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Abstract

Energy transport provides the fundamental basis for operation of devices from transistors to solar
cells. Despite past theories that successfully illustrate the principles behind the energy transport
based on solid state physics, the microscopic details of the energy transport are not always clear
due to the lack of tool to quantify the contribution from different degrees of freedom. Recent
progress in first principles computations and development in optical characterization has offered
us new ways to understand the energy transport at the nanoscale in a quantitative way. In this thesis,
by leveraging these techniques, we aim to providing a detailed understanding of thermal and
thermoelectric energy transport in crystalline and disordered materials, especially about how the
energy transport depends on atomistic level details such as chemical bondings. Specifically, we
will discuss three examples. 1) Electron transport in semiconductors: how electrons propagate as
they interact with lattice and impurities. 2) Interaction between charge and heat: how the free
carriers have an impact on the heat dissipation in semiconductors 3) Heat conduction in polymers:
how the heat transfer in an amorphous system depends on its molecular structures. In the case
of electron transport, we developed and applied first principles simulation to show that a large
electron mobility can benefit from symmetry-protected non-bonding orbitals. Such orbitals result
in weak electron-lattice coupling that explains the unusually large power factors in half-Heusler
materials - a good thermoelectric material system. By devising an optical experiment to probe the
ultrafast thermal decay, we quantified the effect of electron-phonon interaction on the thermal
transport. Our results show that the thermal conductivity can be significantly affected by the free
carriers. Lastly, we built a theoretical model to understand the heat conduction in amorphous
polymers, and used this knowledge to design materials that are heat-conducting yet soft. These
understandings will potentially facilitate discovery of new material systems with beneficial charge
and heat transport characteristic.

Thesis Supervisor: Gang Chen
Title: Carl Richard Soderberg Professor of Power Engineering
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Chapter 1 Introduction to fundamentals of energy transport

Energy transport is a centuries-old topic and has a wide technological impact. At the macroscopic

level, it can be summarized by different transport equations, e.g. Ohm's law for electricity and

Fourier's law for heat. These relations however do not tell us how the transport is dictated by the

material properties. In order to build the relationship between the materials and their transport

properties, we need to have a microscopic understanding of the energy transport. Such microscopic

picture also allows us to design materials from their fundamental building blocks.

A strong motivation for studying the energy transport particularly in solid state materials in recent

years has been to understand and optimize the performance of solid state energy harvesting devices,

such as solar cells and thermoelectric devices 5 . Take the thermoelectric material as an example.

When the material is placed under a temperature gradient, the electrons diffuse from the hot side

to the cold side, which can generate electrical power if an external circuit is connected. The

efficiency of such thermoelectric device is governed by the thermoelectric figure of merit zT =

aS2

- T, which is a function of three transport properties: o the electrical conductivity, S the Seebeck

coefficient, and K the thermal conductivity. For a higher thermoelectric energy conversion

efficiency, a material with higher electrical conduction and Seebeck coefficient but with lower

thermal conductivity is desired - or ideally a phonon-glass-electron-crystal, as proposed by Slack'.

Such combination is rarely seen in natural materials, and for this reason one needs to understand

the details of the transport in order to find paths to decouple these transport properties and enhance

them synergistically.

The understanding of energy transport also may provide better ways for improving the energy

efficiency of operating devices. Thermal management is a critical problem in many electronic,

optoelectronic and energy storage materials7 8. The traditional material for conducting heat away

is metal, which however is not always suitable inside the device. For electronic packaging and

thermal interface materials polymers or polymer composites instead are often used for heat

dissipation'. These materials usually do not have large thermal conductivity due to the low thermal

conductivities of polymers. One intuitive reason is that the polymers possess a high degree of

disorder, impeding the heat conduction pathway as compared to a crystalline material. The
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question is how one may design them so that they may acquire a good thermal transport property.

This requires us to understand how energy is transported in disordered materials.

In this chapter the quantum mechanical theory of energy transport is first reviewed and applied to

different situations (crystalline and disordered materials). Historically, the semi-classical picture

for the energy transport was first conceived by making analogy to the kinetic theory 0. It is often

the easiest approach and among the earliest method to deal with the transport phenomena. While

the semi-classical picture has successfully described the energy transport in many cases, some of

its ingredients (e.g. velocity, relaxation time) are only applicable to ordered materials. It will be

valuable to see how this semi-classical description can be derived from a more rigorous approach.

1.1 General formalism of energy transport

To study the energy transport, the key is to describe how the system evolves under certain external

field. In quantum mechanics, the state of a system is described by the wavefunction, whose

evolution is determined by a Hamiltonian operator (represents the total energy), which includes

both external field and the interactions within the system". With the state of system given, we can

evaluate any physically observable quantity by calculating the expectation value of its

corresponding operator. Because energy transport is a non-equilibrium phenomenon, if we want

to calculate any energy transport property such as conductivity, we need to perturb the system

away from the equilibrium (e.g. by adding an external field) and monitor their energy flux. The

key questions here are 1) how we should perturb the system to evaluate non-equilibrium properties

such as conductivity and 2) what the quantum mechanical operator for energy flux is.

Regarding the first question, there are several different approaches to evaluate the non-equilibrium

physics of a system. The most systematic way is based on the Keldysh formalism'2 - a general

theory for studying non-equilibrium physics with external fields. One of the central mathematical

tool in this theory is the non-equilibrium Green's function (NEGF) - two-point functions of

quantum operators corresponding to the physical quantities we are interested in. To calculate the

physical quantities, the Keldysh formalism builds up dynamic equations of these two-point

functions which then depend on higher-order quantities such as three- or four-point functions, that

eventually forms a hierarchy of equations. Efficient evaluation normally requires truncation of this

hierarchy at certain level, and one can derive the quantum Boltzmann equation from it. The
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dissipation is essentially introduced in this truncation step, which leads to loss of information about

how the system evolves. This is a systematic approach but the procedure can be complex. Another

cheaper way to treat the transport at the quantum mechanical level is to derive the master equation

starting from the evolution of the density matrix 3 . The density matrix is a statistical description

of the populations and coherences of different states in a system. It is straightforward to write down

the evolution of the density matrix from quantum mechanics, which however does not include

dissipation. To introduce dissipation, the idea is to make certain assumption - so-called Markovian

approximation - to enforce the system to lose its memory during the evolution, which also implies

a loss of information. This approach is well-suited to the case when a system is coupled to a bath,

and has been widely used in quantum optics problems. However, one should be cautious about

when the Markovian approximation is valid. In terms of thermal conductivity, both of these two

approaches agree with the result from the Boltzmann equation at the semi-classical level. In this

thesis, the third way - the linear response theory' 4 - is introduced to study the energy transport.

This leads to a quantum mechanical description of energy transport that can be systematically

improved, like Keldysh formalism, but is also more mathematically tractable, like the master

equation. However, we note that this theory is only valid when the external fields are small, so that

the response is linear, while the Keldysh formalism can in principle treat far-from-equilibrium

situations.

The goal of the linear response theory is to describe how the system evolves under small external

fields and relate the response to the fundamental properties of the system. A fundamental theorem

in linear response theory is the fluctuation-dissipation theorem' 5, which relates the non-

equilibrium properties (the dissipation) to the equilibrium fluctuations of the system. This tells us

how to evaluate transport properties: for example, to calculate electrical conductivity, instead of

applying an electrical field and monitor how the system changes, one considers the fluctuations of

electrical currents at equilibrium, the latter of which can be systematically evaluated from

statistical mechanics. For transport coefficients this leads to the Green-Kubo relation'5 . The simple

reason for this relation is that both fluctuation and dissipation are fundamentally governed by the

relaxational dynamics of the system. For dissipation, when the system is perturbed away from the

equilibrium, the excess energy will be dissipated through a series of relaxation processes. The

same thing also happens at equilibrium because physical variables do not stay constant but

fluctuate. The magnitude of this fluctuation is determined by statistical mechanics as well as the
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rate of the relaxation - if the relaxations are very slow, the fluctuations will not be fully

independent and therefore will develop some correlations in time.

Below we will mainly illustrate how the thermal transport can be derived starting from the linear

response theory. The electron transport can be similarly derived and we refer readers to the

reference 6. For thermal transport, the fluctuation-dissipation relation connects the thermal

conductivity with the time-varying heat flux 14 :

k = kT 2 fo (IQ ()JQ (0))d (11

where kB is the Botlzmann constant, and Jq(t) is the heat flux at a given time. Here the left-hand

side represents the dissipation and the right-hand side describes the correlation. This formula

writes the heat current in the classical way. For quantum systems, the heat current is actually an

operator (JQ), and the fluctuation-dissipation relation for the thermal conductivity instead becomes

V U °
k =- lim dA fdt -e- (Q(O)JQ(t + ihA))

TE-+ o 0

where f = 1/kBT. We now need to obtain a description for the heat flux operator. In quantum

mechanics, the Hamiltonian operator representing the total energy is obtained by changing

momentum, position and other physical variables to their corresponding operators. In the case of

a lattice with different atoms and interactions between them, the total energy can be described by

(1.2)

where pj is the momentum operator, mi is the atom mass, and Vi describes the interactions

between the atoms. To write down the operator for the energy current, Hardy considers the energy

conversation for a small spatial volume17

fl(x) + V JQ(x) = 0 (1.3)
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where R(x) averages R over a small volume and jQ(x) is the local energy flux operator. The

mathematical form of the energy current operator should be such that the above relation is satisfied.

By rearranging the terms, Hardy showed that the energy current operator takes the following form

JQ(x)= jQ(x)dV = +V )+ (xi-x) 4 ,V; ( 1.4)

It can be seen that there are two major contributions to the energy current for a lattice. The first

one takes the product of the energy carried by the atom and its velocity, and can be understood as

the atoms carrying the energy as they move. The second term depends on the interactions between

two atoms - when one atom moves and exerts force on the second atom there is a contribution to

the current. This is energy transport through conduction, for which the atoms do not need to move

in space. For solid state materials, the second term is the dominant one, while for gases the first

term is important. For liquids, both terms can play an important role.

With the energy current operator plugged into the Green-Kubo relation, one can evaluate the

conductivity from the correlation functions of the atomic positions and velocities. Below we will

show how this can be utilized for understanding the transport properties in ordered and disordered

materials.

1.2 Energy transport in crystalline materials

1.2.1 Linear response derivation

In this section we first illustrate how the general Green-Kubo relation leads to a formula for the

thermal conductivity in a crystalline material. In the next section we will introduce the Boltzmann

transport theory - a semiclassical kinetic theory for studying transport of weakly-interacting

particles. We will show that the Green-Kubo result agrees with the semiclassical theory for energy

transport in crystalline materials. Our following studies on electron and thermal transport in

crystalline solids will be built on Boltzmann transport theory as it is the more convenient method.

It is convenient to think of energy current as particles that carry the energy around in the materials.

In crystalline materials with a periodic lattice structure, such particles have simple forms as

described by the Bloch theorem. For electrons, this says that for a periodic potential the
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wavefunction takes the formof lkn(r) = e ik-run(r), where u, (r) is a periodic function over the

unit cell, k is the wave vector and n denotes the band number. Similarly, because the atoms

interact with each other and vibrate around their equilibrium positions, the atomic vibrations can

also have their corresponding eigen mode, if the interaction potentials between the atoms are

harmonic: Aqa(xi)= DjeL . These elementary excitations can be quantized via second

quantization, and the resulting particles are known as phonons, 6 . For phonons, creation and

annihilation operators a and aqa are normally defined, which when operating on the phonon

number state creates or destroys one phonon.

The energies of these particles depend on their wave vectors, which is the band dispersion.

Knowing the band dispersion is important for the energy transport in crystalline materials, because

it not only tells the states of particles, but also their velocities (group velocity, defined as the

derivative of the energy with respect to the wave vector).

Hardy showed that in the harmonic limit the previous formula of the energy current operator for a

crystalline solid can be written 7

1 Y,JQ =j7 Nihwavqa ( 1.5 )

where wqa and Vqa are the frequency and velocity of the corresponding phonon mode in a solid,

and N t= a qaqa is the phonon number operator. This equation for the energy current established

a clear picture of thermal transport in a solid: the contribution of each state to the heat current is

proportional to the energy of that state, its velocity and the number of particles.

With the energy current operator, the thermal conductivity can be obtained by calculating the heat-

current auto-correlation as in the Green-Kubo formula (for simplicity we assume isotropic material

here)

1 °°
k = -- lim dA dt - e-t

3VT e-o+ (1.6)

- h2 qawq 'q'(Vqr -Vq 'A) - (RqA(O)RiA(t + ih)
qAq'n'
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The key question is to evaluate the correlation between the particle number operators, namely

(Nya(0)a,11(t + ihA)) = (ai(0)ag )a, i a ,t+i)) . Calculations of

correlation functions are usually aided by the Green's function technique, which in essence is

similar to the approach employed in the Keldysh formalism. First, one relates a given correlation

function to its corresponding Green's function. One then evaluates the time evolution of the

Green's function by writing down its equation of motion. Together with the boundary conditions,

one can solve for the Green's function, and thus the correlation function. The challenge here is that

the time evolution of the Green's function usually depends on higher-order Green's functions, and

this dependence continues to the infinite order. One has to truncate this hierarchy in order to solve

for the quantity of interest. Because we are starting with a correlation function already involving

four operators, this makes the evaluation even more difficult.

A common approximation adopted in deriving the thermal conductivity from the linear response

theory thus starts with simplifying the correlation function. The correlation function is the

canonical-ensemble average of the operator product over all states. The states obey dynamics as

governed by the full Hamiltonian which includes both harmonic and anharmonic terms. However,

if we assume the harmonic terms dominate the time evolution, one can mathematically prove

(Wick's theorem) that any fourth-order correlation function can be reduced to a summation of

products of lower-order correlation functions

(A$$U) = ( ()+ (A)(PD) + (AD)($$) (1.7)

Applying this to the correlation function from the Green-Kubo formula, we have

(at (0) a,(0)) (at ,(-0a,()

(at (0)aq (0)a ,(r)aq,(-)) = + (at (O)a ,(r)) (aq(O)aq,(T)) (1.8)

+ (at (0) aqr(-r)) (aq (0) at,)

Because thermal transport originates from the deviation in the distribution function, the first term

vanishes as (aqt(0)aq(0)) = (R) is exactly the canonical-ensemble averaged distribution

function itself. The second term also vanishes because the successive two creation or annihilation

operators connect states with different energies, which mostly contribute to the frequency response
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of the thermal conductivity but negligibly to the steady state thermal conductivity. We are thus left

with (aq(0)aq,(z)) (aq(0)a ,(r)).

We have now written the thermal conductivity as products of one-particle correlation functions.

To obtain their analytic formula, we now resort to the one-particle (retarded) Green's function.

The one-particle retarded Green's function is defined as Gqq(t) = -i0(t)([aqi(t), at]), where

0(t) is the step function. One can show that the correlation function is related to the Green's

function via,

(at (0)aqi())= d) - C1qqi(W) - e - iWT ( 1.9)

where C1qqi(W) is defined based on the Green's function

C 1qqI(W)= - [Gqq( + iE) - Gqq(6 - iE)]

Similarly, for the other one-particle correlation function we have

(aq(0)a,())= dw C2 qqi(w) . e iW

and

ieflhw

(1.10)

( 1.11 )

( 1.12)Cz qql (0) = eflhoj- 1 [Gqqi(o) + ) - Gqql(w)- ic)]

Putting these into the formula for the thermal conductivity and integrating over the time, we obtain

thermal conductivity written in terms of the one-particle Green's function:

rch2

k = - 3VkBT 2 . A I 4
4A4'A' ( 1.13)

-q'a) lim dw 1)2 [Gygl(w + iE) - GqqI(W - ie)]
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The information about thermal transport is thus embedded in the spectral dependence of the one-

particle Green's function, which effectively describes how phonon states evolve under the full

Hamiltonian. The evaluation of the one-particle Green's function follows the general procedure as

mentioned before for Green's function technique, but because there are only two operators

involved, the algebra now becomes less complex. To the lowest order of the anharmonic effect,

one can show that the Green's function takes the following form'"

Gqq( ± iE) = 6qq (1.14)
2r[46 - Oq - (q T iq)]

If we translate this to the time domain, we will see that Aq leads to a frequency shift while Eq

describes the decay of the correlation function in time. The frequency shift (or renormalization in

the phonon frequency) Aq is usually small compared to the phonon frequency oq (when strong

phonon-phonon interaction happens, this renormalization can also be significant), and is thus

neglected here. Putting this back into the thermal conductivity formula, we have

k 1= (2)2flhwqA 
( 1.15)

3VkBT 2 I qA (ehq)_ -2 2h(.5
qAq'A'

Because qA has a frequency scale, its inverse has the unit of time and we defineq 2rq which

has been traditionally called the relaxation time. Furthermore, we have the following relation

regarding the temperature derivative of the Bose-Einstein distribution function na, N =

hwqe flhwqa Eventually one can write the thermal conductivity in the following form:
kBT 2 (e fhwqA- 1 )2*

x ogv2 qA 1.16 )

where V = INq and f is the unit cell volume. This formula has been the starting point for many

studies on the thermal transport in crystalline materials.

23



1.2.2 Boltzmann transport theory

The same formula can also be obtained more intuitively via the Boltzmann transport theory1 9.it

becomes clear there that the relaxation time describes the characteristic lifetime for which a state

will decay into other states. Boltzmann transport theory is a powerful tool for studying the

semiclassical transport of weakly-interacting particles. It builds upon the distribution functions of

particles, which describes the average number of particles at a given position with a momentum.

The Boltzmann transport theory then writes down the time evolution of the distribution

functions'9,20:

dfa(k) - eva(k) afa(k) Oafa(k)
(fJE at )collision

an((q) V n(q) (1.17)

VT( at )collision

where fa(k) and n(q) are the distribution functions for electrons and phonons in a solid

respectively. The collision term on the right-hand side is crucial for evaluating the particle

transport. Under relaxation time approximation (RTA), one can approximate them as:

afa(k) fa (k) - fa (k)

a~.t )collision Ta(k)

anj(q) na (q) - nA (q)(l-8)

U\at )collision (q)

Where fa (k)= (Eka-/kBT+1 andn /(q)= kBT are the equilibrium Fermi-Dirac and

Bose-Einstein distributions respectively. With RTA the distribution functions can be readily

solved, and yield the heat flux jq based on the kinetic formula. The thermal conductivity can then

be evaluated based on K = ,dand equation ( 1.16) will be obtained. Similarly, we can evaluate

the electron transport properties based on the kinetic formula. The electrical conductivity and

Seebeck coefficient from the Boltzmann transport theory are
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(T = 3VNk I Saika (-EOE
ka

e___ (afga (1.19 )
S= e (E- p)VaTka73aVNkT1 kaE

ka

1.2.3 Lifetimes and scattering mechanisms

In this section we summarize the different scattering mechanisms for the electrical and thermal

transport in crystalline materials within the Boltzmann transport theory.

