in SLs. This result greatly
increases the knowledge that exists regarding heat transport through SLs and could

provide a great checkpoint for theoretical investigations into SL properties.
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Chapter 2

Theory and Calculations

In this chapter, the modeling and calculations used to derive the expected behavior
of the SL thermal transport properties based on a coherent transport picture are
explained. The Landauer-Biittiker formalism is applied to the limit where there is
no internal scattering and all transport is coherent. The Landauer-Biittiker formal-
ism treats energy transfer as a transmission process [59, 60, 61], a treatment that
is well suited to coherent wave transport because wave mechanics can be used to
simply find the transmission coefficient. The TMM takes into account the multiple
phonon reflections that occur at interfaces, leading to the buildup of an interference
pattern, as suggested by Fig. 2-1. The first TMM calculation to determine the
thermal conductance through SLs was performed by G. Chen [62, 63] and several
later studies replicated the procedure [64, 65, 66]. The remaining elements of the
Landauer-Biittiker formalism are derived from the dispersion relations of AlAs and
GaAs. The trend of thermal properties due to coherent transport is compared to pre-
dicted thermal properties based on a completely diffusive picture of transport, where

the fully classical limit is assumed.
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Figure 2-1: In the coherent picture of transport, when a phonon wave impinges on an
interface, it can either be reflected or transmitted with its phase information preserved. The
preservation of this phase information means that interference effects could be calculated
within the SL, and the overall transmission of thermal energy depends on the transmittance
of each individual carrier through the SL.

2.1 Landauer-Buttiker Formalism for Coherent Trans-

port

The thermal conductance, K, of a structure relates the heat flux ¢ through the struc-

ture to the temperature difference across it AT,

N
K= 5. (2.1)

The Landauer-Biittiker formalism treats this flux as a transmission process. If the
energy contained by a carrier, in this case a phonon, and its speed are given and the
transmission probability of the phonon is known, the heat flux due to this phonon can
be found. Similarly, given the heat flux through and the temperature difference across
the structure, the thermal conductance is known. Thus, the thermal conductance
depends upon the speed of the impinging phonons, which is given by the phonon

group velocity, vy, the heat energy carried by these phonons, which is described by
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the frequency-dependent heat capacity, C, and the probability of propagation for the

phonon, or the transmission coefficient, 7

K = Z Tw,effvg,avecave dw. (22)
) 0

The thermal conductance, however, is difficult to measure. The thermal conductivity
is the measurable quantity, so the trend we ultimately desire to calculate is that of
thermal conductivity k, the product of the characteristic length of the structure, I,

and its conductance,

k=K. (2.3)

Both of the material-dependent quantities necessary for determining the thermal
conductance—the heat capacity and the group velocity—are found from the phonon
dispersion relation. The phonon group velocity and the heat capacity in this formu-
lation of the thermal conductance are properties of the phonon source, which in this
experimental setup is the optical-thermal metal transducer layer of Al, not the SL.
In this thesis, we are interested in finding a representative trend for the behavior of
the SL as a function of the number of layers. Thus, a number of approximations and
assumptions are made to simplify the necessary calculation.

We are interested in determining a trend, thus we use the average frequency-
dependent heat capacities and group velocities of GaAs and AlAs. Using these ma-
terials rather than Al is advantageous because the same wavevectors that appear in
the transmission calculations will appear in the group velocity and heat capacity cal-
culations. The trend should be the same as if Al had been used in determining these
quantities, though the absolute magnitude of the solution will be quite different.

The I' to X direction in the dispersion relation is chosen for determining the
frequency-dependent heat capacities and phonon group velocities of AlAs and GaAs
and the other directions are excluded from the calculation. Additionally, only acoustic
phonons are considered because these, rather than the optical phonons, play a dom-

inant role in heat transport because of their much larger group velocities. Optical
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phonons do, however, play an important role in phonon-phonon scattering processes
with acoustic phonons [67]. However, since internal scattering, under which category
phonon-phonon scattering falls, is neglected in this analysis due to the small size of
the constituent thin films, excluding optical phonons is a good approximation.

A polynomial fit is made to the [' to X direction of the phonon dispersion relations
of GaAs and AlAs (Fig. 2-2) [40, 68]. The size of this part of the brillouin zone
is approximately equal for AlAs and GaAs due to their very close lattice constants.
Thus, it is possible to take the average of the frequency-dependent properties of GaAs
and AlAs when implementing these quantities in the thermal conductance calculation.
This is a good assumption for the heat capacity since the heat capacity is dependent
on the molecular composition of the material, and the molecular composition of the
SL is well known. Averaging the group velocity, though a common practice, is less
accurate. Determining a phonon group velocity based on a new dispersion relation
to be calculated from the modified periodicity of the SL would be more accurate but
also more time consuming and calculation-intensive. As a first approximation for
the general trend followed by the conductance of the SL, an average group velocity

suffices.

10

v (THz)

Figure 2-2: GaAs and AlAs dispersion relations. Open green circles are literature values
for AlAs [40] while the solid magenta lines are combinations of several polynomial fittings
to the dispersion relation of AlAs, and open red circles are literature values for GaAs [68]
while the blue lines are polynomial fittings.
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In the following sections, the crystal properties of GaAs and AlAs will be found
based on the I' to X direction in their dispersion relations. These properties include
the phonon group velocities, the densities of states, and the heat capacities. Next,
the frequency-dependent transmission coefficients of phonons traveling through the
SL will be found using the TMM. The results of these calculations are used as in-
puts to determine the thermal conductance of the SL using the Landauer-Biittiker
formalism as described above. The formalism reveals a nearly constant thermal con-
ductance with number of periods and, subsequently, a linear increase in the thermal

conductivity of the SL when coherent effects are present.

2.1.1 Phonon Group Velocity

The phonon group velocity, v,, is determined from the slope of the dispersion relation

__dw

= (2.4)

Ug

where w is the energy carried by a certain wavevector, k. The resulting group velocities
in the I' to X direction are shown in Fig. 2-3. For the calculations presented herein,
the average of the longitudinal acoustic (LA) phonon group velocities for GaAs and
AlAs was used for the LA phonon group velocity in the SL, and a similar averaging

was used for the transverse acoustic (TA) phonons.