As seen in equation ( 1.18 ), the Boltzmann transport theory provides a direct interpretation for the

-r as the relaxation time - the characteristic lifetime for which a state decays. To write down its

formula, we note that at the first order this decay process can be described by the famous Fermi's

golden rule'':

2F n iH 1 2p(E
"i-= I(f|H'|I)2 ( 1.20)

where the magnitude of the transition matrix gif = (fIH'li) represents the probability of the

happening of a single scattering event between the initial and final states, and p(Ef) is density of

states at the final energy. When there are multiple particles involved in this process, we need to

count all the possible processes. Below we use the electron transport as an example to illustrate

how relaxation times can be derived. The dominant intrinsic scattering mechanism for electron

transport in semiconductors around room temperature is the electron-phonon scattering. In order

to calculate the relaxation time of electrons due to this scattering, we add up all the scattering

channels of electron-phonon scatterings taking into account the momentum and energy

conservations2 1.

afa(k)
at /collision

-\g(k, k',q)z2nqfk(1 - fkl)(k' - k - q + G)6(E- Ek - h q) 1.21

2r -g(k,k',q)|z(n + 1)fk(l - fkl)S(k' - k + q + G)k(Ekr- Ek +h)

h , +|g(k,k',q)| 2 nq(1 - fk)fk' 6 (k - k' - q + G)5(Ek- Ek '- hwq)

+|g(k,k',q)|2(n + 1)(1 _ fk+)f(k - k + q + G) (EJ- Ek' + "y )
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The first two lines describe the scattering-out process by absorbing or emitting one phonon. The

prefactors nqfk(1 - fk') and (nq + 1)fk(l - fk') result from the dependence of the scattering

process on the populations of both initial and final states, while the transition matrix is represented

by the electron-phonon coupling matrix g(k, k', q). The last two lines indicates the scattering-in

process by absorbing or emitting one phonon. Taking a small deviation of all the distribution

functions, we can linearize this to obtain the following form

'afa (k)
(a)collision

= - F1 (k,k',q) Af(k)+ (F2(k', q)Af(k')) (1.22)

k',q k',q

+ (F, kk',q)An(q))
k',q

Under relaxation time approximation, we evaluate the decay process of a single mode (k) assuming

all other modes are at equilibrium, which essentially neglect the last two terms in the equation

above. The relaxation time is defined such that the above process should be proportional to the

deviation of the distribution function Af(k) and inversely proportional to the lifetime. Therefore,

the pre-factor of Af(k) gives the inverse of the electron relaxation time due to their scattering by

phonons (where momentum conservation has been implicitly given) 21:

1 2r1 (nq + fk+q)S(Ek - Ek+q + hgq)
= |g (k, k + q, q)|2 .. 3e-ph h N Nq +(nq + 1 - fk+q)S(Ek - Ek+q - haq)I (1.23)kq q

The fundamental framework of electron-phonon interaction in solid state materials has been laid

down by Ziman20, who derives the electron-phonon coupling matrix g (k, k + q, q) =

('Pk|BqVJ1k+q) under the Born-Oppenheimer adiabatic approximation. Here aqV is the perturbed

potential of electrons due to the atomic displacement. This approximation assumes electrons

closely follow the trajectory of the atoms, and works well for most materials except when the

electronic motion are strongly coupled to atomic motions such as in vibronic states. The processes

we have considered - one-phonon and two-electron process - are the lowest-order processes. In

this scattering, one electron state can absorb or emit a phonon, changing its state's energy and

26



momentum. Depending on the electron states involved, one can distinguish between intravalley

and intervalley scatterings. Intervalley scatterings connect electron states at different regions

(valleys) in the Brillouin zone, which require phonon modes with large phonon wavevectors to

fulfill the momentum conservation. In contrast, intravalley scatterings connect electrons in the

same valley and the corresponding phonon mode typically has very small phonon wavevectors

(long wavelength).

The same electron-phonon interaction also creates scatterings for phonons, as described by

following phonon scattering rates 22

1 2r 1

ph-e h Nk g(k,k + q,gq) k - fk+q)5(Ek - Ek+q + hq) (1.24)
q k

Because the phonons contributing most to the thermal transport are long wavelength acoustic

phonons, intravalley electron-phonon scatterings are most important when one studies the effect

of electrons on phonon thermal transport. Nonetheless, intervalley processes can still be important

if one considers phonon relaxations in non-equilibrium situations such as hot phonon bottleneck,

because the relaxation may go through various pathways that involve both short and long

wavelength phonons.

When there are different scattering channels, the different scattering processes could in principle

interfere with each other and lead to Fano-like resonant response. However, if one assumes that

different scattering mechanisms are independent, the perturbation theory would indicate that their

scattering probabilities should add up. Instead of considering each scattering process, one usually

considers the scattering rate for a given state, defined as Yk = 1 /k, which describes the total

probability of this state being scattered to all other possible states for one type of scattering. To

calculate the total scattering rates with multiple independent scattering processes present, one can

then add up the individual scattering rate, giving rise to the Matthiessen's rule23 :

1 1 1
+ - + -(1.25)7 k Tk Tk

This approximation in most times works well and in the following calculations we will also apply

this rule when dealing with multiple scatterings.
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For electrons, besides the electron-phonon scattering, the scattering by impurities or defects also

plays an important role, especially in practical materials such as doped semiconductors, where

dopants are added to enhance the electrical conductivity. The electron scattering rate due to

impurity scatterings are24

1 2rc1 Vk -VkI i~ 2
e-imp k k' )imp (k, k')| 1(Ek - E1.26)
k kV

where the pre-factor (1 - "kV )takes into account the fact that backward scatterings change the

electron momentum much more than forward scatterings, and this resulting lifetime is called

momentum relaxation time24 . The electron-impurity scattering matrix is written as gimp (k, k') =

('k' AVimp 0k) and AVimp is the impurity potential. For ionized dopant in semiconductors, this

impurity potential is also approximated as a Coulomb potential Aimp ~ AV mp =

1k'-k 2+L where E is the material's relative dielectric constant, and E0 is the vacuum

permittivity. LD is the Debye screening length considering the fact that at large carrier

concentration the Coulomb potential is screened:

LD =(-2 f(_I D(E)dE- 1 /2  (1.27)
(EEO \M)E

Plugging Aiomb into the electron-impurity scattering matrix, and evaluating the scattering rate,

we arrive at the so-called Brooks-Herring model for describing the electron scatterings by charged

defects. For electron transport, the total relaxation times is obtained via - p ,h +eimpIk k k

For phonons, the dominant intrinsic scattering mechanism in most temperature range is the

phonon-phonon scatterings". This comes from the anharmonic interactions between atoms. For a

purely harmonic system, phonons are the true eigenmodes which will not scatter with each other

which implies an infinite thermal conductivity. In practice, the forces experienced by each atom

contain anharmonic contributions:
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F =a - -2 Rljk RIRk (1.28)
R 1j R 1 j,R 2 k

where ,RjRl are the harmonic force constants and a ,R 2 k the anharmonic force constants.

The anharmonicity governs the scattering process between phonons. The third-order anharmonic

force constants ,Rj,R 2 k, are responsible for the lowest order phonon-phonon scatterings - the

three-phonon process, whose coupling matrix is given by i8,26

(,,3/2 ei(q1-R1+q2-R2)Dia«fD D
(h)3/ q1 q2)T-a,fl,y q q, q 2(, , 2 ) oRj,R2k ]1/2 .29)

fRia} [MiMjMkafq q16Jq2

where D represents the displacements of the phonon eigenmode and M is the atomic mass. Based

on this, we can evaluate the phonon-phonon scattering rates using Fermi's golden rule26:

1
ph-ph
q

(no + no+1) ( q2 q)Sq+q1+q 2,G 1.30)
lgq qq2 2 q1 q2 6(J, O2 +(q q+q1+q2,G1

2h2Nq OI), (n° -n) r(Wq- 1  q2 ~- Wq)(q+q1+q 2 ,G
qS(W-2 . 2 Wq+(q)q+q1+q 2,G]

The phonon-phonon scattering involves both phonon emission and absorption processes. The total

1 _ 1 1
phonon relaxation time is obtained via t= -Ph + _.

1.2.4 First-principles simulation

To calculate the transport properties, one needs to obtain the band dispersion and the scattering

matrix elements for each scattering processes, as outlined above. Traditionally the calculation of

these quantities has mostly relied on simplified models with adjustable parameters. The recent

development in the first principles computation enables one to predict the physical properties in

solid materials with no fitting parameters. In this section we briefly review the basics of first-

principles simulation, and the techniques used to evaluate the transport properties.
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First principles simulation based on density functional theory (DFT) has become a widely accepted

tool, which gives information on various physical properties (electrical, thermal, optical,

mechanical, etc.) of the material 2 7. This so-called first principle method originates from the

Hohenberg-Kohn theorems 28 . The first theorem states that "For any system of interacting particles

in an external potential Vext (r), the potential Vext (r) is determined uniquely, except for a constant

by the ground state particle density no(r)". Based on this, the second theorem proves "A universal

functional for the energy E[n] in terms of the density n(r) can be defined, valid for any external

potential Vext(r). For any particular Vext(r), the exact ground state energy of the system is the

global minimum value of this functional, and the density n(r) that minimizes this functional is the

exact ground state density no(r)". These theorems reduce the problem of solving many-particle

wavefunctions to solving the particle density that only depends on the position. One still needs to

find the functional that links no(r) and Vet(r), which is established by the Kohn-Sham

framework of the density functional theory29. With this, finding the ground state energy becomes

a minimization problem of the density functional.

As described by Hohenberg-Kohn theorem, what DFT solves is the system's ground state, which

assumes the temperature of the system to be zero. For equilibrium properties like band structure,

DFT usually gives very accurate results compared to the experiment (except the band gap). For

the electrons and phonons in solids, we use the QUANTUM ESPRESSO package 30, which is a

first principles simulation tool based on plane wave basis. The calculation of transport properties

like electrical or thermal conductivity is more challenging, mainly due to the increasing difficulty

in extracting higher-order information (coupling matrix between eigenstates compared to

eigenstates themselves) from DFT and also the dense mesh entailed to reach the convergence for

transport calculations.

To extract the coupling matrix between eigenstates that govern the scattering processes, we

consider a perturbed system in DFT calculations. For electron-phonon interaction, this perturbation

is most conveniently done at the Schrodinger equation level by taking the derivative of the

wavefunction with respect to the lattice displacements3 1. This yields a perturbed equation satisfied

by the perturbed wavefunctions, and the resulting framework is known as density functional

perturbation theory (DFPT)32. DFPT can directly yield phonon information (phonon frequency,
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group velocity) at any given q point, as well as the interaction between this phonon mode and the

electron states represented by the electron-phonon coupling matrix g(k, k + q, q).

For phonon-phonon interaction, we seek to calculate the anharmonic force constants. A convenient

real space approach starts by creating many different atomic configurations in a supercell where

one or more atoms are displaced from the equilibrium positions along certain directions26 . The first

principles results for the forces on all the atoms are recorded. These forces depend on the atomic

displacements through the force constants as described by equation ( 1.28 ). The harmonic and

third-order anharmonic force constants are fitted together based on these first principles results.

With the force constants the phonon-phonon scattering matrix g(q,q 1,q 2) can be readily

calculated. The electron-impurity scatterings will be discussed in detail in Chapter three.

To calculate the transport properties, one needs to sum up contributions from all the modes. In

order to reach convergence it is necessary to consider a fine mesh, which puts significant

computational challenge on the calculation of coupling matrix, especially for the electron-phonon

couplings, if they were to derive directly from first principles calculations. The computational time

of electron-phonon coupling matrix can be largely reduced if an interpolation scheme based on

Wannier functions is adopted.

Wannier functions form a useful basis to describe the electronic wavefunctions in the tight-binding

framework14 :

Onk(r) eik-R CnmOm(r - R) (1.31)
mR

where #n is an atomic orbital function that is localized around a single atom and R describes

different unit cells. The tight-binding model describes the wavefunction as a linear superposition

of these atomic orbitals on different atomic sites. If the dominant contributions to the electron

states come from a few orbitals, we can see that the entire band structure can be readily constructed

by taking their superposition (essentially a Fourier transform) as described by the equation above.

This is the basic idea behind the Wannier interpolation scheme. For real materials, however, the

tight-binding model is not always valid because the wavefunctions are not necessarily localized to

certain atomic sites. Nevertheless, functions (denoted asf) playing similar roles as the atomic wave

functions #n in the tight-binding model can still be found
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nfk(r)=I eik-RCnmfm(r - R) (1.32)
mR

These functions fm(r - R) are known as Wannier functions. The Wannier interpolation scheme

essentially tries to set up a tight-binding model from the information (in our case electron

wavefunctions and perturbed potentials) on a coarse mesh, so that information on any point in the

reciprocal space can be obtained. In order for the interpolation to work, the Wannier states need to

be as localized as possible. For this reason different bands are often mixed together with

coefficients cnm, which lead to more localized states. The resulting states are called maximally-

localized Wannier functions 35, which is shown to have close connection with local orbitals in the

material. By transforming the Bloch wavefunctions to the maximally-localized Wannier functions

in the real space, a tight-binding model can be established, which can then be mapped back to any

point in the reciprocal space.

The above discussion pertains to the electron states. One can similarly perform this interpolation

for the phonon perturbed potential, phonon eigenstates, as well as the electron-phonon matrix

element. In comparison, for phonon transport calculations, the phonon-phonon coupling matrix

are directly evaluated based on the harmonic and anharmonic force constants. The force constants

for phonons are similar to the Wannier functions for electrons, and therefore our usual procedure

of calculating phonon scatterings can be understood as a Wannier interpolation for phonon states.

1.3 Energy transport in disordered materials

While the energy transport as described by Eq. ( 1.1 ) is still valid for non-crystalline materials, the

formula does not offer a clear physical picture as for what carries the energy. This is because non-

crystalline materials do not have periodicity and the Bloch theorem that permits the description of

elementary excitations in terms of Bloch waves is no longer valid. This hinders one from having

an intuitive understanding of conductivity and designing materials.

Here we briefly review current understanding of the thermal transport in disordered materials,

which is still a largely unexplored field and only recently received more attention due to interests

in new materials for thermal management and wearable devices (e.g. heat conducting polymers

and polymer thermoelectrics).
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For a given disordered system with harmonic interactions between the atoms ( FR =

- >Rj RRURij), one can still solve for the vibrational eigenmodes. However, because the

atomic positions are random, the wave vector may no longer be a good quantum number to

categorize these vibrational modes. The question is how we can distinguish between different

modes. The pioneering study of Anderson on electron transport in disordered materials shows that

a large disorder strength could render an extended electronic state to be localized 36. In a three-

dimensional material, electronic states with different energies exist and form bands. With disorder,

part of the states can be extended while the other part can be localized depending on the energy

scale. Mott shows that there is an energy which separates the extended modes from localized

modes, which is known as the mobility edge37. The transition point where the mobility edge occurs

is approximately described by the Ioffe-Regel criterion, which states the condition when the

quantum wavelength of the elementary excitation exceeds its mean free path. In such case, mean

free path loses its physical meaning and particle can no longer transport in the material, and this is

where localization is expected to happen.

By investigating the vibrational spectra in example disordered system, and particularly their effects

on thermal transport, Allen and co-workers has found that the Ioffe-Regel crossover does not

necessarily overlap with the mobility edge 38. In particular, they found that while above the mobility

edge the modes are localized ("locons"), below the mobility edge the modes can be categorized

into two types: one that does not have well-defined wave vector but are extended, and one that is

not only extended but has well-defined wave vector. They termed the former as "diffuson" and the

latter "propagon" 38.
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Figure 1-1. Categorization of vibrational modes in disordered materials. The curves and dots show the
vibrational density of states in amorphous silicon. The figure is adapted from Ref 38.

As propagons are similar to phonons, one may estimate their contribution to the thermal transport

by finding their corresponding relaxation times. However, it is not clear what are the contributions

from the diffusons and locons. Allen and Feldman devised a theory to estimate the contribution

from these non-propagating modes to the thermal transport considering a harmonic disordered

solid3 9. They started with Hardy's original energy flux operator, and plug this into the Green-Kubo

relation to calculate the thermal conductivity. Eventually this is reduced to the evaluation of the

four-point correlation functions of the creation and annihilation operators of the vibrational modes.

They found under harmonic limit that the thermal conductivity can be written as39

K = DciD   ( 1.33)

where ci is specific heat of mode i, and Di, defined as the mode diffusivity, is written as

Di = 3fz I Sij 2( i ~ Wj) (1.34)

Si; is the matrix element of the energy current operator acting on vibrational eigenstates. From this

theory they learnt that locons do not contribute much to the thermal transport due to their localized

nature, while the diffusons contribute to the thermal transport via a diffusive way. To obtain a full

picture of thermal transport in disordered materials, one needs to consider all vibrational modes.
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While the diffusons and locons can be readily described using the Allen-Feldman approach, the

propagons suffer from the finite size of supercells and cannot be described well. In fact, recent

molecular dynamics calculations suggest that in amorphous silicon large contribution to the

thermal conductivity can come from the propagating modes instead of the diffusons". Quantifying

the contribution from these two different modes remains an open question for thermal transport in

disordered materials. This difference in the contributions also varies between materials systems.

For example, simulations find that in glass the propagons are less important and instead the

diffusons make the dominant contribution to the heat conduction". As amorphous polymers are

generally more disordered than what it could be in an inorganic solid, we speculate that the

propagons do not make large contribution (this is might not be the case for aligned polymers) and

the heat is mainly conducted in a diffusive way. In Chapter five we will develop a theory to

describe the scaling relation for polymer's thermal transport based on this diffusive nature.

1.4 Organization of the thesis

In this thesis, we will talk about four topics, focused on the fundamental understanding of energy

transport in crystalline and disordered systems, and to use the knowledge to tune or design

materials with new transport properties.

In Chapter two, we develop and apply first principles computational method to study electron

transport in semiconductors limited by intrinsic scattering mechanism - the electron-phonon

interactions. We discuss how an understanding of orbital interactions and particularly an analysis

based on group theory helps us to find materials with high mobility.

In Chapter three, we seek to understand how the electron transport is affected by extrinsic defects

in semiconductors. We developed a first principles framework to quantify the electron scattering

by defects, and discuss what are the optimal dopants for semiconductors. The material system we

studied in Chapter two and three represents good thermoelectric materials, but the understanding

is applicable to general semiconductors, and is thus useful for applications in electronic or

optoelectronic devices.

In Chapter four, we devise an experiment to understand one particular scattering mechanism - the

electron-phonon interaction - on the thermal transport. This scattering mechanism has been mostly
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ignored in past studies or masked by other existing scattering processes. Our experiment provides

a way to separate this effect from other scattering channels and to compare with the theory.

In Chapter five, we develop a theory to understanding the scaling relation between thermal

transport and the structure in an amorphous polymer. While being simplified, this theory provides

us key insights about what is the most important for thermal transport in a polymer network. The

theory is then used to guide us to design polymers with large thermal conductivity yet soft and

stretchable.

In the last Chapter, we will conclude with our main findings and suggest possible future directions

along the path.
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Chapter 2 Understanding intrinsic charge mobility in
semiconductors

2.1 Background

Because the figure of merit zT (= T) characterizing materials' thermoelectric performance is a

function of three transport properties: electrical conductivity a, Seebeck coefficient S, and thermal

conductivity , understanding the energy transport mechanism is particularly important for

thermoelectric studies. However, these three transport properties are often interrelated, limiting

the material's thermoelectric efficiency. To improve the thermoelectric performance, one needs to

synergistically enhance all three transport properties.