2.1.2 Phonon Heat Capacity

The phonon heat capacity is defined as the change in internal energy of the material

with a change in temperature at constant volume,

o= (%) -

The heat capacity quite literally describes the capacity of the material to store energy.
The total capacity is the sum of the energy that each phonon stores at thermal

equilibrium. Each phonon is treated like a harmonic oscillator, with a quantized
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Figure 2-3: GaAs and AlAs group velocities. Pink lines are for AlAs group velocities (with
the higher velocity corresponding to longitudinal acoustic (LA) phonons, blue lines are GaAs
group velocities. The kinks in the group velocity curves are due to small discontinuities in
the polynomial fittings of the dispersion relation. They have a negligible effect on the rest
of the calculations.

energy based on wavevector and temperature. The heat capacity is found by summing
the energy stored in each normal phonon mode of the solid over the number of phonons
at each of these modes, a quantity called the density of states (DOS). The density of
states per unit volume for a specific polarization, D(w), is the number of states that

is occupied at each energy level. It is found using the following formula

_ 4nk? dk

D(w) = rF

(2.6)

The resulting DOS is shown in Fig. 2-4.

When the distribution of phonon modes, the energy stored in each mode, and the
density of states are summed over all possible modes and the three acoustic phonon

polarizations—two transverse arms and one longitudinal arm—the total heat capacity

is given by
Wmazx (—@)23(%)
C= kBZ/ D(w)—kgw_)— duw. (2.7)
p 70 (o= — 1 )3
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Figure 2-4: GaAs and AlAs DOS for acoustic phonons in the I' to X direction.

The resulting heat capacity, shown in Fig. 2-5, differs from experimentally determined
heat capacities because only one wavevector direction and only the acoustic branches
of the phonon dispersion relation are counted. The heat capacity used in calculating
the thermal conductance trend, as stated above, is the average of the heat capacities
determined for GaAs and AlAs since the molecular makeup of the SLs is 50% GaAs
and 50% AlAs.

2.1.3 Phonon Transmission Calculations

The transmission of phonons is determined via an application of wave mechanics.
In the fully coherent picture, phonons are either specularly reflected or transmit-
ted at an interface. Multiple reflections and transmissions within layers create de-
structive or constructive interference, as with light waves in a dielectric stack. The
frequency-dependent phonon transmission coefficients are found using the transfer
matrix method (TMM) [69]. Using the transfer matrix approach is convenient be-
cause it combines all the waves with the same wavevector within a layer into one
representative wave whose net transmission is determined at each interface. The end

goal of employing the TMM is to find a matrix that can relate all the waves im-
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Figure 2-5: GaAs and AlAs frequency-dependent heat capacities for acoustic phonons in
the I' to X direction.

pinging on one side of the stack to all the waves transmitted through the end of the
stack. With this matrix, a transmission coefficient, 7,,, can be found for every phonon

wavelength, w.

Several simplifications are made to the phonon transmission picture to enable
quicker calculations. Only normal incidence phonons are considered. This simplifi-
cation yields incorrect quantitative information, but gives a general trend for what
should be expected under coherent transport conditions. Since only normal incidence
phonons are considered, the possibly important mode conversion and tunneling ef-
fects are not captured in this calculation [70]. Finally, to determine the very limit of
thermal transport properties due to coherent phonons, no losses within the mediums

or at the interface are considered.

At an interface, a phonon wave can be reflected, transmitted, or both. The
magnitude of the reflection and transmission depends on the mismatch in acous-
tic impedance between the two media. To determine the acoustic impedance simply,
we use the Debye approximation, which predicts a linear dispersion relation. Under

this approximation, the acoustic impedance, Z, depends upon the density and sound
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velocity in the medium and is given by

Zip = Pilip (2.8)

where the subscript 7 refers to the material, and the subscript p refers to the polar-
ization of the phonon since longitudinal and transverse acoustic waves have different
associated sound speeds. The reflection coefficient for a wave traveling from material

1 to material 7 at an interface is

A

Ri,p - z,p ])p = ‘ijp- (2.9)
Zi,p + ZJ}p

The relationship between the reflection and transmission coefficients of acoustic waves

at an interface is

Tip+ Rip=1. (2.10)

Thus, the transmission coefficient of an acoustic wave traveling from medium i to

medium j is found to be

27;

Tp = Z—wfz—]p (2.11)

A scattering matrix represents an intuitive way to understand the relationship
between waves on two sides of an interface and the reflection and transmission co-
efficients. For example, let a be a wave originating in medium i of polarization p
and b be a wave originating in medium j, also with polarization p. When a travels
towards medium j with magnitude a™, it impinges upon the medium and a fraction
of it, determined by 7;, is transmitted into medium j, while a fraction is reflected,
and travels back into medium 7 with a magnitude a~ equal to R;,at (Fig. 2-6).

Similar analysis can be applied to a wave originating in medium 7, traveling towards

the same interface. In matrix format, these interactions of wave and interface are
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wave wave

Figure 2-6: This is a diagram of the relationships between the various waves within the
layers of the SL.

described with
a- Rip Tip a*
bt L, Ry b~

This scattering matrix, though intuitive, makes determining the total transmis-
sion of a wave impinging on one side of an interface to another a rather difficult
task since it is necessary to keep track of waves in each medium traveling in both
directions. To make the calculation of the overall transmission through a stack of
multiple layers more mathematically pliable, the scattering matrix, as the above is
called, is translated into a transmission matrix that relates the waves on one side of

an interface to the waves on the other. Such a transmission matrix looks like

bJr Tn T12 a+
b~ Tor T a
Some simple manipulation of the elements of the scattering matrix leads to the less

intuitive transmission matrix for a phonon of polarization p traveling from medium

to medium 7, Ty, ,
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In order to take into account wave interference effects, it is further necessary
to include a propagation matrix: a matrix that describes the sinusoidal nature of

the propagation of the wave through the medium (Fig. 2-7). This propagation

Figure 2-7: TMM wave propagation diagram.

transmission matrix, Tp; takes into account the length of medium ¢ through which
the wave is propagating and the speed of sound through i. The forward propagating

matrix is

bt exp(—iwd/cy) 0 a®

b~ 0 exp(iwd/cy) a”
The product of the transmission matrices at the interfaces and the propagation
matrices within the mediums, yields an overall frequency-dependent transmission

matrix, T, that relates the phonon wave at the beginning of the SL to the end of the
SL

37



T = [ | T2y Ty Tyt T (2.12)

The SL materials chosen for this study are GaAs and AlAs. The properties rele-
vant to the TMM calculation are given in Table 2.1.
Table 2.1: Material properties of GaAs and AlAs relevant to the TMM calculations. All

properties are at room temperature. [71]

Material Density, p [kg/m?] Polarization Sound Speed, v [m/s] Z [kg/m*-s|

GaAs 5317.5 longitudinal 5030 26.75 *10°
transverse 3030 16.11 *108
AlAs 3730 longitudinal 5980 22:31 *1QF
transverse 3600 13:43 *10°

The resulting transmission coefficient both as a function of layer number and
wavevector is shown in Fig. 2-8. An expanded view of part of the transmission plots

is in Fig. 2-9 and gives a closer look at the development of the stopbands
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Figure 2-8: Transmission of transverse acoustic (TA) phonons normal to the SL. The color
bar represents the transmission coefficient which ranges from 0 to 1.