One conflict exists between the thermal conductivity and the electrical conductivity. Most good

electrical conductors such as metals are also good heat conductors. Doped semiconductors are thus

the common material system sought after for thermoelectrics because they have high electrical

conductivity but lower thermal conductivities'. However, for good thermoelectric performance,

thermal conductivities as low as glass are desired. As heat in semiconductors is mostly carried by

phonons, the thermal conductivity can be reduced if phonons are scattered more strongly or they

propagate more slowly (lower sound velocity). One effective way has been to introduce defects

that scatter phonons but not much electrons". This selectivity can be achieved by realizing

electrons and phonons often have disparate spans of mean free paths. By introducing

nanostructures with characteristic sizes larger than electron mean free paths but smaller than

phonon mean free paths, the thermal conductivity can be reduced significantly while the electron

transport is minimally disturbed". Alloying is another way to achieve this seletivity 3 , because

phonons are sensitive to the difference in atomic masses but electrons are more sensitive to the

difference in potentials. As atoms in the same column behave similarly (similar potential for

valence electrons) but have different masses, alloying these atoms often lead to lower thermal

conductivity without sacrificing the electrical conduction.

Another conflict is between the electrical conductivity and the Seebeck coefficient. As one

increases the electrical conductivity in a semiconductor by changing the doping level, the Seebeck

coefficient decreases. This is an unavoidable situation because both properties depend on the

position of Fermi level but in opposite signs. As a result, the power factor, defined as the product

37



of the electrical conductivity and the Seebeck coefficient squared, is often limited. To overcome

this limit, one successful strategy has been to engineer the band structure to enhance the Seebeck

coefficient 4 4 4. For example, when two electron valleys near the Fermi level have close energies,

more electrons will contribute to the electrical conduction leading to larger Seebeck coefficient,

known as band convergence 4 . The general idea behind this is that a multi-valley band structure

will be favorable for thermoelectrics because each valley can host electrons with high mobility

due to their large velocities while the large number of valleys provides enough density of states to

give a high Seebeck coefficient. Such synergy can also be achieved within a single valley with

high anisotropy. In this case, electrons along the small density-of-states direction have large

velocities and contribute to high mobility, while the large density-of-states in another direction

lead to a high Seebeck coefficient. The benefit of anisotropic bands has led researchers to search

for complex band structures for finding new thermoelectric material systems4 6. As one example,

complex band structures have provided one explanation for why many topological insulators are

also good thermoelectric materials 47 - a question held by the two communities for long time.

Most work on the electron transport side has focused on the band structure engineering while on

phonon transport the focus is on changing phonon scatterings. It is thus desirable if the electron

scatterings can also be tuned, which could open up new venues for optimizing the thermoelectric

performance. This becomes particularly important considering the fact that the power factor among

best thermoelectric materials has not seen much improvement despite the great reduction in

thermal conductivity seen in recent years. One concept of tuning electron scattering for better

thermoelectric performance is energy filtering 48. By filtering out electrons that have opposite

contributions to the Seebeck coefficient, one can boost the Seebeck coefficnet. This method

nonetheless will lead to reduced electrical conductivity. We are thus led to such a question: for a

given carrier concentration (so that Seebeck coefficient is not compromised), how can we enhance

the mobility and consequently the electrical conductivity? The answer lies in our detailed

understanding of electron scattering mechanisms.

In semiconductors, the electron mobility is intrinsically limited by their scatterings phonons2 4. For

a higher mobility, the desirable material should have weak interactions between electrons and

phonons. However, obtaining quantitative understanding for such interaction has been prohibited

by out limited methodology for probing the electron-phonon interaction. While first principles

simulations have progressed significantly to quantify the details of phonon-phonon interactions,
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similar information for electrons in semiconductors has been lacking. In the following, we employ

first principles simulations to study the interaction between electrons and phonons, using half-

Heuslers as a representative material system49. By looking into the details of electron-phonon

interaction, we explain based on chemical bonding picture how electron scatterings can be reduced,

thereby leading to enhanced mobility. This knowledge could potentially be useful for finding new

thermoelectric materials with high power factors, as well as for optimizing the charge transport in

microelectronic and optoelectronic semiconductor devices.

2.2 Intrinsic mobility due to electron-phonon interactions

The mobility of a semiconductor is intrinsically limited by its band structure and detailed electron

interactions. In order to improve the mobility in a practical thermoelectric material, we need to

first look into their intrinsic electron transport. In the last decades there have been growing efforts

to access intrinsically high electron mobility materials, which are essential for diverse applications

ranging from solar cells to transistors. Conventional wisdom targets small effective masses (e.g.

InSb") to achieve high mobility. The recent discovery of graphene" and its three-dimensional

analogues, topological Dirac semimetals1- 4, established that record-high mobility can also

emerge from topologically protected Dirac bands with linear energy-momentum relations. This

high mobility is a consequence of large electron velocities, a signature that reflects the electronic

band structure. Another often-neglected degree of freedom that governs the intrinsic limit of

electron mobility above cryogenic temperatures is the exploration of scattering probabilities -

specifically, the electron-phonon interaction (EPI). Despite having fundamental understanding of

how EPI regulates superconductivity 55 and polaron formation in conductive polymers56 , tuning its

strength for high charge mobility is still uncharted territory.

Recently, electron transport mechanisms have also attracted growing interest in the context of

thermoelectric materials 46. Significant progress in reaching higher values of zT has been achieved

by greatly reducing the thermal conductivity"' 4. Improving the power factor, however, has been

a much more challenging task. Despite the past success in applying the "band engineering"

approach 44 '4 5 '5 7, reaching large power factors has remained demanding because a high electrical

conductivity must be accompanied by a large Seebeck coefficient, yet these two properties are

often in competition (e.g. a small effective mass favors high electrical conductivity, but often

opposes a large Seebeck coefficient). On the other hand, the EPI is a sort of control knob for
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electron mobility, and tuning it has only a weak influence on the Seebeck coefficient. The EPI is

therefore the ideal choice for resolving the conundrum of high conductivity and large Seebeck

coefficient. Even so, identifying materials with specific EPI has proven to be a difficult task due

to lack of understanding of the connection between EPI and crystal structures.

Here we would like to uncover the intimate link between EPI and orbital interactions facilitated

via crystal symmetry, by investigating electron transport in half-Heusler systems. Half-Heusler

materials - systems bearing a cubic crystal structure with three atoms per unit cell5 8 - are well-

known for their high power factors (including the highest value ever reported in bulk

semiconductor systems above room temperature 59), but the origin of these power factors has been

unclear so far. We study fifteen stable half-Heusler compounds based on past work60 . By using

first principles computational tools we reveal that the high power factors of half-Heusler

compounds originate from a strong suppression of electron-acoustic phonon couplings, which

contradicts the common belief that the electron transport in such materials is limited by acoustic

phonon scattering. Through orbital analysis we determine that this weak acoustic phonon

scattering is enabled by the non-bonding orbitals - electron states mostly resembling single atomic

orbitals with vanishing bonding (anti-bonding) character - at the band edge. While past

simulations mostly rely on a constant relaxation time approximation61, we employ the Wannier

interpolation scheme for EP13 1, which enables the study of electron transport mechanisms without

ad hoc parameters. A key insight we provide is that the vanishing bonding (or anti-bonding)

character can be protected by the crystal symmetry.

2.2.1 Deformation potential

Electron-phonon interactions are often written in the form of coupling matrix: (1Pkj4qV 4k+q)4

representing the transition probability between electron states mediated by one phonon. Here i is

the electronic wavefunction and V is the phonon perturbed potential due to the lattice

displacement. Figure 2-1 shows calculated EPI matrices associated with (longitudinal) acoustic

and optical phonons for exemplary half-Heusler materials. For small phonon wave vectors, the

EPI's can be well approximated by straight lines. In fact, for acoustic phonons it can be shown at

the long wavelength limit the electron-phonon coupling matrix vanishes with the phonon

wavevector q in a linear fashion:
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I\ k -luqv | 'k+q/\ ' (2.1)

The proportionality factor E is known as the acoustic deformation potential6 2.Suchadeformation

potential is uniquely defined based on the EPI, and directly relates to the electron transport. An

alternative definition regards the deformation potential as the band energy change when the lattice

is strained (as originally suggested by Bardeen and Shockley 63), and is often used to study band

alignment at interfaces. However, this definition suffers from the problem of ill-defined energy

reference in the first principles framework, and therefore is not employed in our work.
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Figure 2-1. (a)-(b) Electron-phonon coupling matrix along high symmetry lines for (a) longitudinal acoustic
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(d) optical phonons. These are computed for conduction band edge states.
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phonons. These are calculated for valence band edge states.

Deformation potential and effective mass are the two key parameters that affect the electron

mobility. In practice, given the effective mass, one can extract the deformation potential from

experimentally measured mobility, if other scattering mechanisms can be excluded. For half-

Heusler materials, a low effective deformation potential has been obtained based on

experiments 58 '64. As polar optical phonon scattering is strongly screened at high carrier

concentrations, past work has attributed the intrinsic origin of such a low deformation potential

value to acoustic phonons, assuming acoustic-phonon-limited mobility5 8 59'64. However, as seen in

Figure 2-1(c,d), acoustic deformation potentials (~AeV) in half-Heuslers are much smaller than the

optical ones (-4eV), suggesting that the electron-acoustic phonon coupling in half-Heuslers is in

fact very weak - much weaker than had been assumed. Accordingly, the experimentally extracted
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deformation potential also involves optical phonons, in contrast to the traditional view that it is the

acoustic phonons that limit the electron transport in half-Heuslers.

2.2.2 Group theory analysis

The surprisingly weak electron-acoustic phonon coupling stimulates us to query the reason behind.

As originally discussed by Bardeen and Shockley6 3, the acoustic deformation potential, derived

from electron-phonon couplings, can be linked to the electron energy level change as the lattice is

strained. In light of this picture, one can explore the electron-acoustic phonon couplings from a

standpoint of orbital interactions that create such energy levels. At equilibrium lattice spacing,

atomic orbitals from different atomic sites interact and form bonding and anti-bonding states. As

we expand the lattice, due to the weakened coupling between atoms, the bonding state will increase

its energy while the anti-bonding state lower the energy, which translates to positive deformation

potential for the former and negative values for the latter. A significant bonding (or anti-bonding)

characteristic at the band edge normally implies a large acoustic deformation potential, as often

found in many good thermoelectric materials.

Half-Heuslers (denoted ABC, like in ZrNiSn) however reveal a pronounced distinction. Here we

use group symmetry analysis65 to categorize the orbitals and their interactions, which will help us

to illustrate this distinction. The symmetry analysis based on group theory can categorize atomic

orbitals into different "types", or representations. Because orbitals belonging to different

representations do not interact with each other, such categorization greatly simplifies the analysis

of the interaction between atomic orbitals and their formation into molecular (or crystal, in the

case of solids) orbitals.

To start, we first build a tight-binding model" (equivalently known as linear combination of

atomic orbitals, or LCAO) to relate the electron band energy to the orbital interactions. The

wavefunction in a crystal can be written as superpositions of atomic orbitals:

,= Cia(ia (2.2)
ia

where p represents each atomic orbital # summed into its Bloch form (for our study, the 'atomic

orbital' is understood as in its Bloch summation form) and the index i and a denotes different

atomic sites and orbital types, respectively.
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<pic = eiRj.i(r - Ri )
S ~ kRi (2.3)

Band structure can be obtained by solving the eigenvalue problem derived from Schr6dinger

equation, defined as RV = E', where E is the electron energy. Applying the variational principle

to this equation leads to a matrix equation, with prefactors ci forming the eigenvector to be solved:

Hc = Ec (2.4)

The Hamiltonian matrix elements given by Hij = (cJIpij) describes the interactions between

different atomic orbitals. The solution of this equation (vector c) represents the contribution from

different atomic orbitals to a single electron mode. Depending on the orbital interactions, the

electron mode can be either a predominantly bonding orbital, an anti-bonding orbital or a weakly-

bonded orbital.

Now we want to bring in group theory to simplify the analysis. First we determine the symmetry

group associated with the crystal structure65. For half-Heusler materials this symmetry group is Td.

For the electron energy at a given k point, we then reduce the crystal symmetry group to the so-

called small group of k (the collection of the symmetry operations in the crystal symmetry group

that do not alter the wave vector k), which governs the orbital interactions at k. For example, for

fcc crystal structure the small group at X-point is D2d while at L-point is C,. The reason we

consider these small groups is that dominant contributions to the electrical conduction come from

the electrons at the band edge, which are often located around a small region in the Brillouin zone.

By studying the orbital interactions at this band edge point (e.g. X-point is the conduction band

edge for most half-Heusler materials) we will understand the general features of the electron

transport.

The application of group theory is to categorize and separate atomic orbitals that are used to build

the tight-binding model into different representations. After this is done, the group theory

guarantees that the coupling matrices between orbitals not belonging to the same representation

are zero, meaning that for a given atomic orbital one only needs to consider its interactions with a

few others. In such case we can draw schematic energy diagrams to show where the energy levels

approximately stay and whether they are bonding or anti-bonding states.
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To illustrate how this works, we take k at the X point as an example. For the half-Heusler materials

(denoted as ABC, such as in ZrNiSn), we choose a minimal basis set, where d orbitals for atoms

A and B, as well as s and p orbitals for atom C are considered (in total 14 atomic orbitals, so we

need to solve 14-by-14 matrix in equation ( 2.4 ). These are listed below:

PA,dz2> P APd X2_-Y2) VA,dxy, s A,dyz' VA,dxz',

PB,dz2, )B,d 2 2 PB,dxy> PB,dyz' PB,dxz' (2.5

PC,s» PC,px" PC,py s C,Pz

At X-point, the symmetry group corresponding to the Hamiltonian is D2d (the small group of k)66 .

To characterize the representations for the crystal orbitals as given by Eq. ( 2.5 ), we note that they

are in the form of product of two terms. The result of a point symmetry transformation of y, is

actually the product of two transformations 65 : One is the transformation of the sub-lattice phase

factor P = e ik-' and the other is the transformation of the atomic orbital $, on a single atomic
RI

site. As a result, we need to figure out how each of them transforms under the symmetry operations

(their representations).

The representation of the single-site atomic orbitals ($,) corresponding to D2d can be found by

checking the character table of D2d, noting that px transforms like x function, dx, transforms like

xy function and s transforms as x2+y 2+z2. We should mention such functions are defined relative

to the coordinate system, and in our case we take the x, y, z axis to be parallel with the edge of the

cubic cell (kx along z-direction), and the sub-lattice positions to be A = (0, 0, 0), B =(1/4, 1/4, 1/4)

and C = (1/2, 1/2, 1/2), in units of lattice constant. The character table, in brief word, is a two-

dimensional description of different representations and how each of them transforms under

symmetry operations . The rows denote different irreducible representations, and the columns

correspond to inequivalent groups of symmetry operations. The entries are called characters, which

allow algebraic operations when considering representation of a product function. The character

table of D2d is given below67 .
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Table 2-1. Character table of D2d point group

E 2S4  C2(z) 2C' 2  
2 ayd linear Quadratic

Ai I I 1 I I x2+y2+z2, z2

A2  1 1 1 -1 -1

Bi   1 -1 1 1 -1 X2_Y2

B2  1 -1 1 -1 1 z xy

E 2 0 -2 0 0 x, y xz, yz

The analysis for the single-site atomic orbitals leads to the following categorization of the 9

different orbital types. A i: s; B: d 22 ; B2: p, d,,; E: pX, p,, df, d,.

On the other hand, the categorization of the sub-lattice phase factor P' = ekR' is found by
R

following routine group theory analysis - check how this function transforms under symmetry

operations. There are three such different phase factors, corresponding to three different sub-lattice

points (denoted as P, P and P). Take B as an example, the symmetry operationS 4 willflipthe

sign and therefore is equivalent as a constant factor of -1 in the one-dimensional representation.

By examining through all the symmetry operations and comparing the results with the character

table, one can identify that P belongs to the B2 representation. Repeating this analysis leads to

the following categorization. A 1: Pj, P'; B 2 : P .

The representation of the atomic orbitals is a direct product of two representations. To find out the

representation, based on the group theory for the representation of a product function, one takes

the characters of each of the two representations, multiply them together, and check which

representation the product now corresponds to. In doing so, we finally obtain the symmetry

categorization for all the 14 orbitals needed in the tight binding analysis:
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Ai Q0,4d 2 'P d, PI

A2 : (d 2

(2.6)
B3 2 : (PA1da' 9PBcI2 2 P,

EB: (,A,d,' YA,dZ (1PB,d, ,'
9

Bd,, 9',p, I' O~

With this we can draw orbital interaction diagrams. The positions of the atomic orbitals before

interaction can be approximated by the atomic orbital energy levels 68 . Though such determination

of energy levels is not accurate, it will not affect the qualitative picture of orbital bonding (for

example where the bonding, anti-bonding and non-bonding orbitals are). The advantage of the

symmetry analysis, is to reduce the number of interactions we have to consider when constructing

such orbital bonding pictures. For example, it is clear that the orbitalAI 22 does not interact with

nearby orbitals (in the context that only nearest neighbor interactions are considered between A-

B, A-C and B-C pairs), thereby representing a non-bonding state. On the other hand, for

representation E, only orbitals among IBd, I B,d, I ,p, oC,pY will interact.

Because E is a two-dimensional representation, the interaction of these six orbitals will form three

doubly-degenerate states, with one bonding state at lower energy, one anti-bonding state at higher

energy, and one with energy in between. The state in the middle often has minimal bonding or

anti-bonding interactions, due to the cancellation facilitated by its interactions with both higher

and lower-energy orbitals. With such proper energetic interactions, the charge density of this state

can be well localized at a single atomic state (its energy level will also be close to the atomic orbital

energy). In this regard, one often refers to this state similarly as non-bonding state69 . We should

note that although its bonding and anti-bonding interactions do not exactly cancel as in

representation Bi, the associated vanishing bonding or anti-bonding interactions are still protected

by the symmetry, because the latter prohibits this state's interactions with other orbitals that would

otherwise introduce significant bonding / anti-bonding interactions. Such an energy diagram based

on symmetry analysis for half-Heusler at X-point is shown below.
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Figure 2-3. Energy diagram of electron bands at conduction band edge in half-Heusler structure based on
group symmetry analysis.

Having gone through the symmetry analysis at X-point, similar analysis can be done at other high

symmetry points. The conduction band edges mostly occur at X in half-Heuslers, while the valence

band edges occur both at L and F. Without repeating the detailed derivation as elaborated above,

we list below the character table of their symmetry groups and the symmetry categorization of the

atomic orbitals 7 .