As can be seen in Fig. 2-8, the transmission stopbands, which are the thin blue
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lines in the transmission picture, represent only a very small part of the total trans-
mission diagram. This is more readily visible in Fig. 2-9. There is a background
transmission coefficient that dominates over the stopbands. This transmission coeffi-

cient is about (.85, or the ratio of the acoustic impedances of GaAs and AlAs.

Number of Periods, n

v (THz)

Figure 2-9: An expanded view of the transmission probability for TA phonons through the
SL.

2.1.4 Superlattice Thermal Conductance

With all the necessary ingredients — SL heat capacity, phonon group velocity, and
phonon transmission coefficient — the Landauer-Biittiker formalism yields the thermal
conductance and its inverse, the more familiar thermal resistance, in the limit of
totally coherent phonon transport through Eq. 2.2. The resulting thermal resistance
is shown in Fig. 2-10.

This figure shows that, despite the buildup in stopbands, the effect on the resis-
tance of the changing transmission coefficient over a growing number of periods is,
in fact, rather small. The resistance looks nearly constant. This is due to the inte-
gration of the transmission when calculating conductance. Notably, a very similar

result would occur if the transmission coefficient were identical everywhere, including

39



/ coherent

R (m’-K/GW)

—— _incoherent

Number of Periods, In

Figure 2-10: Trends for thermal resistance in the cases that cross-plane thermal transport
is diffusive or coherent. If thermal transport is fully coherent, the resistance trend is dom-
inated by the transmissivity of phonons through the SL. Since GaAs and AlAs are well
lattice-matched, the phonon transmissivity increases very slightly as the period number is
increased. Thus, the resistance is approximately constant, with a very slight change in the
first several periods when the stopbands form. When thermal transport is fully diffusive, an
equivalent thermal resistor is added for each additional period, so total thermal resistance
grows monotonically with increasing period number.

if the transmission coefficient were uniformly unitary. This situation would arise if
there were no acoustic impedance mismatch, since it is this mismatch that was used
in the TMM to calculate the reflection and transmission probability of a phonon. If
the ratio of acoustic impedances of the materials on either side of the interface is
one, then according to Eq. 2.9, the reflection coefficient is zero, so the transmission
coefficient is one. This is the situation where instead of a SL, there is simply a slab

of uniform material.

2.1.5 Lattice Thermal Conductivity

The effective lattice thermal conductivity is determined from the thermal conduc-
tance, as calculated above, and the geometry of the sample. The thermal conductance

of the sample, as determined from the Landauer-Biittiker formalism, is the reciprocal
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of the more commonly used thermal resistance,

K =1/R. (2.13)

The thermal resistance, then, is related to the thermal conductivity of a material or
a nanostructure through the geometry of the sample. The thermal resistance deter-
mined from the above calculations is shown in Fig. 2-10. The thermal conductivity

of the SL based on coherent transport, k.s¢, is related to the thermal resistance by

kers = L/ RA. (2.14)

The thickness of the sample depends on the number of layers, n, and the thickness of
the superlattice period, d;. Thus, the conductance is related to the thermal conduc-

tivity of the sample through

K= keffA/n*dl. (215)

Finally, by combining the Landauer-Biittiker formalism and the more general defini-
tion of thermal conductance as given above, the thermal conductivity of the sample

is found to be

keff = ndl § / Tw,effvpcave dw. (216)
0
P

The thermal conductivity of the nanostructure is, thus, linearly proportional to the
thickness of the sample, and the integrated frequency-dependent transmissivity of
phonons through the sample, and is shown in Fig. 2-11.

GaAs and AlAs were chosen as the material system for this experiment based on
their good lattice matching. This property makes them easy to grow epitaxially using
molecular organic chemical vapor deposition (MOCVD). This good lattice matching
is also the reason that the stop-bands, as seen in Fig. 2-8, are so thin. Due to the
relatively small contribution of the stop-bands, the integrated transmissivity through

the SL changes relatively little as the stop-bands form with increasing number of
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Figure 2-11: Trends for thermal conductivity in the cases that cross-plane thermal transport
is fully diffusive or fully coherent.

periods. This relatively small change in the phonon transmissivity corresponds to
a similarly minor change in conductance as determined by the Landauer-Biittiker
formalism. Since the thermal conductivity is proportional to the nearly constant
thermal conductance, and is also proportional to the thickness of the SL, it is the
linearly increasing thickness of the SL that dominates the thermal conductivity trend.
Thus, when coherent phonon transport is dominant, the thermal conductivity grows

linearly with increasing period number.

2.2 Thermal Properties due to Diffusive Transport

The Landauer-Biittiker formalism, which treats energy transport as a transmission
process, can be applied in both the coherent and incoherent regime. In both cases,
it is necessary to determine a transmission coefficient. In the coherent regime, wave
mechanics can be used, as was done in the previous section. In the diffusive regime,
all phase information is lost and scattering at an interface is diffuse. The loss of
phase information excludes the use of wave mechanics to determine the transmission

coefficient. Finding the transmission, then, becomes very complicated and it is no
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longer advantageous to use the Landauer-Biittiker formalism.

Figure 2-12: In the diffusive picture of transport, a local thermal equilibrium is assumed
everywhere. This suggests that within the layers, there is a linear temperature drop whose
gradient depends on the thermal transport properties of the individual layers. At the
interface, there is a temperature drop due to the Kapitza resistance. Thus, the overall
temperature profile within the superlattice is staggered, as shown in the figure. However,
if each AlAs layer, GaAs layer, and interface is assumed to be identical, a coarse-grained
picture shows a linear temperature drop whose slope does not change with changing number
of periods. This constant slope corresponds to a constant thermal conductivity.

Instead, in the fully diffusive transport regime, local thermal equilibrium is as-
sumed everywhere, corresponding to a linear temperature drop through each material,
as well as a temperature drop at the interface. Though these temperature drops are
discontinuous, since the periods are identical and repeating and the interfaces are
all the same, it is possible to coarse-grain the picture, revealing a linear tempera-
ture drop through the SL nanostructure (Fig. 2-12). The slope of this temperature
drop, corresponding to the thermal conductivity of the sample, does not change with
increasing numbers of periods. Thus, the thermal conductivity in the case of fully
diffusive transport, is constant (Fig. 2-11). The thermal resistance, which depends
on the monotonically increasing thickness of the sample and the constant thermal
conductivity of the sample, thus also grows monotonically with increasing SL period

number, again in contrast to the approximately constant thermal resistance in the
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fully coherent case.