At L-point, we make the coordinate system so that kL parallels with z-direction. The small group

at L-point is C3, and its corresponding character table is:

Table 2-2. Character table of C3, point group

E 2C3(z) 3y, linear Quadratic

Ai   1 1 1 z x2+y 2+z 2 , z 2

A 2  1 1 -1

E 2 -1 0 x,y 2_y2, xy, xz

yz

The categorization of the 14 atomic orbitals (Eq. ( 2.5 )) leads to:

AB: 2,d 2' 2',d P ,Pz' ,2

E : (PA, d 2_2 tA Idl I 1A, dz 9 1A,dyz ' 9B, d XY2' 1 B Idx 5 1B, dxz 9 (PB, dyz 9 YC,Px ' (PC,p P
(2.7)

The corresponding orbital interaction diagram is given in Figure 2-4.
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At F-point, the coordinate system is chosen with x, y, z axis parallel with the edges of the cubic

cell. Now the group symmetry is the full crystal symmetry Td, and the corresponding character

table is:

Table 2-3. Character table of Td point group

E 8C3  3C2  6S 4  6(3 linear Quadratic

Ai   1 1 1 1 12+y2+z2

A2  1 1 1 -1 -1

E 2 -1 2 0 0 x2 y2, z2

Ti 3 0 -1 1 -1

T2 3 0 -1 -1 1 x, y, z xy, xz, yz

The categorization of the 14 atomic orbitals (Eq. (2.5 )) leads to:

Ai: P
T: , A.2 (A ,d 2  d d B,d C C CP8

T2 : YIA,d ' YA,dx 7 ' I A,d 2 ()YB,d1 < Y ') Nd B1,' (', I (C%,PY(,Pc

Below we plot the orbital interaction diagram according to this categorization. It is clear from

Figure 2-4 that the valence band edge orbitals are indeed characterized by nearly non-bonding

orbitals, with vanishing bonding or anti-bonding interactions, which render weak electron-acoustic

phonon scatterings and therefore benefit the mobility.
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Figure 2-4. Energy diagram of electron bands at (a) L-point and (b) -point in half-Hesler structure based
on group symmetry analysis.

With the schematic energy diagrams, now we can understand what makes half-Heuslers a unique

system. Remarkably, the conduction band edge state (X-point) in half-Heuslers is characterized by

a distinct non-bonding representation B, corresponding to dx2-., orbital at site A. In Figure 2-5,

the band structure of a prototypical half-Heusler material NbFeSb is shown to show that the

symmetry labels obtained from our symmetry analysis agrees with first principles simulations.

Based on the picture we have discussed, such crystal symmetry-protected non-bonding orbitals

should in principle have zero deformation potential, because even orbital interactions can change

with the lattice spacing, the energy level of the non-bonding orbital will not shift due to the absence

of its interactions with nearby orbitals, implying a small deformation potential and thus weak

electron-phonon interaction. Another example of non-bonding orbital is given by the valence band

edge state (L-point) in NbFeSb (Figure 2-4). While this state (representation E) no longer derives

from a single atomic orbital, its projected density of states indicates that it consists of majorly d

orbitals from site B (Figure 2-5b). Based on this, we call this a nearly non-bonding orbital, because

if it had interacted with nearby atomic orbitals with lower (higher) energies (for example p orbitals

from site C), it would have acquired an appreciable amount of projection on that orbital with

significant anti-bonding (bonding) character. The predominant projection on B's d orbitals implies

that this state closely resembles a non-bonding state, and therefore is expected to also have small

deformation potential. In this case, the nearly non-bonding characteristic is partly protected by the

crystal symmetry - orbitals with representations Ai do not interact with the valence band edge

state of NbFeSb.
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Figure 2-5. Band structures and density of states of half-Heusler representative materials (a,b)NbFeSb and
(c,d) ZrNiSn.

Similar analysis holds for other half-Heusler compositions. For example, in ZrNiSn, the valence

band edge state at f' point is characterized by T2 representation (Figure 2-4), with nearly non-

bonding orbital originating from Zr (see pDOS in Figure 2-5). On the other hand, its conduction

band edge state corresponds to B2, while in our model it has a higher energy than the band edge

state BI (Figure 2-5). This suggests that the anti-bonding B2 state has been pushed downwards in

energy, probably due to bonding interactions with orbitals at even higher energies that are not

included in our simplified diagram. Without such interaction, the anti-bonding B2 level would have

had large deformation potential. Its interaction with a higher energy state mostly introduces a

bonding contribution to the B2 state, which cancels part of its originally dominant anti-bonding

character, rendering the final B2 state at the band edge to be nearly non-bonding (or weakly

bonded).

To further illustrate the idea that the cancellation between bonding and anti-bonding orbital

interactions can lead to a small deformation potential, below we build a simplified tight-binding

model. For simplicity, we consider three levels, each of which comes from one atom with different

orbital energies, as shown below.

51



(a)
-3.5
-E

V12
-5

2 E2

V23 
t

(b) -3

-5.5

(c)

-4.20

-7.80

-2.87
(d)

-4.77

-7.87

6

o (e)
4

2-

C

0.a00
C
0

-2-

-4

-6
-5 0

Energy difference (eV)

Figure 2-6. (a) Schematic of the starting energy levels and their orbital interactions; (b) Orbital diagram if

only interaction between state I and state 2 is turned on; (c) Orbital diagram if only interaction between

state 2 and state 3 is turned on; (d) Orbital diagram if both interactions between I and 2, as well as 2 and 3,
are turned on; (e) Deformation potentials compared with energy level shift in a three-level tight-binding

model.

To illustrate the effect, we only consider orbital interactions between the middle state with the

upper and lower ones, with corresponding interaction energies labelled as V1 2 and V 23 (real and

negative numbers). With such, the Hamiltonian that determines the electronic energies with the

interactions is given by
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E V1 2  0
H = V12 E2  V2 3  (2.9)

0 V2 3  E3

To give a quantitative evaluation, we put numbers into this equation. For this, we have chosen Ei

= -3.5 eV, E2 = -5 eV, E3= -7 eV, V12 = -1 eV, andV23 = -1.5 eV. These energy levels are chosen

based on Harrison's tabulated atomic orbital energies as well as orbital interactions, for ZrNiSn (1:

Zr, 2: Ni, 3: Sn). We have labeled the energy values on the corresponding orbital lines.

We first focus on the middle state, which can be seen as a representative example of the valence

band edge state in NbFeSb. This state's interaction with upper level (state Ei) will push itself

downwards in energy, endowing it with certain bonding character (b; imagine only V12 is turned

on). On the other hand, the interaction with the lower level will give it an anti-bonding character

(c). Now if we turn on both interactions, we will see that as a result of both bonding and anti-

bonding interactions, we expect the energy of the middle level to reside in between those values

shown in Figure 2-6(b-c), thereby closer to the initial orbital energy E2 (compare the middle level

energy shift from -5 eV in (d) with those in (b) and (c)). That is to say, the bonding and anti-

bonding interactions cancel each other, in the sense that the middle level energy is barely affected

by the existence of the interactions. Such weak dependence on orbital interaction is favorable for

low deformation potential, because the main source of deformation potential comes from the

changes of orbital interaction energies when atoms are farther apart. If the energy level already

does not depend on orbital interactions much, the expansion of lattice then won't have large effect,

translating to low deformation potentials.

To show more clearly the connection between the bonding character and the deformation potentials,

we need to quantify these two quantities. To calculate deformation potential, we expand the lattice

uniformly. According to Harrison 7 0, d-d orbital interaction (V 23 ) varies with atomic distance

approximately as , while d-p orbital interaction(V 12)varies as With this, one can calculate

the energies for two cell sizes and subtract to obtain deformation potentials.

To quantify the bonding character, one can look at how much it deviates from its initial orbital

energy. In Figure 2-6e, we plot the deformation potentials with respect to the energy deviation

from its corresponding initial atomic orbital, for all three levels. A significant positive (negative)

energy shift would mean a strong anti-bonding (bonding) character, which will usually lead to
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large deformation potentials. This is seen for the upper and lower levels. For the middle level,

because its interactions with upper and lower levels relatively cancel, its energy shift is close to

zero, thereby leading to a small deformation potential. This quantitative tight-binding model

illustrates the idea of the cancellation of bonding / anti-bonding interactions. Combined with the

fact the valence band edge state predominantly carries d orbitals on atom Fe, this model indicates

that this band edge state emerging from all these interactions should closely resemble a single

crystal orbital, and therefore should have small deformation potentials.

In the case of ZrNiSn, we note that the CBM state corresponds to the upper level formed via orbital

interactions within a three-level subset characterized by the representation B2. In our original

drawing, this level resides above the non-bonding Bi state, and should not be the band edge state.

Meanwhile, it will also have large deformation potential as shown in Figure 2-6e. The reason it

falls below Bi state is that there must be additional interactions between B2 and atomic orbitals at

even higher energies (that are not included in our diagram), which push B2 level lower in energy

and make it smaller than Bi. To illustrate this point, in the above three-level system we introduce

another energy level (Eo), and for simplicity let it only interact with the initial upper level El state

(the corresponding interaction denoted as Voi).

V121 1

Vo2

E2  
-5.17

V23

-7
- E3

-7.87 -7.87

Figure 2-7. (a) Schematic of the starting energy levels in a three-level system with an additional level; (b)
Orbital diagram if interaction between state 0 and state 1 is turned off; (c) Orbital diagram if interaction
between state 0 and state 1 is turned on.
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In this case, the system becomes a four-level system, with Hamiltonian given by

EO Vo 1  0 0 -
H VoI E1  V1 2  0

0 V12  E2  V23  (2.10)

. 0 0 V2 3  E3 -

We define Eo = -1 eV, and Vo 1 = -2 eV. Solving this system with and without the VoI, we obtain an

evolution of the energy levels as a result of this additional interaction, as shown in Figure 2-7.

Without this additional interaction (Figure 2-7b), the upper level B 2 state has energy -2.87 eV and

is above its initial orbital energy (-3.5 eV) and thus B1 state. When the interaction with a higher

level is turned on (Figure 2-7c), we see its energy is pushed lower, below the initial orbital energy

(-3.5 eV). This lowering of energy is mainly a consequence of this state acquiring more bonding

character due to its interactions with higher energy levels. The result of this is again a cancellation

of bonding and its initial anti-bonding character, as clearly seen by its small energy shift (-3.62 eV)

from the Ei orbital energy. With this picture in mind, the observation that B2 state lies below BI

state then implies that now B2 state, the conduction band edge state in ZrNiSn, should also have

small deformation potential.

2.2.3 Crystal orbitals

In line with the molecular orbital theory 69, we define the non-bonding orbital in a solid as one that

has dominant contribution from a single type of atomic orbital, when its interactions with other

orbitals are mostly symmetry forbidden. This can either be a distinct non-bonding orbital, as the

conduction band edge stateX 2 in NbFeSb, or a weakly bonded state due to the cancellation

between bonding and anti-bonding interactions. What we have found in half-Heusler materials is

that their band edge states mostly consist of non-bonding orbitals, and this is why their electron-

acoustic phonon interaction is very weak. In general, for higher mobility, one would like to identify

materials with weak electron-phonon interactions, and one possible route is to look for crystal

symmetries that allow such non-bonding orbitals. For example, one can show that in Mg2Sn the

conduction band edge state (at X point) can also be described as a symmetry-protected non-

bonding orbital. This orbital predominantly consists of Mg 3s state 7 1. If we consider only s and p

orbitals, this conduction band edge turns out to be the only state that is characterized by B2g

representation (within D41 point group).
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One can in fact quantify the non-bonding character through the crystal orbital Hamilton population

(COHP) analysis72, which measures the degree of bonding / anti-bonding in an energetic scale.

The crystal orbital overlap population (COHP) was developed to visualize energy-resolved

chemical bonding for solids, by partitioning the band structure energy into contributions from each

orbital pair. The whole idea originates from Mulliken's original definition for orbital overlap

population given for molecules 73'74 (Mulliken population analysis). Take the hydrogen molecule

as an example, if we are to construct a molecular orbital, we will seek to combine the atomic

orbitals on the two sites (#1,2), giving rise to7 5 ,76

V = C1 01 + C 2 # 2  (2.11)

The prefactors (c1,2 ) contain information that whether the interaction between atomic orbitals is

bonding-like or anti-bonding-like 76. In general, when the interaction between atomic orbitals

favors lower energy, one finds for this simple example that for the bonding state ci= c2 while for

the anti-bonding state ci= -c 2. If we define a quantity asc*c 2 , its positive or negative value then

indicates the interaction as bonding or anti-bonding like. This is the original definition by Mulliken

for quantifying the degree of bonding in the molecules 74. However, it does not distinguish between

different bond strengths 7 7. For example, if we consider the molecular orbital constructed from

same p orbital instead of the s orbital, the above analysis will yield the same number, while in

practice we know s-s interactions should be stronger than the p-p interactions. To take bond

strength effect into account, one can weigh the Mulliken formula by the interaction potential (H12

characterizing the energetic interaction between the orbitals), leading to c*H12c2 . This form can

be derived by partitioning the energy into contributions from each orbital pair.

The above discussion is for isolated molecules, but the concept should be generally applicable.

The idea of population analysis was later generalized by Hoffman to understand solid state

materials 78, and in this case, the molecular orbitals are replaced by the crystal orbitals, which are

superpositions of atomic orbitals on each lattice point. The original development by Hoffman was

focused on Mulliken's definition, which led to the concept of crystal orbital overlap population

(COOP)79. A parallel development taking into account the bond strength (interaction potential)

leads to the crystal orbital Hamilton population (COHP) 72, which is more useful for comparing

different materials that have more than one orbital type, and therefore is what we used in studying

the bonding character. Below we give a simple derivation for the COHP.
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The crystal orbital can be written as a summation of atomic orbitals:

V =---Y cipi (2.12)

where p represents atomic orbitals in its Bloch form and the index i sums over all atomic orbitals

at different atomic sites. The Schrodinger equation that governs the eigen-energies of this material

leadsto

Hin = Enn (2.13)

Here cpi's are understood to be orthogonal to each other. We note that any atomic orbital basis that

is not orthogonal can always be transformed into the so-called Lwdin orthogonalized basis 0 . For

a given eigen-state described by On, the associated eigen-energy can be written as

En (On IRIOn)

=ci"*c"Hij
i,j (2.14)

= Ic I2Hi + 2 Re(c*c"Hij)
i<j

where Hij = (cpi j p) is the Hamiltonian matrix element. In this form, the first term represents

the contributions from the on-site energies, while the second term is due to the interactions between

atomic orbitals on different sites. This second term is defined as the COHP for a given state

(considering all orbital pairs).

COHPkfn= 2 Re(cin"*ckn Hij) (2.15)

i<j

Summing over all the states at a given energy, one obtains the COHP for the crystal as a function

of energy, similar to the density of states:

COHP(E)= COHP (E)
i<j

2Re(ckncCk"Hij) - 8(E - Ekn) (2.16)

i<j kn
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This is often used to identify the major contributions to the bonding / anti-bonding extent"1 .

However, this value is masked by the density of states and is less useful to quantitatively compare

between different materials. Therefore, we have evaluated the COHP using Eq. ( 2.15 ) for the

(conduction) band edge state. For calculating COHP's, the first principles wavefunctions are

projected onto the L6wdin orthogonalized atomic wavefunctions, which give the coefficients (ci's)

that appear in Eq. ( 2.15 ). In this regard our calculated COHP's should be strictly referred to as

pCOHP ("p" means projection) 2. COHP's for conduction band edge states are then readily

calculated by looking at the crystal population analysis for the wavefunction at the band edge point.
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Figure 2-8. Comparison between acoustic deformation potentials - (for conduction band edge state) of
half-Heusler materials and their calculated crystal orbital Hamilton population (COHP) values.

In Figure 2-8 we plot the COHP values together with the acoustic deformation potentials in the

half-Heusler materials. It can be seen that the small acoustic deformation potentials seen in half-

Heuslers indeed match the small COHP values, which correspond to non-bonding behavior. This

suggests the non-bonding signature characterized by vanishing COHP could potentially be used

as an indicator for finding materials with weak electron-acoustic phonon coupling.
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2.2.4 Electron transport in thermoelectric materials

The weak electron-acoustic phonon interaction as discussed above translates into low electron

scattering rates, which sums up all scattering channels via electron-phonon interactions". The

channel (through acoustic phonons) that is normally expected to be largest, is now suppressed. As

an example, ZrNiSn shows significantly smaller acoustic phonon scattering rates than the optical

phonons (Figure 2-9), again confirming the strong suppression of electron-acoustic phonon

coupling in the half-Heusler system.
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Figure 2-9. (a) Electron scattering rates decomposed into contributions from different branches for ZrNiSn
at room temperature with a carrier concentrationof 10 cm3 .(b)Predictedintrinsicmobilityforhalf-
Heuslers compared with experimental values from different material families (including haf-Heusler) at
room temperature.

Withthescatteringratesoncan calculate the electron transportproperties 2 4 , forwhichwehave

als consideredtheeffectsofpolarscatteringandthescreeningdueto frecarriers,together with

the electronimpurity scatterings. Figure2-9shows the calculated mobility ()compared with

experimental values from different material families. Notably, half-Heuslers canexhibitintrinsic

room-temperaturemobilityabove500cm 2 Vs despitetheirlargedensity-of-stateeffectivemass

(m*) - adirect consequence ofctheirweak electron-phononcoupling. Thisexample demonstrates

how large mobility can benefit from weak electron-phonon interaction strength that can emerge

from favorable orbital interactions. The combination of large density-of-state effective mass and

weak EPI is particularly beneficial for thermoelectric materials, as suggested by the weighted

mobility (U = ym*3/ 2 ) frequently used as an indicator for large power factor. Figure 2-10 shows

the power factor at optimal carrier concentrations in the half-Heusler compounds. Strikingly,
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several materials exhibit room temperature power factors higher than 100 iW cm-' K-2 for both n-

and p-type, and most of the compounds studied show power factors larger than 50 iW cm- K-2.

We note that such large power factors are potentially achievable, as demonstrated by the recent

example in p-type NbFeSb with a record-high power factor of ~106 pWcm K-2 at room

temperature 59. Figure 2-10(d-f) shows the calculated temperature-dependent electrical transport

properties (conductivity, Seebeck coefficient, and power factor) for this compound. The good

agreement compared with the experiment5 9 justifies our computational framework, especially

noting that there is no fitting parameter in our simulation.
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Figure 2-10.(a)reedictedroom-temperature power factors atloptimal carrier concentration asfunctionsof
density-of-stateeffectivemass. (b)-(d)Calculated temperature-dependent power factor( P), electrical
conductivity (a) and Seebeck coefficient (S) compared with the experiment for p-type NbFeSb.

Wealso want todiscuss the experimentalaspect ofrealizing suchlarge power factorsandits

consequence in the thermoelectricperformance. Figure 2-11 compares themeasuredpower factors

with our predictions. Except for p-type NbFeSb, most other materials, however, have experimental

power factors lower than the predicted values. In fact, to reach high power factor in NbFeSb, the

hot pressing temperature was significantly increased 5 ,leading to fewer defects and an intrinsic

transport behavior - decreasing mobility as temperature increases, asignature rarely seen in half-

Heuslers. Recent studies in ZrNiSn also indicate excess Ni creates electron scatterings that

severely limit the charge transport64. All these suggest that, if the defect concentrations can be

reduced in half-Heuslers, one would expect higher power factors that line up better with our

predictions. The above discussion shows the prospect of reaching exceptionally high power
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factors >100 tW cm t K-2 for a variety of materials within the half-Heusler system at room

temperature, by further optimizing the material processing and particularly controlling the defect

concentrations. At higher temperatures, these theoretical power factors are expected to become

smaller due to the stronger phonon scatterings. Still, power factors >70 pW cm'K-2 have been

found in our calculations in select half-Heusler compounds, which hints at a big room for further

improving the power factors of half-Heusler materials from room temperature to high temperatures.
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Figure 2-11. Computed power factors compared with experiments for various half-Heusler compounds.

The large power factors combined with reduced thermal conductivity through nanostructuring

technique would lead to outstanding thermoelectric performance. To this end, we have performed

thermal transport calculations for several compounds with large power factors. The accumulated

contributions to the electrical and thermal conductivity (Figure 2-12) at room temperature show

that electrons mostly have MFP's below 30 nm while phonon MFP's span a much wider range up

to a few microns. This large disparity between the dominant electron and phonon MFP allows

improved thermoelectric efficiency by reducing phonon thermal conductivity while maintaining

the electron transport through grain boundary scattering, 3 ,8 3. At higher temperatures, the dominant

electrons' MFP becomes even smaller, on the order of 10 nm (Figure 2-12). We note that the grain

sizes in up-to-date half-Heulser nanocomposites are around hundreds of nanometers 49. If the grain

sizes can be pushed down to tens of nanometers, one can potentially achieve even larger

thermoelectric efficiency in these half-Heusler compounds, particularly benefiting from their

exceptionally large power factors.
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Figure 2-12. (a) The accumulated electrical conductivity and (b) the accumulated thermal conductivity for
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the accumulated thermal conductivity for select half-Heusler compounds at 1000K.
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Chapter 3 Defect-limited charge transport in thermoelectric
materials

3.1 Background

While the intrinsic electron mobility is limited by the electron-phonon interactions, in practice the

mobility can be further reduced due to extrinsic reasons such as electron scatterings by dopants or

defects. As we have seen in the last chapter on half-Heuslers, our first principles predicted mobility

and power factor overestimate the experimental values. This prompts us to ask what the major

roles the defects play in the electron transport of doped semiconductors.

One particularly important defect is the dopant84. The traditional wisdom is that after the dopants

are ionized they become charged impurities and create long-range Coulomb potential 24 ,85 . This

Coulomb potential scatter electrons and reduce the mobility. As the doping level increases, the

mobility can decrease significantly, and in many semiconductors this reduction is more than an

order of magnitude 2 4. Brooks and Herring have separately looked into the theoretical modeling of

this based on electron scattering by long-range Coulomb potential1 6'87, and their results were later

summarized as Brooks-Herring model that describes electron scattering rates due to Coulomb

potential scattering.

However, attempts using this model to understand the electron transport in simple semiconductors

like silicon and GaAs have found discrepancy between the theory and experiments88' 89 . It appears

as if the carrier density were larger than that given by the doping level. Several possible

explanations for such discrepancy include the simplified first-order model used in deriving

Brooks-Herring scattering rates 90, neglect of electron-plasmon scatterings, and neglect of electron-

electron scatterings 9 1. However, one should caution that the assumption of Coulomb potential may

not well describe the disturbance created by the ionized impurity, especially near the impurity

atom92 . The observation that dopants in the same column (thus having same charges after

ionization) often lead to different mobilities also hints at this possibility. This is expected because

the impurity atom is different from the host atoms, and the different valence characteristic may

render its nearby electron clouds distorted compared to the original one. This local distortion has

been dubbed "central cell" effect 4 , whose effects on defect energy levels have been well

63



appreciated. Its effects on electron scatterings however have been largely ignored, possibly due to

the lack of a quantitative tool to estimate the magnitude of this local distortion.

Building upon past work in calculating defect energy levels in semiconductors, we develop a

numerical framework to obtain the full defect potential that includes both the long-range Coulomb

part and the short-range central cell effect. With this full defect potential one can evaluate the

electron scatterings by defects and simulate the electron transport considering such defect

scatterings. Using half-Heuslers as a representative material system, we show that contrary to the

common belief that Coulomb scattering dominates the electron-defect scattering, the scattering of

electrons by central cell potential can be as significant as the Coulomb scattering. These results

highlight the importance of short-range disturbance on the electron transport caused by the distinct

chemical nature of the dopants.

3.2 Influence of dopant impurities

3.2.1 Defect potential

Similar to the electron-phonon scatterings, the electron-defect scattering is governed by their

scattering matrix elements 85 :(kI AVimp 1k4), where AVimp is the perturbed potential due to the

impurity atom. As we are interested in the dopant impurity which substitutes the original lattice,

the impurity potential is defined as the difference in potential between the defected system and the

original system AVimp = Vdef - Vbulk-

Due to the symmetry breakdown caused by the impurity atom, one has to build a large supercell

and calculate the impurity potential for the pure and defected system respectively. However, as the

supercell size is often limited to be no more than a few lattice vectors long, the long-range potential

is cut off at the supercell boundary and not well represented. The challenge of defect scattering

calculation is thus to obtain a full picture of the defect potential including both of its long-range

and short-range parts.

While the central cell potential can vary significantly with the defect and lattice type, the long-

range portion of the defect potential can often be well described by a Coulomb potential9 3, and is

more so when it is away from the impurity atom 94 . This fact has been utilized for correcting defect

energies in finite size supercell calculations as well as in modeling electron transport in

nanostructures. To illustrate this point, we consider phosphorous dopant in silicon. We built a
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silicon supercell with 3 x 3 x 3 conventional unit cell, and replace one silicon with phosphorous.

The impurity potential is obtained by subtracting the potential of pure silicon from the phosphorous

doped silicon. For the latter the first principles calculation is done by taking the total charge of the

supercell to be +1e, making the phosphorous dopant positively charged. For a better illustration,

we define a planar averaged impurity potential 93 as1 'mpa=ffdxdyA1imp(x,y,z),whereais

the lattice vector length, and A is the area of the x-y plane of the supercell. This planar averaged

potential is plotted in Figure 3-1, which showed a symmetric shape due to the periodic nature of

the supercell.
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Figure 3-1. (a) Short range potential extraction scheme. (b) Extracted short range potential for P and As
dopants in silicon.

If the impurity potential were short-ranged, the potential profile far away from the impurity atom

(corresponding to the middle point in the plot) should be flat. However, it shows a large curvature

away from the impurity atom. This curvature indicates that the long-range contribution is still

significant at the boundary of our finite-sized supercell. To model this long-range contribution, we

note that for charged supercell calculation, the system is made neutral by a uniform charge

background implicit in the first principles calculation 30. If the averaged impurity potential is fully

determined by electrostatics, it should follow the one-dimensional Poisson's equation with the

uniform background charge:

d 2AVrp

dx 2  = (3.1)

where E is the dielectric constant of the material, i= - is the background charge density and q

is the charge of the dopant impurity. Solving this equation and requiring the impurity potential to
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be symmetric, we obtain a quadratic curve for AV4, as shown in Figure 3-1. The curvature of this

electrostatics-governed potential clearly reproduces the curvature of the first principles extracted

impurity potential. Subtracting AV, from AImp, we are left with a potential that becomes flat

away from the impurity atom. This short-range potential, which we denote as AV,`, describes the

disturbance on the electron clouds around the dopant impurity that cannot be captured by a

Coulomb potential, which we will denote as the central cell potential. The central cell potential is

most significant about 2 Angstrom within the impurity atom, which is comparable or less than the

length of a typical covalent bond. The subtraction procedure relies on the fact that the long-range

contribution can be well described by an analytic form derived from the electrostatic potential of

the impurity and background charge. While typical supercell is not large enough for describing the

full potential, with the long-range part subtracted, the dominant part of the central cell potential is

well within the boundary of the supercell and therefore can be captured. In the electron transport

calculation, we will add the long-range part back so that the full defect potential is considered in

evaluating the defect scattering.

In our practical implementation, we deal with the full defect potential instead of its planar average.

For periodic point charge q at sites Ri in a supercell lattice with a uniform background charge of

- , the spatial electrostatic potential is given by 95

V = q erfc(yj(Ri - r) - E-1 - (Ri - r))

i*0 _____ ____ y2)__ q (3.2)
exp (iGi - r) 2

Gif Gi - E- Gi fly2

where E is the dielectric tensor, fl is the volume of the supercell, and y is a convergence parameter

which does not change the result. In Figure 3-2a we show the impurity potential AVimp calculated

from first principles simulation together with this analytic long-range potential AVty with respect

to the distance away from the impurity atom. It can be seen that far away from the impurity the

shape of the first principles impurity potential can be approximately described by the analytic form

given above. To obtain the central cell potential AV1`, we subtract Aty, from AVimp. The

potential directly obtained does not approach zero far away from the impurity. This is because the
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absolute energy in first principles simulation is not well-defined. This is a well-known problem in

first principles calculations, and therefore only relative energy scales are physically meaningful.

In our case, we shift the short-range potential so that its value at the farthest point away from the

impurity atom is zero. This correction guarantees its short-range nature, and the results for dopants

in silicon are shown in Figure 3-2b. After subtraction by long-range contribution, the impurity

potential on average becomes approximately flat at about 2 Angstrom away from the impurity

atom.
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(a) SO (b) -S
Si:As C iA

- Si:Sb Sb
>% 0.05 long-range Coulomb term - 0.05
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0 0C
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Figure 3-2. (a) Uncorrected impurity potentials from DFT and thelong-range Coulomb potential. (b)
Corrected impurity potential shows the short-range nature.

In the figure below we show the central cell potentials for different dopants in silicon. It can be

seen that the phosphorous dopant creates the smallest disturbance, because itis just next to silicon

on the periodic table. As we gofrom phosphorous to arsenic and antimony, the central cell potential

becomes significantly larger. This can be understood from theelectronegativity concept 96 , which

describes the tendency ofan atom to attract an electron. Typically, as one move downwards in the

periodic table, the electronegativity decreases. Therefore, compared to phosphorous, arsenic and

antimony has less tendency to bind electrons, or they are more repulsive to the electrons. This

explains the large positive value of the central cell potential near the center when arsenic and

antimony atoms are used as the dopants.
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Figure 3-3. Central cell potentials for phosphorous, arsenic and antimony dopants in silicon.

3.2.2 Electron scattering by central cell potential

While past work has shown that different dopants lead to different mobilities in common

semiconductors, the difference is usually small 8 ,92. For this reason it was believed that the central

cell potential is not important when dealing with the electron scattering by defects. This, however,

may not be the case for heavily doped semiconductors, especially those studied for their

thermoelectric properties 97, because good thermoelectric materials often have a relatively large

dielectric constant. Consequently, the electron scattering by Coulomb potential is strongly

screened, making the central cell effect potentially more important. Many phase change materials,

solid electrolytes, and transparent conducting oxides are also materials with large dielectric

constant. The electron-defect interaction in these systems may also be significantly affected by the

central cell potential. Here we study the half-Heusler material system to understand whether the

central cell potential can play an important role in electron transport.

Half-Heusler materials are good thermoelectric materials due to their relatively large power factor

and good mechanical properties 4 9. ZrNiSn and ZrCoSb are two representative examples for the n-

type and p-type materials, respectively. To evaluate their electron transport properties, we consider

both electron-phonon and electron-impurity scatterings. The electron-phonon interaction is

summarized in the previous chapters while the electron-impurity scatterings are evaluated based

on equation ( 1.26 ). When the impurity potential is taken to be the Coulomb potential, this

essentially yields the Brooks-Herring model. In this section, we are interested in the scattering by

central cell potential alone, and therefore we take the impurity potential as the central cell potential
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and evaluate the electron scatterings based on the coupling matrix (kAVim'P$k). Directly

calculating this for each pair of electron states on a fine mesh is a computationally prohibitive. We

seek for an efficient way to reduce the computational time.

Noting that the electron-impurity coupling matrix has the same form as the electron-phonon

coupling matrix (iPk aqV k+q), and the AV` naturally is a short-ranged potential. We can thus

devise a Wannier interpolation scheme for the electron-impurity couplings similarly as for the

electron-phonon interactions 3 3. Basically, we write the wavefunctions as superpositions of

Wannier functions, so that the electron-impurity couplings can be evaluated as couplings between

the short-ranged central cell potential and atomic orbitals:

('mk'IAVip nk) - + eik'R'ekRUmm',k'(m'R'IAVI MPn'R)Uk (33
m,n' R',R

where In'R) are the Wannier functions and (m'R'AVIn'R) describes the electron-impurity

couplings on the Wannier basis. Similar to the electron-phonon Wannier interpolation process33 ,

we first evaluate the electron-impurity coupling matrix on a coarse mesh. The inverse Fourier

transform based on the equation above then yields the coupling terms on the Wannier basis. The

coupling matrices on a fine mesh can then be readily calculated. In the figure below, we show the

computed electron scattering rates due to central cell potential for n-type ZrNiSn and p-type

ZrCoSb with different dopants. For comparison, we also plot the scattering rates limited by the

intrinsic electron-phonon interactions ('no impurity'), and the scattering rates when Coulomb

potential is assumed ('Coulomb scattering'). For Coulomb scattering we adopt the Brooks-Herring

model where the screening effect is taken into account by the Debye screening length (Eq. ( 1.27 )).
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Figure 3-4. Electron scattering rates for (a) ZrCoSb and (b) ZrNiSn with different dopants at room
temperature.

We find that inbothcasestheCoulombpotentialgivesrisetolargerscatteringrates.Whilethe

central cell potentials sometimes yield larger scattering rates than those limited by the intrinsic

electron-phonon interactions, they are generally less important than the Coulomb potential. There

are afew cases, however, when the central cell potential strongly perturbs the system and results

in large scattering rates. These includeScdopant onZr site in ZrCoSb, Cu dopant onNi site and

Ta dopant onZrsiteinZrNiSn.

Below we show the electron mobility calculated with these scatterings rates. The large reduction

in mobility is consistent with our scattering rate results. In particular, for Sc dopant in ZrCoSb, the

central cell potential alone reduces the mobility by more than 60% atcarrier concentration above

1020 cm 3 ,and is even more significant than the reduction from the screened Coulomb potential.

Similar behavior is observed in ZrNiSn. These calculations suggest that inhalf-Heusler materials,

the effects of central cell potential on the electron transport is nolonger negligible, and has tobe

carefully considered.
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Figure 3-5. Electron mobility for (a) ZrCoSb and (b) ZrNiSn with different dopants at room temperature.

3.2.3 Electronegativity and electron cloaking

In the last section we have examined the effect of central cell potential on the electron mobility

and showed that for certain dopants there could be large electron-defect collision cross sections.

However, the full electron mobility due to defect scatterings is a result of both the long range

(Coulomb) and short range (central cell) part of the defect potential. We should note that when

evaluating the full electron mobility the scattering rates due to Coulomb potential and central cell

potential should not be directly added up because these two potentials belong to the same defect

potential. We purposefully separate them in our transport evaluation just for understanding their

individual contribution. For a full transport evaluation, the full defect potential should be used

when calculating the electron-impurity coupling matrix, and in such case the central cell potential

and Coulomb potential may either enhance or cancel each other depending on their relative signs.

The significance of the central cell effect potentially provides a new way to optimize the electron

transport, because one may find dopants whose central cell potential has opposite signs to the

Coulomb potential. In such case the effects from Coulomb scatterings may be reduced. Such

possibility effectively leads to cloaking of electrons despite the existence of defect, which we

discuss in this section.

First, we need to extend our simulation to consider the electron scattering by the full defect

potential. The computational challenge is still the evaluation of the electron-defect coupling matrix

(k' IAVimp lk) on a dense mesh. We can no longer perform Wannier interpolation for this matrix

71



because if we want to include the Coulomb potential AVimp will not be short-ranged and thus

Wannier interpolation is not suitable. Nevertheless, the wavefunctions can still be written in their

Wannier form. We therefore seek to rewrite the electron-defect coupling matrix in a way that

wavefunctions and the defect potential can be separated9 8. We introduce the Fourier transform of

the defect potential

AVmp (r) = AVmp (q)eir (3.4)
q

We then plug this into the electron-defect coupling matrix

(lpkIIAVimplk) d= d 3 r u*,(r)e-k'-rAVimp (r)uk(r)e ik-r

Vcrystal

= d 3 r-u*,(r)e-ik'r AVimp(q)eiqr uk( eik-r (3.5)

Vcrystal .

=Y AVimp(k' - k + G) - (ukIeiG-r Ik
G

where uk(r) is the periodic part of the wavefunction, (Uk'eik-r ju) integrates over the unit cell,

and the Fourier component of the defect potential can be calculated from

1 1-
AVimp (q) = 1 d3r - AVimp (r)e -iqr (3.6)

Vcrystal

Here V is the unit cell volume. The Fourier components of the defect potential AVimp (q) does not

depend on the electronic states (or the mesh density) and therefore can be computed before-hand.

AVimp(q) includes two parts. The short-range part which relies on the central cell potential

AVrP,(r) can be computed by directly evaluating the integral above. The long-range part which

depends on the Coulomb potential can be analytically calculated which yields as
VEE 0 IkI'-k+Lja

discussed in Section 1-2-3. The two parts are then added together. The wavefunctions can be

interpolated using Wannier functions to the fine mesh and then used to calculate the matrix

elements (Uk'le iG-r uk).
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The convergence with respect to the sampling of G points needs to be tested. Due to the

computational limit we include G with lengths up to five times the reciprocal lattice vector length.

We have checked that further increasing the G mesh does not lead to large changes in the electron

transport properties.

With this modification, we are able to evaluate the electron transport properties considering the

full defect potential. In conventional semiconductors, it is believed that the dominant effect on

mobility reduction comes from the scattering of Coulomb potential. This is partly because the local

perturbations of the defect are not strong, and partly because the dielectric constant in these

semiconductors is usually not significantly larger than one, with a smaller screening effect on the

Coulomb potential which leads to appreciable scattering of electrons. In thermoelectric materials,

however, the elemental composition and the often-complicated structure makes the effect of

adding dopants more complex, and the defect may strongly distort the local environment leading

to sufficient scattering from central cell alone. Moreover, the large dielectric constant often seen

in thermoelectric materials also screen the Coulomb potential, weakening their effect on electron

mobility, and making the effect from central cell potential more important. All these suggest a

closer look into the effect of defects on the electron transport in semiconductors, particularly for

those used as thermoelectric materials.

The strong central cell potential is not always unfavorable, but could in certain cases enhance the

electron mobility. Here we discuss this possibility using n-type ZrNiSn and p-type ZrCoSb as

representative examples. From the calculation in the last section, we already show that in both of

these compounds there exit dopants with strong central cell scatterings - these are Cu for n-type

ZrNiSn and Sc for p-type ZrCoSb. Below we plot the central cell potential of the dopant together

with the Coulomb potential corresponding to its charged state for each material.
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Figure 3-6. Defect central cell potential and Coulomb potential for (a) Cu dopant on Ni site in ZrNiSn, and
(b) Sc dopant on Zr site in ZrCoSb. The potential is drawn from the defect location.

In n-type material, the dopants give out electrons and become positively charged. The charged

dopants attract electrons, and the Coulomb potential is negative. We see that Cu as a dopant creates

a central cell potential that is also dominantly negative near the dopant. These two potentials have

same signs and add up together, contributing to an overall larger scattering cross section for the

electrons. On the other hand, in p-type material the dopants are negatively charged, repel electrons

and thus are positive. Sc dopant in ZrCoSb, however, does not have the same sign as the Coulomb

potential in this case. This can be understood based on the concept of electronegativity. The

electronegativity describes the tendency of an atom to grab electrons. Because Sc has a higher

electronegativity value than Zr (the general trend of electronegativity is that electronegativity

increases as we go from left to right, or from bottom to top, in the periodic table; while Sc sits to

the left of Zr, it sits at a higher row and thus its electronegativity can be higher than Zr) and binds

electrons stronger, when replacing Zr by Sc the local effect is thus a more attractive force (negative

potential). In such case, the central cell potential actually cancels part of the Coulomb potential,

leading to an overall weaker electron scattering.