In conclusion, if coherent transport is the dominant thermal transport mechanism,
the thermal conductivity will rise monotonically with the number of periods in the
SL. If, however, diffusive transport is dominant, then the thermal conductivity will
be constant with an increasing number of periods. In order to test this hypothesis,
the thermal conductivity of five different SL samples was measured using an optical
pump-and-probe technique. In the following chapter, this transient thermoreflectance
experiment will be explained, along with the method used to extract the thermal

conductivity from the resulting data.
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Chapter 3

Experimental Investigation

A time-domain thermoreflectance (TDTR) experiment is used to measure the thermal
transport properties of the superlattices (SLs) under investigation. In the TDTR,
or pump-and-probe, setup, a laser pulse called the ‘pump’ pulse impinges upon a
material, exciting electrons at the surface. Within hundreds of femtoseconds, these
electrons thermalize, thereby increasing the lattice temperature through electron-
phonon collisions [72, 73]. The excited phonons then propagate through the sample,
carrying heat away from the surface, thus decreasing the sample surface temperature.
The change in temperature in a material is related to its change in reflectivity via the
thermoreflectance coeflicient. Thus, as the surface temperature changes, so will the
surface reflectivity. This reflectivity is measured by another, much weaker, laser pulse
called the ‘probe’ pulse. By changing its optical path length with a mechanical delay
stage, the probe pulse can be delayed in time relative to the pump pulse to measure
the transient surface reflectivity and, thus, the temperature. The curve traced out
by the surface temperature through time can then be fit to the analytical solution of
the heat equation at the surface of the sample, based on its thermal properties. In
this chapter, the experimental system will be described, along with the analysis used

to extract thermal properties based on the results of the experiment.
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3.1 Pump-and-Probe Experimental System

The first pump-and-probe experiment to measure thermal diffusivity was performed
by Paddock and Eesley at the General Motors Research Lab in 1986. They used
a pump laser pulse with a wavelength of 633 nm and a full-width half-maximum
(FWHM) of 8 ps, and a probe laser pulse of wavelength 595 nm and a FWHM of 6
ps, giving them ps-scale time resolution [74]. In 1996, Capinski and Maris worked
on solving problems of beam divergence and alignment difficulty by implementing
an optical fiber in their pump-and-probe experiment. The single-mode optical fiber
removed noise in the beam associated with the movement of the mechanical delay
stage. Additionally, by only using one laser and splitting the output of that laser,
they further decreased the noise and increased their time-resolution because the single
dye laser produced a sub-ps pulse [75]. Cahill et al. employed a titanium-doped
sapphire (Ti:Sapph) laser to produce 150 fs pulses, giving them the highest temporal
resolution achieved to date. To simplify the use of the pump-and-probe, they added
a CCD camera to visualize the sample. They made several additions to improve
the signal-to-noise ratio of their signal. The pump-and-probe experiment devised by
Cahill et al. is still considered state of the art, and is replicated closely in this thesis

project [76].

The pump-and-probe experimental system is located in the Rohsenow Kendall
Heat Transfer Laboratory and was constructed by a previous Ph.D. student, Dr.
Aaron Schmidt. A more detailed explanation of both the system and the subsequent
signal analysis can be found in his thesis [77]. A schematic diagram of the TDTR
experimental system is shown in Fig. 3-1. The output of an 80 MHz Ti:Sapph laser,
200 fs pulses centered around a wavelength of 800 nm, passes through an optical
isolator to prevent potentially destabilizing reflections back into the laser. The time-
averaged output power of the Ti:Sapph laser is approximately 1.5 W. After passing
through the isolator, the laser beam carries about 1.4 W. The laser beam then passes
through a polarizer followed by a half-wave plate (HWP). Together, these two optical

elements act as an adjustable beam-splitter, allowing for a tunable amount of the
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laser power to be directed into the pump arm, while the remaining power goes into

the probe arm. Past the HWP, the two arms follow different paths.

About 1.2 W is split off and becomes the pump beam, which goes through an
electro-optic modulator (EOM) that modulates the beam to enable lock-in detection.
After the pump beam passes through the EOM, it passes through a beta Barium
Borate (BBO) frequency-doubling crystal which, through non-linear optical effects,
converts the 800 nm input light to 400 nm output light with an efficiency of about
20%. The pump then passes through an adjustable telescope, allowing it to have a
variable focused spot size. Finally, the pump passes through a 10x telescope objective
lens before impinging on the sample. This lens focuses the pump light onto the sample.

After being split off from the initial laser source, the probe beam follows a path
regulated by a mechanical delay stage. The delay stage changes the probe beam’s
optical path length, thus controlling the difference in time between when the pump
pulse, with a constant path length, and the probe pulse, with a variable path length,
arrive at the sample. Our setup is able to create a time-delay of about 7 ns. After
the delay stage, the probe arm also passes through the microscope objective to focus
it onto the sample surface. After hitting the sample, some of the pump and some of
the probe light will reflect off of the sample.

It is important to isolate the reflected probe light from the much stronger pump
light, because the information we are interested in analyzing is embedded in the
weaker probe light. The pump light needs to be completely filtered so that it does
not overwhelm the reflected probe signal. Since they are different colors, optical
elements with selective coatings are used to filter the reflected probe light from the
reflected pump light. The filtered probe light then impinges upon an amplified Si
photodetector and generates an electric potential, the magnitude of which depends
upon the intensity of the reflected light. Using lock-in detection, the change caused
by the pump, which occurs at the EOM modulation frequency, is isolated from the
large DC background reflectivity of the sample.

The pump-and-probe experiment is performed both at room temperature and

at low temperatures, yielding temperature-dependent information about the thermal
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Figure 3-1: Diagram of the pump-and-probe experimental system used for this study.

transport properties of the samples being measured. The sample is placed inside of a

cryostat attached to a turbopump vacuum capable of achieving vacuum pressure on

the order of 10~ Torr. Coolant such as liquid He or N5 flows through the cold finger

embedded in the cryostat. A temperature controller measuring the temperature inside

of the cold finger actively regulates the current passing through a resistive heater

attached to the cold finger. The temperature is measured with a Si diode mounted

system.
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3.2 Data Analysis

To determine the thermal transport parameters of interest, we use a multi-dimensional
least-squares minimization routine to match a model of the predicted temperature
decay based on Fourier’s law to the data gathered using the pump-and-probe setup.
The mathematical model used is an application of linear time-invariant system the-
ory which we use to extract the thermal transfer function of the sample, Z(w). This
thermal transfer function relates the modulated heat input, H(w), to the resulting
temperature of the surface of the sample. The following section outlines how the ther-
mal response is found by solving the Fourier heat equation in cylindrical coordinates.
Then the transfer function will be described, followed by the relationship between

this thermal transfer function and the output of the lock-in amplifier.

3.2.1 Thermal Model

The sample is modeled as a multi-layer stack with a periodic heat flux at the surface.
Such a multi-layer solution can be constructed by combining the solutions for each
constituent layer. A thorough derivation of the solution to this heat transfer problem
can be found in Conduction of Heat in Solids by Carslaw and Jaeger [78]. Solving
the heat equation for a single layer of thickness d and thermal diffusivity o (Fig. 3-2)
yields a matrix equation for the temperature, ©,, and heat flux, f,, on the bottom
of the layer as a function of the temperature, ©,,_;, and heat flux, f,_;, on the top

of the layer where the heating is taking place,

e, sh(qd ——L sinh(qd ©,_
_ cosh(qd) =~ 5inh(qd) 1 (3.1)
fr —kzqsinh(qd)  cosh(qd) fn1

where £, is the through-plane thermal conductivity, and o = k,/pC' is the through-
plane thermal diffusivity such that ¢ = m. This matrix equation comes from the
solution to the heat equation for steady, periodic heating, omitting the time factor,
et where w is the heating modulation frequency.

In the limit where the heat capacity of a layer is zero, this matrix solution applies
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© n-1 fn—l

Figure 3-2: Heat equation boundary conditions for a single layer. © is the temperature on
a particular side, f is the heat flux, and d is the thickness of the layer.

for heat flowing across an interface, whose conductance is finite due to the compli-
cated interactions between phonons on either side of a boundary between dissimilar
materials [28]. Each interface, then, counts as a separate layer with a conductance,
G. The matrix equation for heat transfer through an interface is similar to eq. (3.1)
except the heat capacity, C, is zero. This matrix is given by

@n 1 G_l Gn—l
- . (3.2)

fn 0 1 fn-1
It is immediately clear that G = k,/d and the heat flux on either side of the interface
is equal, i.e. f, = fn_1. G is called the thermal interface conductance (TIC).
For heat flow through n such layers (Fig. 3-3), the product of the matrices for
each layer yields an equation for the temperature, ©,, and heat flux, f,, at the end
of the stack as a function of the temperature, ©¢, and heat flux, fy, at the surface of

the stack,

O, A B O
= MnMn_an_g...Ml = . (33)

fn C D fO

The reflected probe signal is analogous to the temperature of the surface of the
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Figure 3-3: Heat equation boundary conditions for a multi-layer stack. The conditions are
known at the top of the stack and at the bottom of the stack and can be determined for
the rest of the layers by solving a matrix version of the heat equation.

sample, or ©y. Thus, we would like to solve for this quantity as a function of the
physical parameters of the sample. To simplify the analysis, the back of the sample
is assumed to be adiabatic; in other words, the sample is assumed to be infinitely
thick in our configuration. This assumption can be checked simply by determining
the thermal penetration depth and how it compares to the thickness of the sample.
For steady, periodic heating, the thermal penetration depth can be estimated by
L= \/m where wy is the frequency of the periodic heating. In our TDTR setup,
this frequency varies between roughly 1 MHz and 10 MHz, and « is typically in the
range of le—6 m?/s. This yields a penetration depth on the order of hundreds of
nm. This penetration depth, much smaller than the laser spot size of roughly 60
pm, also allows us to treat transport as one-dimensional [79, 80]. The samples used
in this study were grown on GaAs wafers that are 300 pm thick, thus the last layer
more than satisfies the condition for an adiabatic boundary. Because the last layer is

considered to be adiabatic, or f, = 0, the above matrix equation can be simplified to

COy+ Dfy = 0. (3.4)
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where fy is the known periodic heat flux applied to the surface of the stack. Thus,
only the constants D and C, dependent on the thermal properties of the layers, are
necessary to solve for the surface temperature, ©g, of the sample.

This analysis can also be performed using the heat equation in cylindrical co-
ordinates. We shall briefly explain this analysis since it more closely matches the
geometry of the TDTR experiment, where the pump spot has cylindrical symmetry

[81]. The heat equation in cylindrical coordinates in the frequency domain is

02%0(w)
022

= gg0(w) (3.5)

and is identical to the one dimensional heat equation in the frequency domain. The
only difference between the solution to the heat equation through a multilayer stack
in cylindrical coordinates is a modified g, qo

,  Kek?+ peiw

0

DA (3.6)

Kz

q

where k, is the thermal conductivity in the radial direction. In this solution, &
is the Hankel transform variable, used to simplify the analysis of the radial heat
conduction equation. This gg is then applied to equations (3.1) - (3.4) to find the

surface temperature of the sample with cylindrical symmetry in heating,

O =2 fo (3.7)

The periodic heating at the surface, fy, is given by

fo= Ao exp (_k2w§) (3.8)

2 8

Thus, the surface temperature in the Hankel transform domain is given by

DA —k2w?
(k) = ——62—72exp< g °> (3.9)

Finally, by including the spatial distribution of the heating, a single integral that

can be solved numerically is obtained for the thermal response of the system, H(w),

52



the frequency dependent temperature of the surface of the sample

o0

H(w) = % / k;< - g) exp (M) dk (3.10)

where Ag is the absorbed probe power, and wy and w; are the 1/e? radii of the
pump and the probe beams, respectively. This is the thermal response of the system
to periodic heating at the surface and represents the integrated radial temperature

distribution of the surface layer.

3.2.2 Extracting Thermal Properties from TDTR Data

The probe signal can be described by a transfer function, Z(wg), whose amplitude and
phase depend upon the thermal response of the system as well as the characteristics
of the probe arm. The transfer function Z(wp) relates the input signal, a periodic

heating of frequency wy, to the amplitude, R, and phase, ¢, of the response:

Re' 0t 0) = 7 (wg) ™. (3.11)

This equation clearly shows the relationships between the phase and the amplitude

of the signal and the transfer function are

R = [Z(wo)| (3.12)

and

¢ = arg(Z(wy)). (3.13)