To show this is indeed the case, we plot the electron mobility for these two dopants at different

carrier densities. In comparison, we also show the intrinsic limit (when no defect scattering is

considered), the Coulomb-only limit (only Coulomb potential is considered), and the central-cell-

only limit (only central cell potential is considered). In ZrNiSn, when the individual effects from

the Coulomb and central cell potential on the electron mobility become comparable (near

10" cm- 3 ), the true electron mobility (that considers the full defect potential) shows a further
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reduction compared to each case. On the other hand, in ZrCoSb, when the effects from Coulomb

and central cell potential are comparable (near 2 x 1020 cm-3 ), the true electron mobility sees an

enhancement and is actually larger than both cases. This in fact is the optimal dopant we would

like to have when doping a semiconductor - the free carriers are created but there are minimal

scatterings on the electrons. At even higher carrier density, the electron mobility decreases again

due to the dominant scattering from the central cell potential. We note that the electron mobilities

in the Coulomb-only and central-cell-only cases are slightly different from the values reported in

Figure 3-5 due to the different interpolation schemes involved, but the general trend is close.

1000 70

(a) (b)
800 0

50-

Z 400 .. 30 --
o 0

20 -

200 -- Intrinsic -ntrinsic
- - Ni:Cu, Coulomb scattering 10 -- Zr-Sc, Coulomb scattering
-.. Ni:Cu, central cell scattering - . ZrSc, central cell scattering

-- Ni:Cu, full scattering -e- ZrSc full scattering
00
1018 1019 1020 1021 1018 1019 1020 1021

Carrier concentration (cm) Carrier concentration (cm3 )

Figure 3-7. Mobility with respect to carrier concentration in (a) n-type ZrNiSn, and (b) p-type ZrCoSb.

It is greatly beneficial if one can dope semiconductors without creating much electron scatterings

so that a high mobility can be maintained. One way is to spatially separate the dopants and the free

carriers, a concept known as modulation doping. If dopants are uniformly placed in the material,

it seems that even without the complications one cannot avoid the Coulomb scattering, which alone

already significantly limits the electron mobility. Here we show that by selecting dopants with

appropriate electronegativity, one can in fact weaken this intrinsic scattering process. This

weakened electron scatterings lead to an enhanced mobility, as if the electron did not see the

dopants - an effect we denote as electron cloaking. This cloaking effect originates from the atomic

scale cancellation in the perturbation created by a defect. The results suggest potential pathways

to enhance the electron transport by altering the local environment of defects, and also provide a

useful principle for selecting good dopants in thermoelectric materials regarding their electron

scattering strengths.
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Chapter 4 Charge carrier scattering on phonon thermal transport in
semiconductors

4.1 Background

As heat is mostly carried by phonons in semiconductors, understanding the phonon transport

becomes a critical issue for thermal management in semiconductor microelectronic and

optoelectronic devices 9 9. Being able to tune the phonon transport also opens up new avenues for

optimizing thermoelectric materials and for manipulating the heat flow' 00. As we have discussed

in chapter two, the propagation of phonons is subject to various scattering sources including

phonon-phonon, phonon-defect and phonon-electron scatterings. Traditionally, many studies on

phonon transport has placed emphasis on the effect of phonon-phonon and phonon-defect

scatterings. However, as electrons can be strongly scattered by phonons, one expects that phonons

can also be scattered by electrons if the carrier density is high.

Early work studying the effect of electron-phonon interaction on the lattice thermal conductivity

looks into metals and semimetals, where there is a high carrier concentration. The phonon

relaxation times due to electron scatterings was derived by Sommerfeld and Bethe' 01. Based on

this the lattice contribution to thermal conductivity in metals can be estimated. It was found that

at low temperatures the phonon-electron scattering plays an important role in the lattice thermal

conductivity1 0 2 103. This picture was later applied to semiconductors by Ziman, who derived the

phonon relaxation times by electrons in a parabolic band2 2 . Combining the phonon-electron

scattering with other scattering mechanisms, thermal transport in various kinds of doped

semiconductors have been modeled'4-"0. It was found that in certain semiconductors such as

GaSbi 0 5 ,"1 2 , the thermal conductivity will be overestimated by an order-of-magnitude if only

phonon-phonon and phonon-defect scatterings are considered, and the inclusion of phonon-

electron scatterings brings the estimated thermal conductivity to the correct order of magnitude.

However, most of these studies have focused on low temperature properties where the effect from

phonon-electron scattering is most prominent.

The interest into the effects of electrons on the lattice thermal transport, particularly at room

temperature and above, has been revived by recent progress in thermoelectric materials.

Understanding the thermal transport, especially its scattering mechanisms, could help to design
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new materials with better thermoelectric properties. Efforts have been taken to study the reduction

of lattice thermal conductivity in good thermoelectric materials, which are often heavily doped

semiconductors with a high carrier density. By modeling the various causes of phonon scatterings,

it was found that the low thermal conductivities in several thermoelectric material systems

including skutterudite and SiGe alloy may benefit from their strong electron-phonon

interactions' 13-1 7. Recent experiment further shows that by alloying over-doped compounds to

compensate their carrier density, the thermal conductivity can be increased despite the even higher

number of defects"'. This is a clear evidence of the influence of phonon-electron scattering on

thermal transport. However, the existence of multiple scattering processes has eluded the

quantification of the electron-phonon interaction, and past work has mostly relied on simplified

model. While recent full first principles simulation has shown that the phonon-electron scattering

alone can significantly reduce the thermal conductivity in semiconductors'18, no work exists in

directly experimentally quantifying the effect of phonon-electron scattering on thermal transport.

In this chapter we design an experiment to quantify the effect of free carriers on the thermal

transport and compare the results to our modeling. To introduce carriers in semiconductors, there

are commonly three methods: chemical doping, electrostatic gating, and photo-excitation.

Chemical doping is most widely used in semiconductor industries but nonetheless introduces

impurity atoms, whose effects are difficult to be distinguished from the carriers'. By electrostatic

gating one can greatly tune the carrier density, however the affected spatial range is dictated by

the dielectric screening and typically very small (on the order of a few to a few tens of nanometers),

making thermal transport measurement extremely challenging. Photo-excitation, in contrast to the

above two methods, does not introduce impurities and can also generate free carriers in a relatively

large volume (depending on the light penetration depth). In the following, we combine photo-

excitation with a thermal measurement technique known as transient thermal grating"'9 (TTG) to

characterize the heat flow of a suspended silicon membrane. By measuring the heat flow at

different excitation powers, we aim to quantify the effect of free carriers on the phonon thermal

transport.

4.2 Modeling: thermal transport in thin film at high carrier density

Before going into the experimental section, we want to first build a theoretical model to describe

the heat flow in our experimental configuration - a suspended silicon membrane under photo-
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excitation. It is well known that thermal transport in thin film can be subject to strong size effects 9 .

This is because the phonons having long mean free paths will be scattered frequently by the

boundaries in a thin film, leading to a reduced phonon mean free path and thus a smaller thermal

conductivity. Normally when the thermal conductivity in bulk materials is derived from the

Boltzmann transport equation, the phonon distribution function is assumed to be homogeneous.

This is however not the case for thin films. The spatially varying distribution functions have to be

solved from the Boltzmann transport equation combined with proper boundary conditions. For thin

film geometry this leads to the Fuchs-Sondheimer model"'. To start, one first writes down the

phonon Boltzmann transport equation under the relaxation time approximation at steady state:

fqa -fqa,o
v - Vrfqa(r)= - q (4.1)

We consider the deviation of the distribution function from the equilibrium: fqX(r)=

fqa,o(T(r)) + fea,1(r). For a thin film with temperature gradient in the x-direction, the spatial

derivative in they direction is zero. Furthermore, the gradient of the equilibrium distribution in the

z direction is also zero. Lastly, for the gradient of the distribution function in the x direction, we

ignore the deviation part as the major contribution will be from the equilibrium part due to the

temperature gradient. All these lead to a simplified version of Boltzmann transport equation

afq,o(T(x))aT afqa,(x,z) fqa,1
VX dT ZT (4.2)

aT ax z 3 Z T qA(4.)

To solve this first-order equation for the unknown fqa,1 we require one boundary condition at each

boundary. This boundary condition can be obtained by considering the phonon particle number

conservation for each phonon mode at the boundary. If we denote z = 0 as the bottom surface of

the thin film, phonons arriving at this surface for phonon mode (q, A) (we assume this phonon is

going towards the bottom surface, or its velocity is negative vz < 0) have a distribution function

of fqA,o(z = 0) + feA,1(z = 0). We assume the effect of the boundary is only to re-direct the

phonons and does not change their energies (elastic scattering). There is also a probability that the

phonons will be specularly reflected', 20, denoted by the specularity ratio p. Based on this, part of

the phonons (q, A) arrived at the boundary will directly contribute to the distribution function at

(q, A), where q denotes the image of the phonon wavevector q with respect to the qx-qy plane of

the reciprocal space (so vz is reversed for q compared to q, while vx and vy keep the same). Another
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part of the contribution to the distribution function at (q, A), which is fa,o (z = 0) + fga,1(z = 0),

is the diffusively scattered portion. Because the boundary scattering is elastic and the equilibrium

distribution function only depends on phonon energy and temperature, we havefqa,o(z = 0) =

fqa,o(z = 0) and we denote this as fo(o(ql), T(z = 0)). As for diffusive scatterings phonons are

uniformly scattered into all angles, the diffusively scattered contribution to the distribution

function at (q, A) is then (1 - p)fo(w(qA), T(z = 0)). Adding up all contributions we obtain

p[fqa,o(z = 0) + fqa,i(z = 0)] + (1 - p)fo(w(q), T(z = 0)) = fqa,o(z = 0) + fqa,1(z = 0)

The equilibrium distribution functions cancel as they have the same value. The boundary condition

is now reduced to

Pfqa,1(Z = 0) = fqa,1(z = 0) (4.3)

(q,A) (,)

Figure 4-1: Illustration of boundary condition for phonon distribution function. The contribution to the
phonon modes going outwards with wave vector q comes partly from specularly reflected phonons, and
partly from diffusely scattered phonons.

We also note that the distribution functions for phonons moving upwards and downwards are

related by the symmetry: fea, 1(z) = fqa,1(d - z). Combining all these, one can solve for the

phonon distribution function at any wave vector and position. For phonons moving upwards (vz >

0), the solution is (for phonons moving dowards the distribution function is obtained by symmetry)

afoaT 1-p -qz

fqa,i = q a x 1 -p z e ovz (4.4)
1 q-pe rVz

The phonon distribution has variation over the film thickness due to the boundary scatterings. The

averaged phonon distribution over the film thickness is
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d

__- 1 d afo aT rqlVz (1 - P)(1 - e daT qAVz

fox,1= Jdzfqag = -qaV ax d d
1 -peq~

(4.5)

With this one can then evaluate the heat flux by integrating the phonon distribution over the

thickness of the thin film:

Ix = hwvxfqai (4.6)

Dividing the heat flux by the temperature gradient one obtains the thermal conductivity. For bulk
samps~tephnonistibuion ulk =I Taf fOT

samples, the phonon distribution fAul = Ax--- (can also be obtained by taking the

thickness to the infinite) does not depend on position and the resulting thermal conductivity takes

1f
the form of kbulk = yqA huVXh Tq . Comparing the averaged phonon distribution in the thin

film to that in the bulk geometry, we see that the thermal conductivity of a thin film can be written

in a form similar to that of the bulk thermal conductivity by adding a reduction factor due to the

boundary scatterings for each phonon mode

kfilm = 1 hlVTqa Sa (4.7)

where the mode-dependent reduction factor Sqa is defined by (in the above derivation we only

specifically write out the formula for upwards moving phonons, here the formula is valid for all

phonons by taking the absolute value of the phonon group velocity)

Sqa= 1 -

d

TqAIlzI(1 - p)(l - e TqAJVzI)

d - d

1- pe rqaLlzl I
For normal thin films, the relaxation times (rqA) are caused by phonon-phonon scatterings

(p-p ). With free carriers, the electron-phonon interaction introduces an additional scattering

mechanism, as characterized by a different phonon relaxation time (-rp~e ). Under photo-
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excitation, we modify the phonon relaxation times according to the Matthiessen's rule: 1 =
TqA

1 1
Tph-ph +Tph-e•
qA +qA

Generally, the phonon-electron scatterings are particularly strong for long wavelength phonons,

and dominate the phonon scattering if the carrier density is high. Ideally, to study the effects of

free carriers on the phonon thermal transport, we would like to use bulk samples because in thin

films some long wavelength phonons may already be scattered by boundaries. However, it is

difficult to introduce carriers in a large volume. For our experimental geometry, this issue is partly

mitigated because we are probing in-plane thermal transport. As long as the phonon momentum

does not have large component in the cross-plane direction, they will not suffer from strong

boundary scatterings. This is also clear from the reduction factor: if the projection of the mean free

path along z direction(rVz)is small compared to the sample thickness, the reduction factor is close

to one, meaning negligible reduction due to boundary scatterings.

Based on the Fuchs-Sondheimer model derived above, we can simulate the thermal conductivity

of a silicon membrane for different levels of carrier densities. Figure 4-2 shows the simulated

thermal conductivity for a silicon membrane of thickness 2 pm. We have assumed the specularity

ratio to be 0.5. It is seen that at a carrier density of 1020 cm- 3 , the thermal conductivity can be

reduced by up to 30%.
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Figure 4-2. (a) Simulated thermal conductivity due to scatterings by electrons and holes in a silicon
membrane. The dashed line indicates the thermal conductivity when no electron-phonon scattering effects
are considered. (b) Normalized thermal conductivity relative to the value obtained with no electron and
hole scatterings.
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4.3 Experiment: Transient thermal grating with photoexcitation

4.3.1 Basic Measurement Principle

Here we explain our experimental set up to quantify the effect of free carriers on the thermal

transport. There are several different ways to measure the thermal conductivity optically. The

thermoreflectance method' 21-1 (time domain or frequency domain) relies on a metal coating that

reflects light depending on its surface temperature. This method is mostly suitable for cross-plane

thermal conductivity measurement, although when the beam size is small it can also acquire some

sensitivity to the in-plane thermal transport. Due to the additional metal layer on the sample, fitting

of multiple parameters including the interface conductance must be considered. Typically, if the

signals have different sensitivities to the parameters across the measurement range (time or

frequency), one can fit them altogether. However, because we need to introduce an extra laser

pulse to excite the carriers, the metal layer may lead to strong absorption before enough carriers

can be created in the sample, complicating the signal analysis. Desirably, we would like to optically

measure the thermal conductivity without any additional metal layer as the transducer.

One way to achieve this is to use the transient thermal grating (TTG) method19,126128. In TTG the

pump beam is diffracted by a grating into two parts, and later arrive at the sample with an angle 6.

The two pump beams at the sample will interfere with each other, creating a sinusoidal heating

profile and thus a temperature variation in the in-plane direction. As time goes on, the heat will

diffuse mainly in the in-plane direction to smooth out the temperature variation. The sinusoidal

temperature variation leads to a sinusoidal variation in the refractive index, which effectively acts

as a grating. A probe beam passing through the sample will now be diffracted by this grating,

whose intensity depends on the magnitude of the temperature variation. By monitoring the decay

of the diffracted probe signal, one can extract the in-plane thermal diffusivity of the sample.

Before discussing how TTG signal can be modelled, it is important to review the process of how

the pump beam changes the sample, to understand the various possible sources of the detected

signal. For absorptive sample, the pump beam will first excite electrons into their higher energy

states. For light energy larger than the bandgap of a semiconductor, most of electrons are excited

from the valence band into the conduction band". These so-called hot carriers will scatter with the

lattice vibrations, thermalize and turn part of their energy into heat, within a few hundreds of

femtoseconds' 9. The thermalized electrons will further recombine with the holes. The
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recombination time scale depends on the sample, the defect level, and the carrier density, and can

range from a few nanosecond to much longer 2 9. This process can also generate heat if it is non-

radiative (for example in silicon, nonradiative processes dominate which generate heat).

Eventually, as the carriers have reached their equilibrium state and the temperature profile

becomes flat, the sample goes back to the equilibrium again. As the refractive index depends on

both the carrier density and the temperature, our detected signal reflects the coupled carrier-heat

diffusion process.

The above discussion pertains to the response inside the sample. If the pump beam's penetration

depth in the material is not very long, most of its energy is deposited near the sample surface,

leading to highest temperature at the surface and correspondingly thermal expansion. The thermal

expansion can launch surface acoustic waves which will modulate the surface morphology 3 . This

modulated surface morphology will also diffract the pump beam. In certain cases, when the air

close to the sample surface is heated up, one may also observe acoustic waves in the air. The TTG

can in fact be configured to measure these acoustic responses. However, these are not the focus of

this study and in the following we will mainly focus on the diffusion process inside the sample.

While the detected signal from TTG describes a coupled carrier-heat diffusion process, most of

times one can still distinguish the thermal transport from the carrier transport. The reason is that

their time scales often differ by an order of magnitude. For example, in pure silicon, the diffusion

constant for electrons and holes (10-30 cm 2/s) is at least one order of magnitude larger than the

thermal diffusivity (0.8 cm2 /s) at room temperature. As a result, even after the carrier density

profile has already become uniform, there will still be significant temperature profile and this is

why we can extract the thermal information. We note that the carriers may still recombine during

this period and generate heat, but as the carrier density profile is flat, the generated heat is

homogeneous and therefore does not diffract the probe beam. As long as we constrain ourselves

to the temporal range when the carrier diffusion has completed, the signal should only represent

the thermal diffusion. In practice, one finds that fitting two decays (carrier diffusion and heat

diffusion) simultaneously from the beginning is also feasible and can yield a similar thermal

diffusivity valueI9. For our following analysis, we only select the data from the later times. The

excitation beam is introduced after the carrier diffusion has completed. The excitation beam will

generate both carriers and heat. Because the excitation has a relatively large beam size, the

generated carrier and heat profile will be uniform across the sample and thus do not lead to
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diffraction of the probe. The only effect will be modifying the thermal transport from the time we

introduce the photo-excitation. Later we will discuss the heating effect due to the excitation beam.

We now briefly explain how the diffracted signal relates to the temperature decay and how thermal

diffusivity can be extracted. For TTG experiment, the heating profile is uniform in y-direction and

sinusoidal in x-direction. There may also be temperature gradient in z-direction due to the

penetration depth of light. The heat diffusion is mostly in the x-z plane and can be described by

the heat diffusion equation:

dT az2T a2 T
pcp at k -- kz -z= QOf(z)sin (qx)6(t) (4.9)

Here k, p, c, represents the material's thermal conductivity, density, and heat capacity. Q0 is the

total generated heat from the electron system, and f(z) describes the heating profile in z-direction

(for homogeneous sample this is an exponential function describing the finite penetration of light).

The sinusoidal heating profile induced by the two pump beams is described by the function

sin (qx), and S(t) indicates the short period by which electrons thermalize and turn their energy

into heat. This equation can be solved for the time and location-dependent temperature field.