Both the magnitude and the phase of the response will depend upon the delay
between the pump pulse and the probe pulse. The result of measuring the response
of the sample with a delayed probe pulse is to give us an instant view of the state
of the thermal system at the specific delay time. By gathering information on the
state of the system with a high time resolution between 0 ns and 6 ns of delay, we

add redundancy to the measurements. Rather than simply having the two points
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in time necessary to solve the transient heat equation, we gather a large collection
of such points and can thus find a best fit to the entire cooling curve. The lock-
in receives the signal of the unmodulated probe pulse. By mixing this signal with
a sinusoid at the modulation frequency, the lock-in can reject all other frequency
components. Our lock-in amplifier rejects all frequency components outside of a 10
Hz band around the reference frequency [82]. The probe frequency is the same as
the laser frequency, 80 MHz, well outside of the chosen modulation frequency wp,
which is usually between 3 and 12 MHz. By mixing the input to the detector with a
cosine wave at the modulation frequency, the lock-in is able to extract the in-phase,
X, component of the signal; mixing with a sine wave yields the out-of-phase, or Y,
component of the signal. The in-phase and out-of-phase components determine the

amplitude and phase of the response of the sample, where the amplitude is given by

R?=X?4+Y? (3.14)

and the phase by

¢ = tan™" (%) (3.15)

The transfer function itself can be determined from linear-time invariant (LTT)
theory and depends upon the thermal impulse response of the system, H(w) as pre-

scribed by eg. (3.10). The transfer function is

Z(wp) = % Z H (wo + kw,)et™=T (3.16)
k=—00

where (3 is the thermoreflectance coefficient, () is the energy per pump pulse, Qprote is
the energy per probe pulse, T" is the time between pump pulses, wy is the modulation
frequency, w; is the probe sampling frequency, in our case the frequency of the laser
output, 80 MHz, and 7 is the delay-time between the pump and the probe pulses.
Again, by gathering an entire data collection with a variety of different time delays
between 0 and 6 ns, we are able to achieve a more robust fitting to the data. Although

the properties of the top layer of material and the laser have an effect on the absolute
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magnitude of the signal and thus on the signal to noise ratio (SNR), in the data
analysis, the lock-in signal is normalized such that the properties: £, Q, Qproves T,
and A, on which the thermal transport properties of interest should not depend, fall
out of the transfer function.

We have derived the model of the signal detected by the lock-in that depends only
upon the thermal transport properties of the sample and the modulation frequency of
the heating. A multi-dimensional least-squares algorithm is used to find the thermal
transport properties of the sample by matching this model to the experimentally

retrieved data.

3.3 Superlattice Fabrication

The SLs used in this experiment were fabricated by a student in the Fitzgerald Group
in the Materials Science and Engineering Department at MIT using molecular-organic
chemical vapor deposition (MOCVD). AlAs and GaAs were chosen as the constituents
of the SL because they are relatively simple to grow using this technique. The samples
were prepared in accordance with what the theory described in Ch. 2 suggested would
give the best results from the TDTR experiments. Thus, five samples of one period,
three periods (Fig. 3-4), five periods, seven periods, and nine periods of GaAs/Alas
SL were grown. Additionally, a sample of the wafer on which the SLs were grown was
provided by the Fitzgerald Group.

Initially, a GaAs buffer layed is deposited on a GaAs wafer with a 6° offcut at a
temperature of 650 °C under an Arsine over pressure, which prevents the decomposi-
tion of the surface due to Arsine’s volatility. The superlattice, consisting of alternating
layers of 12 nm of GaAs and 12 nm of AlAs, is grown at a temperature of 750 °C.
These thicknesses were chosen based on a sensitivity analysis of the TTR experiment.
The sensitivity results indicated that a balance had to be met between the thickness
of the total SLs and the individual thicknesses of the layers. The layers should, ide-
ally, be kept to a minimum thickness to prevent any potential bulk scattering within

the materials. However, the overall SL thickness needed to be maximized so that the
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<300 um GaAs

Figure 3-4: This is a cross-sectional TEM image of one of the periodic structures used for
this study. This particular sample is 3 period of 12 nm GaAs/12 nm AlAs on a 300 pm
GaAs wafer.

signal would be sensitive to the SL rather than the surrounding thermal resistances.
The sensitivity analysis yielded a layer thickness of 12 nm as a reasonable compro-
mise between these two opposing requirements. As the temperature is ramped up,
the GaAs buffer layed continues to be deposited, reaching a total of thickness of about
500 nm. Once the temperature has stabilized, the SL is grown [83].

Approximately 100 nm of Al was deposited on the surface of the samples using
e-beam evaporation at the Microsystems Technology Lab (MTL) at MIT. The metal
layer acts as a thermal-optical transducer material because of its high thermore-
flectance coefficient and small absorption depth. A very small change in temperature
produces a high change in reflectivity at our probe wavelength of 800 nm [84]. A
short absorption depth on the order of 10 nm ensures that no photon absorption
is happening in the sample. Finally, a high Schottke barrier between Al and GaAs
greatly decreases the chances that any excited electrons pass from the Al layer to the
semiconductor layer, so no electron effects need to be considered during the heating
of the sample.

The thickness is chosen based on previous studies that have shown the highest
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accuracy in TDTR results when the metal film was between 80 and 130 nm thick. [56].
The thickness of the deposited Al layer was measured both with a Dektak profilometer,
and using a calibration technique. In the calibration, a sample of sapphire is coated
with Al at the same time as the samples to be measured. TDTR is then used to
determine the thermal conductivity of the sapphire. The thickness of the Al layer
parameter is adjusted until the measured sapphire thermal conductivity matches the
known literature value. Both of these thickness measurement techniques yielded a

value of 98 nm of Al, with small variations around this number.
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Chapter 4

Results and Discussion

Time domain thermoreflectance measurements were made to determine the thermal
transport properties of five GaAs/AlAs SL samples. In order to observe coherent
wave effects with this measurement technique, each sample had a different number of
periods—1, 3, 5, 7, and 9—with each period consisting of 12 nm of GaAs and 12 nm
of AlAs grown with MOCVD. The samples were measured at a range of temperatures
between 30 K and 296 K, with cryogenic temperatures achieved with liquid He and
liquid Ny cooling under vacuum conditions. Five locations were measured per sample
with four pump modulation frequencies for each location. A multi-dimensional least
squares minimization routine was used to fit the average of five measurements to a
multilayer Fourier law heat transfer model to determine the unknown properties of
interest as presented in Chapter 3. A sample data set is shown in Fig. 4-1. The

results of the measurements and the data fitting are presented in this chapter.

4.1 Data Fitting

The data were fit to a Fourier model of heat transport through a four layer stack.
The four layers are the aluminum optical transducer layer, the interface between
the Al and the SL, the SL, and the GaAs substrate, where the GaAs substrate, at
300 pm thick, is modeled as a semi-infinite layer. Defects, strain, and roughness at

the interface between the SL and the substrate are minimal compared to the Al-SL
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Figure 4-1: This is the data generated by measuring the thermoreflectance signal of a five
period SL at 50K at a modulation frequency of 3 MHz. The blue lines are individual
measurements and the red line is the resulting average of these three measurements.

interface due to the SL’s and the substrate’s good lattice matching and the epitaxial
nature of the growth process, and the corresponding resistance of this interface is
thus neglected.