However, because eventually what determines the signal is the diffraction, we do not need to solve

for the exact temperature field but just need to know the average temperature over the sample

thickness (x, t) = f dz -T(x,z, t). Based on our experimental configuration, the diffracted

signal received by the detector is caused by the periodic modulation of refractive index at the same

wave vector as the heating profile, namely at sin (qx). Since the probe beam passes through the

sample, it is sensitive only to the average value of the refractive index over the sample thickness,

which changes depending on the average temperature i(x, t). Therefore, the diffraction intensity

should be proportional to the spatial Fourier component of T(x, t) at sin (qx).

Equation ( 4.9 ) can be solved for the average temperature. First, we assume adiabatic condition

for the top and bottom surfaces of the sample:-T = 0. Integrating Eq. ( 4.9 ) over the sample
Oz z=O,d

thickness and using the boundary condition, we obtain

pcP -- k = Qsin (qx)8(t) (4.10)
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where we have defined Q = fo dz -Qof(z). We assume i(x, t) takes the form of A (t)sin (qx).

Plugging this into the heat diffusion equation and cancel the common spatial terms, we obtain

dA 2q
2 kxt

pcy d + q2 kXA = QS(t). At t > 0, the solution is A(t) = Ce P'p . To determine the constant

C, we integrate the above equation near t = 0 point: f+k_ dt (pc, + q kXA)= f"_dt[QS(t)].
On the left side the major contribution comes from the integration of the derivative of A, while the

right side gives Q. Equating these two yields A(t = 0+) _-, or C = -. Eventually we have
PCP PCp

Q _
2 kxt

T(x,t) = -- e PCp sin (qx) (4.11)
Pp

We find that the spatial Fourier component of T(x, t) at sin (qx) is an exponential function with

respect to time, and the exponent is proportional to the square of the grating wave vector and the

thermal diffusivity in the in-plane direction. This is what we expect for the transient thermal grating

signal due to the heat diffusion in the in-plane direction - an exponential decay with time. In

normal TTG measurement, by fitting measured signal with an exponential decay, one can thus

extract the thermal diffusivity in the in-plane direction.

In the derivation above, we have assumed the thermal diffusivity to be a constant. For our

experiment, because the carrier density changes due to recombination, the thermal conductivity

and thus diffusivity will not remain a constant. In order to model the signal change, we need to

solve Eq. ( 4.10 ) with a time-varying thermal conductivity. We can still assume the average

temperature takes the form of A(t)sin (qx). Following the derivation above, the evolution

equation for A (t) is PCdA + q 2kx(t)A (t) = 0 with the boundary condition A(t = 0+) - .

The dependence of thermal conductivity on the carrier density is given by our first principles

modeling. To obtain the dependence of the thermal conductivity on time, we need to model how

the carrier density is changed. Once given the change of carrier density with time, the above

equation can be solved to obtain the temperature decay due to the varying thermal conductivity.

This is an issue more relevant to our specific experimental configuration and will be discussed in

the Results section.

85



4.3.2 Experimental Platform and Signal Detection

Typically, because the diffraction of the probe beam is very weak, one adopts a configuration

called heterodyne detection to enhance the diffracted signal 13 1. The way is to split the probe beam

into two. One is diffracted from the sample. The other one passes through the sample, whose direct

transmission path is in parallel with the diffracted path of the first beam. The two beams interfere

with each other and the intensity of these two together is

I = |Ep + E|2 = |Er|2 + 2Ep, Er + Ep| 2  (4.12)

As the first term does not change and becomes the background (this will be filtered out if the

detector blocks low frequency signals), the leading term is the second one, which compared to the

intensity ofjust one diffracted probe beam is larger by a factor of 2|Er|/JEp|. For our experiment,

however, we do not adopt this heterodyne detection scheme. The reason is that for the heterodyne

to work we normally require the transmitted probe beam intensity does not change with time.

However, the photo-excited carriers can change the transmission, making the signal change a

combination of carrier recombination and heat diffusion, which complicates the signal analysis.

By adopting the pure diffraction configuration (without the additional probe beam), we are directly

monitoring the diffraction signal and do not have this issue. For silicon, the pure diffraction signal

is large enough to allow us to study the small changes induced by the free carriers.

Excitation Pump
Probe

Diffracted light Heat diffusion

Figure 4-3. Illustration of experimental set up for transient thermal grating

Figure 4-3 illustrates our experimental platform for measuring the thermal transport under photo-

excitation. We use short-pulse laser for pump and excitation, and a continuous-wave laser for

probe. The short-pulse laser has a fundamental wavelength of 1030 nm. This is frequency-doubled

to create the pump pulse at wavelength 515 nm with a pulse duration around I0ps. The penetration
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depth at 515 nm wavelength in silicon is around 680 nm. The pump is then split into two by a

grating. The two pump beams pass through two spherical lenses and converge at the sample surface.

The lenses are set up such that the sample surface is at the image point of the grating. Another

portion of the short-pulse laser energy goes through an optical parametric amplifier, and the output

wavelength is tuned to 800nm. This beam is directed towards the sample with an angle to excite

free carriers. 800nm is chosen because in silicon it has a penetration depth (10 [tm) larger than our

sample thickness, being able to excite enough carriers uniformly across the sample. For our grating

period, the lifetime of carrier diffusion is around 3ns. We have added long optical path to the

excitation beam so that it arrives at the sample ~28ns later than the pump beam so that we only

excite the carriers after the initial carrier profile has decayed away. To avoid the beam divergence

we have enlarged the excitation beam size from the beginning. The probe beam comes from a

continuous wave laser at 532nm, for which the penetration depth is silicon is around 940 nm. The

probe beam is also split by the same grating and converges at the sample surface. In typical

heterodyne detection, one serves as the probe and the other serves as the reference to amplify the

signal. In our case, we block the reference beam so that only pure diffraction is detected. The

detector with a band pass filter is set up at the diffraction pathway of the probe beam. An

oscilloscope is used to record the signal after the pump beam.

For typical measurement, the pump has a beam size of ~200pm, and the probe has a beam size of

~100pm. The excitation beam size is 280±10 m. All the beam sizes are much larger than the

sample thickness. The excitation beam power increases from 0mW to 7.5mW. A mechanical

chopper is used to reduce the repetition rate of the pump and excitation pulses to 1.25 kHz in order

to minimize the steady state heating, particularly by the excitation pulse. To quantify the

absorption of the excitation beam, we measure the reflected and transmitted power of the excitation

pulse and subtract these from the incident power. This yields approximately 30% absorption by

our silicon membrane under 800nm excitation. As the repetition rate is low, between pump pulses

it can be assumed that the temperature has reached equilibrium. Therefore, the signal after each

pump pulse (for a period of tens of nanoseconds) represents one set of data describing the heat

diffusion under photo-excitation. For each excitation power, 600000 sets of data are acquired and

averaged to increase the signal-to-noise ratio.

In Figure 4-4 we show the typical signal from transient grating. The initially large signal comes

from the non-uniformly generated carrier density, which diffuses away in a very short time scale
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(around 3 ns). The signal at longer time represents the heat diffusion. There are also acoustic

responses whose magnitude gradually decay with time. To fit the data, we also acquire the signal

without the pump (we denote this as background), and subtract the background from the measured

TTG signal. In Figure 4-4 it can be seen that the raw traces before the pump overlaps between

TTG signal and background.
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Figure 4-4. (a) Transient grating signal on silicon membrane showing different responses. (b) Background
signal which is subtracted during signal analysis.

After averaging all the measurement data and subtracting the background, the signal is shown in

Figure 4-5a. The smooth signal at longer time (starting roughly at 28 ns) can be well represented

by an exponential decay. For heat diffusion we have shown that the sinusoidal temperature profile

q 2 kxt 12 -22kxt

T(x, t) decays as e PCP . Therefore, the diffracted intensity should decay as I =Ep oc e PP

Fitting the exponential decay time rfor the signal at longer time, the thermal conductivity can thus

be estimated by kx = pcP. Figure 4-5b shows that the exponential fitting agrees well with the
2q4T

signal at longer time, where the time zero has been readjusted. The fitting yields a thermal

conductivity of 112 W/mK, which is slightly smaller than our first principles calculation for a

silicon membrane subject to the boundary scatterings (130 W/mK). This difference could come

from the impurities or defects present in our sample, as well as the finite grating period we use in

probing the thermal transport which albeit is much larger than the sample thickness but still

imposes certain size effect on the heat conduction in the in-plane direction.
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Figure 4-5. (a) Averaged transient grating signal on silicon membrane after background correction. (b)
Exponential fitting of the longer-time signal gives the thermal diffusivity.

Next we introduce the excitation beam. It is important to align the excitation beam with the created

transient grating region, especially the probe beam because it is smaller than the pump. A beam

profilometer is used to find the location where pump and probe overlaps, and the excitation beam

was then introduced and adjusted to overlap with pump and probe. After this we then switch to the

transient grating measurement, and find the location (moving the sample in the optical axis

direction) where the transient grating signal is largest using heterodyne detection scheme (with

both reference and probe beams). This guarantees that the reference and probe beams are

overlapped on the sample. The excitation beam was then introduced, but with both pump and probe

beams turned off (only the reference beam is turned on). In such case we observe signal as shown

in Figure 4-6. This essentially becomes a transient absorption measurement, where the photo-

excited carriers lead to change in optical transmission. By fine tuning the excitation beam to

maximizing this signal, we align the excitation with the reference beam, which ensures the

alignment between the excitation and the probe region. This signal is also used to identify the exact

time when the excitation beam is introduced, which is about 27.8 ns.
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Figure 4-6. Introduction and alignment of the excitation beam.

4.4 Results

As the thermal conductivity change may not be large and may not last long, the effect of photo-

excitation on the carriers can be small, and the question is if our set up is sensitive enough to

capture this change. In Figure 4-7 we show the raw traces for two conditions: no excitation and an

excitation power of 7.5 mW. Even though the signal has some noise, we can see with excitation

the signal level becomes slightly higher - meaning that the decay is slower. The two signals

overlap with each other before the excitation, justifying that there is minimum steady state heating

due to the excitation pulse. To make sure excitation itself does not create any signal, at each

excitation power we have also obtained traces with the pump beam turned off. Figure 4-7 also

shows that when pump beam is off the signal is flat, and overlaps with that when there is only

probe beam (excitation beam is also turned off), indicating that the excitation does not lead to

diffraction of the probe beam.
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Figure 4-7. Comparison of transient grating signal and background signal when there is no excitation and
when the excitation beam is on.

The apparent slowdown of the thermal decay might be coming from the increased temperature if

too much energy was deposited to the sample. We believe this is not the case because before the

excitation the signals basically overlap. A more convincing test is conducted by reducing the

repetition rate. When the repetition rate is reduced, the pulse energy is not changed but the number

of pulses per unit time is reduced, which decreases the amount of steady state heating. In Figure

4-8, we show that when the repetition rate is reduced from 1.25 kHz to 0.625 kHz, the signal

remains the same. This clearly indicates that the steady state heating is not the cause for the

observed slowdown of the thermal decay.
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Figure 4-8. Transient grating signal under photo-excitation with different repetition rates.

To study the effects of free carriers on the heat diffusion, we sweep the excitation beam power

from 1.25 mW to 7.5 mW. The averages of all traces after subtracting the background signal (pump

off, excitation and probe on) are shown in Figure 4-9, which are normalized to the point at about

15 ns for comparison because the laser power slightly drifts over time. There are clear acoustic

responses within the first 25 nanoseconds. The excitation is introduced about 28 nanoseconds after

the pump pulse, so that these acoustic responses will not affect our data analysis. From the results

it is clear that as the excitation power increases the signal shifts upwards, indicating a slowdown

of thermal decay. We note that the difference between these curves are not coming from the

normalization, because from the normalizing time to the excitation point the curves still overlap

with each other. This indicates that our detector response is in linear regime, and data taken at

slightly different pump and probe power can be brought to the same value by normalization.
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Figure 4-9. Transient grating signal under different photo-excitation powers.

To extract the thermal transport information, in the following we focus on the signal after the point

when the excitation is introduced. The signals will be normalized to the value at the excitation

point, as given in Figure 4-1Oa. First, when there is no excitation, the normalized signal (denoted

as 10 (t)) should follow the exponential decay as described by the normal heat diffusion. At a given

excitation power P, the decay of the normalized signal (denoted as I (t)) becomes slower. The

difference between these two normalized signals signify the slowdown of the heat diffusion:

AI,(t) = I,(t) - 10(t), as plotted in Figure 4-1Ob. This difference is largest for the first 10 ns,

when a significant number of photo-excited electrons and holes is still present. After 10 ns, the

electron and hole recombination will lead to decrease in the carrier density, and subsequently a

diminishing effect on the thermal transport. Eventually, we expect the signal to approach the one

without excitation. The other feature we notice is that as we further increase the power above 5

mW, the signal change is small. This is because while the initial number of electron-hole pairs is

large, they recombine very fast and do not have sufficient time to alter the thermal decay profile.

As a result, the observed thermal decay is similar to the case when a smaller excitation fluence is

used.
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Figure 4-10. (a) Normalized transient grating signal with different excitation powers. (b) The difference

between excitation-induced signal and the pure thermal decay, signifying the effect of free carriers on the

thermal transport.

As the carrier density is changing after the photo-excitation, which means the thermal conductivity

is varying with time, a single exponential curve will not fit the data with the excitation. In principle

one can select a time window and use the data within this window to obtain the change of thermal

conductivity with time. However, due to the noise in the data, we found it hard to estimate the

magnitude of thermal conductivity reduction this way. Instead, we define an effective thermal

q
2
keffp(r)T

conductivity such that equation' = e PCp is satisfied. The effective thermal
IP()

conductivity essentially describes the magnitude of signal change if the signal were to follow an

exponential decay from t = 0 to t = -r. Similarly, without excitation, we can also define an

q
2 keffO(T)r

effective thermal conductivity (T)= e PCP . We then calculate the percentage of the
Io(0)

effective thermal conductivity under photo-excitation to that without excitation, defined as

77eff T(r) = keff,P(T)/keff,O(r). The extent to which this quantity falls below one indicates the
0

reduction of thermal conductivity due to free carriers.

In Figure 4-11 we plot this percentage. Again, we see that the largest reduction happens within the

first few nanoseconds (within 5 ns). It can be seen the maximal reduction shifts to short time as

the excitation power increases, and this is because the recombination time of the photo-excited

electron-hole pairs becomes shorter at higher carrier densities. As the excitation power is increased,

the percentage reduction of the thermal conductivity varies from 10% to 35%.
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Figure 4-11. Percentage of effective thermal conductivity under photo-excitation compared to the value
with no excitation. Data has been smoothened using a window of I ns.

To compare these data with the first principles modeling, we convert the excitation power to an

average number of electron-hole pairs immediately after the excitation is introduced. We assume

that each incoming photon generates one electron-hole pair. Based on the absorptance (a ~ 30%)

of our sample and the excitation beam size rprobe, the average carrier density can be approximated

asn = a Eexcit irrjobed' where d is the sample thickness, and Eexcit is the excitation energy that

falls within the probing region. Eexcit can be estimated by considering the width of the excitation

beam and its Gaussian shape. For the four excitation powers we have used, the number of electron-

hole pairs generated eventually turn out to be: 1.4 x 10l cm-3 (1.25 mW) , 2.8 X

1019 cm-3 (2.5 mW), 5.5 x 1019 cm-3 (5 mW), and 8.4 x 1019 cm- 3 (7.5 mW). At high

carrier densities, the electron-hole recombination is governed by Auger processes, where the

energy released by an electron-hole recombination excites a third carrier to a higher energy level.

For electrons (holes), the decay time is given by Te = 1 ( h = 1 ), where ne (nf) is the
Cenenh Chfenh

electron (hole) carrier density, and Ce (Ch) is the prefactor determining the Auger recombination.

For electrons (holes) we have Ce ~ 1.1 x 10-30 cm 6 /s (Ch ~ 0.3 x 10~30 cm 6 /s). Taking ne =

nh = 5 x 1019 cm- 3 , the recombination time for electrons (holes) is 0.4 ns (1.3 ns). For initial

carrier concentration larger than 5 x 1019 cm- 3 , the carrier density will decay even faster and thus

will not dramatically alter the heat diffusion. This is why above 5 mW excitation the signal change

seems to saturate. At a lower carrier density, the recombination time can be much slower (for ne =
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nh = 1 x 101 cm-3, the recombination lifetimes for electrons and holes are 9 ns and 33 ns

respectively), allowing us to observe the effects of free carriers on the thermal decay.

While the thermal conductivity is changing with time, the initial reduction represents the effect on

the thermal transport at the corresponding carrier density. Here we would like to compare the

measured maximal reduction based on Figure 4-11 with first principles calculations, as well as

previous experimental reports on doped silicon samples and silicon thin films.
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Figure 4-12. Thermal conductivity reduction with respect to the carrier density comparing photo-excitation

experiments and past work on bulk and thin film silicon samples.

Figure 4-12 shows the comparison between our experiment and the simulation together with

previous experimental reports. The thermal conductivities in bulk crystals have been normalized

to the bulk thermal conductivity of silicon (148 W/mK). The thermal conductivities in the thin film

are normalized to those values measured at the lowest doping concentration. Since these reference

values are higher than the true thermal conductivity of pure silicon thin film, the normalized

thermal conductivity in thin film is overestimated.

Regardless of its dopant type, the thermal conductivity is seen to reduce approximately by half at

a carrier concentration of 1020 cm-3 . This reduction has contributions from both defect scatterings

and electron scatterings. In comparison, our simulation and experiment suggest that when both

electrons and holes are present but no defects, the thermal conductivity can be reduced by about
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20% to 35% at a carrier concentration of 5 x 1019 cm-3 , and the reduction is more significant at

higher carrier density.

At high carrier concentrations, the free electrons and holes may themselves carry significant heat

and leads to an enhancement in the total thermal conductivity. If this contribution is large, it may

offset the reduction of lattice thermal conductivity due to electron-phonon scattering. We have

therefore also estimated the electron and hole thermal conductivity as well as the bipolar

contribution, which results from electron-hole pairs moving together and carrying heat. We note

that bipolar thermal conductivity is usually derived under open circuit condition assuming

electrons and holes have same local electrochemical potentials, which is not strictly valid in our

highly non-equilibrium photoexcitation experiment. Nonetheless, these numbers suggest the order

of magnitude of the free carriers' contribution to the thermal conductivity.

In Figure 4-13, we plot the electron, hole and bipolar contribution to the thermal conductivity in

silicon at room temperature. We find that at the highest carrier concentration reached in our

experiment (~8.4 x 1019 cm-3), all these contributions add up to ~ 4W/mK, which is about 3%

of the intrinsic thermal conductivity of our silicon membrane. This number is only a fraction of

the expected reduction ratio in the lattice thermal conductivity due to the electron-phonon

scattering (Figure 4-2b), and therefore up to a carrier concentration of 8.4 x 1019 cm-3 the

dominant effect on the total thermal conductivity should be reduction due to the electron-phonon

interactions.
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Figure 4-13. Electron, hole and bipolar contribution to the thermal conductivity in silicon at room
temperature.