As outlined in Chapter 3, the solution to the thermal model depends on the thick-
ness of each layer, its heat capacity, its thermal conductivity, and the anisotropy of
the thermal conductivities in the in-plane direction versus the through-plane direc-
tion. The heat capacity of the SL is the weighted average of the heat capacities
of AlAs and GaAs [56]. The temperature-dependent literature values for heat ca-
pacity and thermal conductivity are shown in Appendix A in Fig. A-1 and A-2.
Recent studies on nanoscale heat transport through semiconductor materials have
shown that the thermal conductivities of these materials are smaller than bulk values
previously reported in the literature [85]. To determine whether this effect was also
present in GaAs, TTR measurements of the thermal conductivity of a GaAs wafer
were conducted. The results are shown in Fig. 4-2. The results clearly show that at
low temperatures there is a decrease in the thermal conductivity of the GaAs wafer

compared to literature values under the conditions of the TTR experiment. Thus, in
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the fittings for the thermal conductivity of the SL, the measured values of GaAs from

these experiments were used rather than the values found in literature.

10000 —
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Figure 4-2: A comparison of literature and measured values for the thermal conductivity
of GaAs. Recent experiments have shown that the conditions of the TTR experiment lead
to a deviation from accepted values of thermal conductivity due to ballistic transport [85].
The results of this measurement were included in the fitting parameters of the experimental
SL data.

4.2 Results

Five locations were measured on each sample at four different modulation frequencies.
For this experimental setup, the modulation frequencies that have shown the highest
accuracy and the lowest signal to noise ratios are in the range between 3 MHz and
12 MHz [77]. Thus, the thermal transport properties of the SLs were measured at
each location at modulation frequencies of 3 MHz, 6 MHz, 9 MHz, and 12 MHz.
Each measurement consisted of the average of five runs. No systematic frequency-
dependent trend was visible in the data, as indicated by Fig. 4-3. As a result, the

rest of the data presented herein represents the averaging of data from both different
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locations and at different modulation frequencies. In other words, each data point

represents the average of 60 pump-and-probe measurements.
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Figure 4-3: Measured thermal conductivity of SLs at 30K as a function of the number of
periods and at each modulation frequency. No systemic frequency dependence was observed
at this or any other temperature.

The temperature dependent thermal conductivities of the five samples are shown
in Fig. 4-4 and the values for the temperature-dependent thermal interface conduc-
tances (TIC) are shown in Fig. 4-5. The temperature-dependent thermal conductivity
shows a consistent trend in all of the samples, a large increase in thermal conductivity
with temperature between 30K and 100K, followed by a leveling out. The change in
thermal conductivity with temperature increases as the number of periods in the SL
increases. At 30K, the ratio of the thermal conductivity of the nine period sample to
the thermal conductivity of the one-period sample is about five. At 100K, this ratio
is 12. Between 200K and 300K, the thermal conductivities of the one, three, five, and
seven period SLs all grow by approximately the same amount.

Between 150K and 300K, the seven and nine-period samples clearly exhibit the
same behavior—dipping to a lower thermal conductivity, and then increasing again.
A similar dip is actually present in all of the samples, though the amplitude of the
decrease as well as the temperature at which it occurs is different. The five period
sample appears to have a small dip at 200K, the three period at 150 K, and the one

period at 100K. However, the size of the dips in these cases is small enough to be
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within the margin of error of the measurement and the fitting, and thus may just be

an artifact of the technique.
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Figure 4-4: Measure thermal conductivity of SLs with different numbers of periods as a
function of temperature.

The temperature-dependent TIC between the Al optical transducer layer and the
SL sample are shown in Fig. 4-5. Since all of the samples were grown under similar
conditions, and Al was deposited on them simultaneously, it is expected that the TICs
of all the samples should be equal at every temperature. However, this is far from
what the data indicate. In fact, the data shows a wide variation in the TICs of every
sample. Even when TIC data from the most widely varying sample, the one-period
SL, is removed, as in Fig. 4-6, there is still large variation among the samples.

The reason for the large variation in the TIC is the relative insensitivity of the
fitting to the TIC. This insensitivity can be demonstrated by varying the parameters
in the fitting and looking at the variation in the resulting cooling curve, as is done in
Fig. 4-7. In this figure, the open red circles are the thermoreflectance signal of a five
period SL measured at a pump modulation frequency of 3 MHz and a temperature
of 50 K. The blue curves in both figures represent the best-fit curves yielded by

the multi-dimensional, least-squares fitting program, and correspond to the thermal
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Figure 4-5: Measured thermal interface conductance (TIC) between the Al optical trans-
ducer layer and the SL for SLs of varying period numbers. Although it is expected that the
TIC should not be a function of number of SL periods, as this graph indicates, the fitting
did not show a strong sensitivity to the interface conductance. Thus, these values may be
simply artifacts of the fitting program.

conductivities and TICs shown in Figs. 4-4, 4-5, 4-6, and 4-8. In (a), the solid red
line and green line correspond to the curves that would result from a decrease and
increase, respectively, by 10% of the SL thermal conductivity. In (b), the solid red
and green lines correspond to a decrease and increase, respectively, by 10% of the
Al-SL TIC. The difference between these three curves is much greater in (a) than
in (b), showing that the fitting is more sensitive to the SL thermal conductivity
than the TIC. Although the resulting curves are different for each SL and at each
temperature, this general trend was observed for all cases. Thus, although the TIC
data are disparate, this analysis shows that this may just be an artifact of the fitting
rather than an indication that there may be something wrong with the data. Further

examples of this measurement insensitivity are given in Appendix A.

The dependence of the thermal conductivity of the SLs with respect to the number
of periods in the SLs at every temperature value measured is given in Fig. 4-8.

This graph clearly shows an overall increasing trend in the thermal conductivity
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Figure 4-6: Measured TIC between the Al optical transducer layer and the SL for three,
five, seven, and nine period SLs.

with number of layers. At lower temperatures, this increase is linear, as expected if

coherent transport were dominant, while at temperatures of 200K, 250K, and 296K,

there is clearly some non-linearity, as would be expected for diffusive transport.
This data set is a strong indication of the presence of coherent phonon wave effects

in SLs, a phenomenon that has not been previously observed in experiments.
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Figure 4-7: Data and fitting curves for five period SL at 50K and at a modulation frequency
of 3 MHz. The open red circles are data points, in (a) the blue solid line is the curve
corresponding to the parameters yielded by the fitting analysis, the red curve represents the
curve corresponding to a 10% smaller thermal conductivity while the green curve represents
the curve corresponding to a 10% greater thermal conductivity; in (b) the three curves—red,
green, and blue—represent different TICs and all lie on top of one another, demonstrating
the relative insensitivity of the fitting with respect to the TIC.
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Figure 4-8: Measured thermal conductivity of SLs as a function of number of periods at
different temperatures.

67



68



Chapter 5

Summary and Future Work

5.1 Summary

A detailed experiment to detect coherent wave effects in superlattices using an optical
pump-and-probe technique is described. Superlattices are invaluable learning tools
for a great deal of applications, from optoelectronics to power generation, and give
great insight into the fundamental processes behind thermal transport. This thesis
adds to the existing volume of knowledge about SLs by probing the possible existence
of coherent wave effects, never before seen experimentally.

The Landauer-Biittiker formalism, which treats transport as a transmission pro-
cess, is used to quantitatively determine the expected trend in thermal conductivity
in a GaAs/AlAs SL if coherent effects are present. The results show that, due to
the close acoustic impedances of the constituent materials, the conductance of the
SL does not change very much with increasing numbers of periods. The conductivity,
which is given by the product of the thickness of the SL and its conductance, grows
proportionally to the thickness, which increases linearly with the number of periods.
This linear growth in the thickness dominates the expected thermal conductivity
trend. Thus, if coherent effects are present, the thermal conductivity is expected to
increase linearly with number of periods.

The thermal conductivities of five SL samples with period numbers ranging from

one to nine are measured with a transient thermoreflectance (TTR) experiment. The
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results of the experiment are matched to the predicted cooling behavior of a multilayer
stack given by Fourier’s conduction law. A multi-dimensional least-squares fit to the
thermal model yields the thermal conductivity of the SL sample.

The results show the presence of coherent wave effects at lower temperatures, and
a decrease in the presence of coherent wave effects at higher temperatures. These
results represent the first experimental confirmation of the presence of coherent wave

effects in thermal transport.

5.2 Future Work

This experiment and the resulting findings are unique in the body of work relating
to SL thermal conductivity. Previous experiments varied the size of the layers but
held the thickness of the SL constant, and the thickness of the overall structure was
much greater than the thermal penetration depths of the experiments used to measure
them. In this experiment, the thicknesses of the SL period was held at a constant 24
nm, comprised of 12 nm of GaAs and 12 nm of AlAs, but the number of periods was
varied from one to nine. The thermal conductivity was measured for these samples
at temperature ranging from 30K to 296K. The results of the experiment showed, for
the first time, the presence of coherent wave effects in SLs. This exciting result leads
to a number of potential future directions.

According to the calculations performed in Chapter 2, the linear growth in ther-
mal conductivity should occur whether or not a SL is present, if the transmission-
based picture presented by the Landauer-Buttiker formalism accurately describes the
transport through the SL. As was noted before, the integrated phonon transmissivity
change very little with the addition of periods. As a result, the conductance for each
of the five SLs measured is nearly the same, and the linear trend in the data is due
almost completely to the growth in the thickness of the SL. To determine conduc-
tivity, the calculated conductance is multiplied by this thickness. If the conductance
is constant and the thickness grows linearly, the conductivity will also grow linearly

until the thickness of the material or structure is greater than phonon MFPs. This is
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the effect of boundary scattering. Although this is a different effect than the buildup
of the dispersion relation, it is nevertheless due to coherent transport through the
SL. Thus, coherent effects are seen in the experiment, although it is impossible to
distinguish which effect it is.

This discrepancy can be clarified experimentally by measuring the thermal con-
ductivity of progressively thicker thin films instead of SLs. If boundary scattering is
dominant, a linear trend in the thermal conductivity of the thin films should be as
noticeable as the thermal conductivity trend in the SLs. If wave interference effects
are the dominant driving force behind the linear trend seen in the SL results, they
should be absent in the thin film, where no wave interference should occur.

In addition, many assumptions were made in order to simplify the calculations
of the thermal conductivity trend. To achieve a more accurate and quantitative
prediction, these simplification must be lifted. The original assumptions were that all
phonons were normally incident onto the SL interfaces and thus there was no phonon
mode conversion, the interfaces were perfect specular scatterers, only one direction
was taken in calculating both the phonon group velocities, and the heat capacities,
and these values were averaged for GaAs and AlAs. These simplifications enabled a
relatively simple implementation of the Landauer-Biittiker formalism for determining
the thermal conductivity of the SLs. Although the calculation revealed a very specific
trend, the values for the conductivities were very far off as a result of the assumptions.

More quantitative analysis and experimental tests are needed to better understand
the results of this experiment. However, the presence of coherent wave effects has been
detected for the first time with this experiment. These results add another important

layer to the growing knowledge of thermal transport properties at the nanoscale.
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Appendix A

Data fittings
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Figure A-1: Literature values for temperature dependent heat capacities of Al, GaAs, and
AlAs. The SL heat capacity us assumed to be the average of GaAs and AlAs.

The following are sample data fittings used to determine the thermal conductivities
of the five SL samples. The open red circles show the data. The blue line is the line
of best fit. The red and green lines represent what the fitting would look like if a

certain property deviated from its fitted value by 10%.
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Figure A-2: Literature values for temperature dependent thermal conductivity of Al, and
GaAs.
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Figure A-3: Data fitting to a 1 pd. SL at 30K with red and green lines showing the result
of varying the Al-SL thermal interface conductance. The lines are not visible because this

dataset is insensitive to the thermal interface conductance. All three of the lines (blue, red,
and green) all lie on top of one another.
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Figure A-4: Data fitting to a 1 pd. SL at 30K with red and green lines showing the result
of varying the SL thermal conductance. Unlike Fig. A-3, the lines representing a deviation
from the fitted thermal conductivity are visible. This indicates that the measurement is, in
fact, sensitive to the SL thermal conductivity.
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Figure A-5: Data fitting to a 1 pd. SL at 296K with red and green lines showing the result
of varying the Al-SL thermal interface conductance.
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Figure A-6: Data fitting to a 1 pd. SL at 296K with red and green lines showing the result
of varying the SL thermal conductivity.
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Figure A-7: Data fitting to a 9 pd. SL at 30K with red and green lines showing the result of
varying the Al-SL thermal interface conductance by 10%. This dataset is largely insensitive

to the thermal interface conductance, with all three of the lines (blue, red, and green) all
lying very nearly on top of one another.
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Figure A-8: Data fitting to a 9 pd. SL at 30K with red and green lines showing the result
of varying the SL thermal conductivity by 10%.
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Figure A-9: Data fitting to a 9 pd. SL at 296K with red and green lines showing the result
of varying the Al-SL thermal interface conductance by 10%.
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