In summary, we have experimentally verified the direct effect of electron scatterings on the thermal

conductivity in silicon. By photo-exciting free carriers and monitor their effect on heat diffusion

in a transient grating experiment, we show that at high carrier concentration of around

5 x 1019 cm-3 for both electrons and holes the thermal conductivity can be reduced by nearly

40%. This significant reduction suggests phonon scatterings by electrons can be an important

scattering process to be considered for heat transport in thermoelectric materials, particularly

heavily doped semiconductors. Our experiment also paves new route for engineering the thermal

transport in semiconductors by changing the carrier density or via the photo-excitation.
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Chapter 5 Tuning thermal transport in polymers and hydrogels

5.1 Background

The interest in studying heat transport in soft materials originates from their potential use in

thermal management applications 7 9. Polymers and hydrogels are traditionally regarded as heat

insulators. For example, tabulated thermal conductivities for amorphous polymers are usually

around 0.2 - 0.3 W/m-K 3 2. However, it might seem contradictory at first sight if we notice that

the basic chemical bond - the carbon-carbon bond in a polymer chain - is also seen in the superior

heat conductor diamond. Because heat in solids is carried across one atom to another mainly via

the spring (interaction forces) between them, one usually expects higher thermal conductivity if

such spring is stiffer. The reason that polymers have such low thermal conductivities is that their

chains are so intertwined that such random configuration strongly disturbs the heat flow in the

material.

What if one can align the polymer chains into one direction and make it straighter? This can be

done using mechanical drawing or electro-spinning for example. It was found that by stretching

the polymer chain in one direction, the thermal conductivity can be significantly enhanced (over

two orders of magnitude, in polyethylene)1 33-13 7, and even comparable to most metals! Heat

conducting polymers, combined with their other advantages such as corrosion resistance and light

weight, can potentially reshape the thermal management strategies in many applications. However,

there is one limitation with these materials - they are only good heat conductors in one direction.

Anisotropic heat conductors can be potentially used as heat spreaders, but many applications desire

isotropic heat conductors, which also makes thermally conductive composites easier to fabricate.

As amorphous polymers are naturally isotropic, this calls for engineering strategies to make

thermally conductive amorphous polymers1 38-14 1. A fundamental question one has to answer is

how in general the thermal conductivity of an amorphous polymer depends on its molecular

structure. With such knowledge, one may design polymers to achieve higher thermal conductivity

in a more systematic way.

For a long time, except for drawing semi-crystalline polymers to high ratios, it had been believed

that pure polymers can only possess low thermal conductivities (not including composites)4 2 .

However, for a given system, the thermal conductivity can vary with its structure, chemical group,
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etc. Hansen et al have performed a careful study on the dependence of thermal conductivity in

amorphous polymers on their molecular weight' 43. They found for low molecular weight, the

thermal conductivity increases with the molecular weight, while for higher values the thermal

conductivity saturates to a constant. Though one might think about using molecular weight as a

control knob to tune the thermal conductivity of an amorphous polymer, the change of thermal

conductivity observed from low molecular weight to high molecular weight is small, and usually

below a factor of two'4 4 .

In recent years, there has been increasing attention to fabricating thermally conductive amorphous

polymers by judiciously preparing the samples. Several factors have been found to facilitate the

heat conduction. These include, chain alignment, inter-chain bonding, and polymer extension 38 -

141. For example, it was found that a stronger inter-chain interaction via hydrogen bonds would

enhance the thermal conductivity of a polymer blend1 39 (with a highest value ~1.5 W/mK, an order

of magnitude higher than typical amorphous polymers). However, a different group has also

noticed that to prepare this same sample one has to be extremely careful about the phase

separation' 45 - if phases are separated, one is probably not able to take advantage of the hydrogen

bonds between the two polymer components and the resulting thermal conductivity is low (0.3 ~

0.4 W/m-K). The difficulty in achieving high thermal conductivity from these samples in part

comes from the ambiguity of the effect of different treatments on the molecular structure and the

consequence of different molecular structures on the thermal transport.

All these questions reflect our lack of knowledge on how the molecular structure affects the heat

conduction in polymers in a quantitative way. To study the effect of molecular structures, several

groups have employed the molecular dynamics simulation' 46-15 2 . While cross-links or

entanglements are generally thought as defects that impede phonon transport in a crystalline

material, it is found that in some amorphous polymer systems these can enhance the overall heat

conduction 5 0 .These effects can be understood as modification of the inter-chain molecular

interactions, which facilitate the energy couplings across the chains and thus the overall heat

transport. Moreover, one expects that the conformation of the polymer chain should also affect the

thermal conductivity. Along these lines, it has also been recognized that large orientational order

or radius of gyration, can also result in increased thermal conductivity' 4 7 14 8 ,15 3 . The larger

orientation factor or radius of gyration usually indicates that the polymer chains are more extended,

thereby promoting the heat to propagate further along the chain.
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Despite these works in elucidating the effect of polymer chain structure on thermal transport, most

of them are based on macroscopic structural descriptors (e.g. cross-link number density,

orientation factor, radius of gyration)' 4 6-' 52. It is desirable to elucidate the connection between heat

conduction and atomistic level details such as intermolecular interactions and chain orientation at

the nanoscale' 40-14 8. For example, one may expect that a correlation between thermal conductivity

and radius of gyration is useful for designing heat conducting polymers. However, at the molecular

level, one realizes that to describe the heat conduction one has to encode vibrational information

and the radius of gyration may not be the only descriptor. In following, we start by developing a

simplified theory to describe the thermal transport in amorphous polymers. We will then move

towards understanding and designing heat conducting polymers and hydrogels.

5.2 Modeling: Heat resistance network model

The thermal transport in disordered materials lacks a transparent physical interpretation due to the

complication of the vibrational modes. Based on past theory and simulation work on the vibrational

spectra in disordered glass and polymers, it has been understood that these vibrational modes

exhibit random displacements from location to location' 5 4.Some modes are even localized to small

region inside the material3 8" 55. Allen and Feldman theory developed for heat conduction in glass

has suggested that most of these modes transport heat in a diffusive way39 . While recent studies

have found that certain amorphous materials (e.g. amorphous silicon) may hold propagating

vibrational modes that has resemblance with phonons and contribute significantly to the thermal

transport 4 0 ,4 1 "56-1 9 , most amorphous systems are believed to be dominated by those "random"

modes 3 9 4 1 6 0. In some sense, the heat transport property of these vibrational modes can be

described by a diffusion process down to the molecular scale. This fact has prompted us to build a

simple model based on a heat resistance network to describe the thermal transport in amorphous

polymers' 44 ,1 6 1. Essentially, each bonding or non-bonding interaction in an amorphous polymer is

regarded as a thermal resistor. This is not exactly the same as the diffusion as described by the

Allen and Feldman theory, where the diffusion of thermal energy happens between different

vibrational modes. However, in practical situation where a temperature gradient is given, packets

of atoms are vibrating more strongly at the hot side which are superpositions of these vibrational

modes. These packets of atoms transfer their energy to atoms at lower temperature side. As the

coupling between the vibrational modes leads to a diffusive transport, we believe their
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superpositions - the single atoms or molecules - also do this as they transport the thermal energy.

This explains our reasoning in treating the bonds as thermal resistors for an amorphous polymer

with random chains.

1

2 N

Qi,i+1i,i+1

Figure 5-1. Schematic of heat conduction along a polymer chain with N repeating units. The numbers label
the units along the chain.

An amorphous polymer typically consists of many long polymer chains interwined together. Each

polymer chain is formed by repeating a given monomer unit for many times. The intrachain bonds

are strong covalent bonds, while the interchain bonds are described by weaker bonds such as Van

der Waals interactions, ionic or hydrogen bonding. Because both of these are treated as heat

resistors with different resistances, the resistors eventually form a three-dimensional network. In

principle, for a given network geometry one can solve the effective thermal conductivity from one

end to the other. However, due to the complexity of the network geometry (polymer conformation,

entanglement, etc), building a theoretical model for such a three-dimensional network is

challenging. Instead, we seek to find a mean field description to simplify the analysis.

The approach we have adopted starts by looking at one single chain with N repeat units in a

polymer matrix, as shown in Figure 5-1. We hope to regard the surrounding polymer chains as a

background, so that the interaction between this chain with many other chains can be simplified as

the interaction with the background. For simplicity, we consider our polymer chain as represented

by beads connected by covalent bonds. The chemical bonds are treated as thermal resistors, while

each bead has a certain heat capacity (c, in unit of J/K). To find out the effective thermal

conductivity, we apply a temperature gradient in the x-direction, and calculate the heat flow in the

same direction. As there are multiple chains in the surrounding, we treat them as a background

with an average temperature that follows the macroscopic temperature gradient. Therefore, the

background temperature varies as Tb, = To + xt. Each bead has a temperature Ti. The thermal

resistance along the chain through the covalent bonding is denoted as Rb, while the thermal
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resistance between the chain and the environment is Rfl (both are in unit of K/W). We expect Rb

to be significantly smaller than Rnb . The heat flowing along the covalent bond is

gb= (Ti+1 - Ti)/Rb. The thermal energy possessed by a bead can be described by ei = cTi (unit:

J). The thermal energy in the background temperature can be described by Ebi = E0 + C xi (unit:

J), whereEb, = cT,i. The heat flow written in terms of the thermal energy becomes q,= (ei+1 -

ei)/(cRb). We note that 1/(cRb) has the unit of frequency, and thus we denote this as Ob. This

effectively represents the intrachain vibrational frequency. Similarly, for interchain interaction we

have onb = 1/(cRfb) and the heat flow to the environment as qb = ownb(eL - Ei). For each bead,

we can write down an energy conservation equation describing the heat flow into and out from the

bead. Combining all equations we have

Wb(el- e2 )+ Onb(el- E)= 0

Wb(e2 - e1 ) + b(e2 - e 3 ) +(nb(2 E2 = 0
... ( 5.1)

wb(eN-1~ eN-2) b O(eN-1- eN) + fnb(eN-1 - EN-1)= (
1 ~Ob eN~ eN-1) +nb eN - EN)

For a given temperature gradient that determines the background temperature, the N equations here

can be solved for the N unknowns {ei1. To write down the formula for the thermal conductivity,

we first consider adding up all the heat flows along the chain:

1
N - 1 Qi,i+)   (5.2)

where Qi+1 = wb(ei - ei+1 ) cii+1 describes the vector connecting two nearby beads as
|di~i+1'+x

shown in Figure 5-1, and eX is the unit vector along x-direction. The heat flow to the environment

is ignored because the direction is random and the average will tend to be zero. Noting the heat

flow has been weighted based on whether its direction is forward or backward (along x-direction).

The bracket (-) indicates ensemble average over many different possible conformations of the

polymer chain.
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Figure 5-2. Heat flow across a cross sectional area in a polymer matrix

Now we consider the average heat flow going across a cross section area A with a small thickness

of L in the polymer as shown above. We want to estimate the average number density of bonds n-A

inside this region. Scaling-wise, we expect miiA/a oc p, where m is the atom mass, a is the bond

length, and p is the material density. As a result, we write 4A ~.- a. Based on the definition of

thermal conductivity Q = Ak AX, we then have k - d^^Q _( pa

We have used a random walk model to build our polymers as ideal chains. This is to illustrate the

basic trend of the thermal transport in amorphous polymers. Below we show the typical

conformation of one polymer chain projected onto the x-y plane. The temperature variation along

this chain is shown on the right. We can see that the temperature along the chain generally follows

the background temperature gradient, but at certain points may have opposite directions. This is

because the chains are looped backwards in certain regions and due to the good heat conduction

along the chain it may lead the heat to flow backwards locally as well.
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Figure 5-3. (a) Conformation of a randomly generated polymer chain projected onto the x-y plane. (b)
Temperature variation along the chain.

There are several important factors that influence the heat transport: molecular weight, chain

conformation (alignment, extension, etc), and inter-molecular interactions. We start by looking at

the molecular weight dependence. Because the covalent bond energy is typically around a few

hundreds of kJ/mol and Van der Waals bonds have a strength of a few kJ/mol62, the ratio between

bonding and non-bonding frequency in practical situation will be q = db/nwb ~ 100. We vary

this ratio to study how the molecular weight dependence relies on the comparison between

intrachain and interchain interactions. For each molecular weight (degree of polymerization), we

randomly generate 1000 polymer conformations and take the average of the thermal conductivities.

As shown below, for a practical bonding-to-nonbonding ratio il, the thermal conductivity quickly

saturates at a relatively short length, about N ~ 100. This is expected because the interchain

thermal resistance is comparable to the thermal resistance along the chain for about 100 units, and

above this point significant thermal energy will start to migrate to neighboring chains through Van

der Waals interactions. Therefore, the heat transport will not see large changes if the chain is even

longer. Increasing the ratio r7 delays the saturation point and makes longer chains much better,

because heat can transport fast along the chain. The different thermal conductivity curves are seen

to converge to a linear line, which in fact can be proved when ob/Wnb goes to infinity. The linear

dependence of the electrical conductivity on the molecular weight has been reported by De Gennes

and Heeger1 63,164 before based on scaling argument. Fundamentally, this scaling derives from the

diffusion process. This is can be qualitatively understood as follows. At the infinite intra-chain
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interaction limit, each polymer chain should possess the same temperature T,1 , which describes

the average background temperature for the region the polymer chain occupies. The major

temperature difference occurs between different polymer chains, with a heat flow given by

NcOnlb(T,, - T,.), where Nc is the number of contact points between two polymer chains. As the

degree of polymerization N increases, Nc increases as N. Since the density is not changed, the

number of polymer chains n, in a given volume decreases as 1/N. Because the radius of gyration

of the polymer goes as V , the average distance between the centers of two polymer chains

increases as -V, and thereby the difference between their temperatures (T,, - T,) as governed

by the background also changes as N. We treat each polymer chain as a blob, and consider the

total thermal transport as the thermal energy transfer between these blobs. If we consider a cross

sectional area with a length L comparable to the blob size (L-V), the thermal conductance

through this region scales with Q oc nNcOn (T, 1 - T,. ~N'Y=V7 . The thermal

conductivity then scales with k-QL-N. In practice, this limit is hardly achieved because typical

degree of polymerization is much larger than a few hundreds. Therefore, we expect the molecular

weight to have weak effects on the overall thermal transport in amorphous polymers

7 x10-8
- - Infinit Wb limit, linear inN

6 --- w/w =10

5 b nb=10

4 Wbnbl(2

C0 -
-

.2

0
0 50 100 150 200

Degree of polymerization N

Figure 5-4. Dependence of thermal conductivity on the degree of polymerization based on a heat resistance
network model.

The next question is how the thermal conductivity depends on the conformation. Past experiments

have shown that alignment in the polymer will contribute to better heat conduction in the aligned
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direction. As we are interested in the three-dimensional heat conduction property of polymers, this

concept may be generalized - if the polymer chains are extended the heat conduction will be

benefited. The radius of gyration (Rg) is a common quantity to characterize the extension of

polymer chains. In the plot below, we show the variation of the thermal conductivity with respect

to the radius of gyration. We choose -- = 100 to represent a practical situation and fix the degree
&)nb

of polymerization to be 200 based on our previous finding that beyond this point the thermal

conductivity is not sensitive to the molecular weight. A total of 1000 random structures are

generated, and the thermal conductivity of each structure has been plotted.

The thermal conductivities vary significantly between different structures, and the calculated

radius of gyration varies by one order of magnitude. If we separate the radius of gyration range

into a few windows and take the average of thermal conductivity values in each window, we obtain

a smooth curve describing the dependence of thermal conductivity on the radius of gyration. The

scaling is close to R / 2 . This increasing trend is expected. However, the large scatter in thermal

conductivity, especially signified by the large difference between the maximum and minimum

values at different radius of gyrations, shows that the radius of gyration does not fully capture the

dependence of thermal transport on the conformation. We therefore seek to find a descriptor that

better correlates the thermal conductivity and the polymer structure.

all data
-- R9 averaged

minat each R *
S -o- max at each R *.

-- trend R• -! .*

3 10-810

Radius of gyration R (au.)

Figure 5-5. Thermal conductivity with respect to the radius of gyration. The solid line is obtained after
taking the average of thermal conductivity values for each radius of gyration window. The scaling is
indicated by the green dashed line. The purple and yellow dashed lines indicate the maximum and minimum
thermal conductivity in each radius of gyration window respectively.
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We attempt to obtain an analytical formula for the thermal conductivity given the conformation of

a polymer chain fxi}, which will be an exact descriptor from which we can understand the thermal

transport-structure correlations. This is a formidable task for a finite chain. However, as we have

seen above, for reasonably large molecular weight, the thermal conductivity is already not sensitive

to the chain length. Therefore, we seek to calculate the thermal conductivity for an infinite chain.

The thermal energy transport can be written in terms of (O'bwhich is a small number. Based on
UMb

this, one can show that the thermal conductivity in an infinite chain is proportional to the following

structural factor

C x Z = Xk+1 - Xk| sgn((xk+1 - Xk)' (xk+j+1 - Xk+j)) (5.3)
kj

where r* satisfies r*+ = 2 + "", and sgn(-) is two-value function that takes one when the
r Cob

input is positive and minus one otherwise. We define this structural factor as the bond vector

correlation, because it adds up the projected length of each bond, weighted by the extent to which

nearby bonds are in the same direction as this bond. The weighting factor also exponentially

diminishes as two bonds are farther away, quantified by the r* approximately equal to 1 + Fl.
(Ob

In the plot below, we show the correlation between the thermal conductivity and this new structural

indicator. Clearly the correlation is much better than what is described by the radius of gyration.

A key message we learn from this structural factor is that the alignment between the neighboring

chains is important in improving the thermal transport. For n"" 100, wehaver* ~ 1.1. The
(Ob

factor )JAin the structural factor thus indicates that bonds that are farther than 30 units away

will have minimal contribution (less than 6%) to the thermal transport through the alignment even

if they have the same direction. This indicates that the polymer chains should ideally be extended

at the molecular level to favor a good three-dimensional heat conduction.

108



10

10~
Bond vector correlation (a.u.)

Figure 5-6. Correlation between the thermal conductivity and the bond vector correlation.

Lastly, we show how the inter-chain interactionon-bcan alter the thermal transport. Here we plot

the averaged thermal conductivity as a function of the radius of gyration. The reason we do not

plot against the bond vector correlation is because C({x}) also depends onon)bwhile the radius of

gyration purely depends on the structures. We vary&onb and keepsa0 b a constant. As we see in the

figure below, increasing the inter-chain interaction strength will enhance the thermal conductivity.

By increasingWonb by a factor of eight, the thermal conductivity is generally enhanced by a factor

of about three to four. The enhancement diminishes at larger radius of gyration because in such

case heat conduction benefits more from the intrachain instead of interchain energy transfer.

109



'5; 10-8
Z

C
0

0----W 1w 0005

ew nb /W O0O0

0-9

10-10 10o 9

Radius of gyration R (a.u.)

Figure 5-7. Average thermal conductivity as a function of the radius of gyration for different Wn bb ratios.

5.3 Experiment: Heat conduction in stretched polymers

While our focus is to design heat-conducting polymers in all directions, a better understanding of

the thermal transport in stretched polymers is still valuable because most often the thermal

transport even in the highly aligned polymers is still limited by the amorphous region. If one

understands better the thermal transport in amorphous region, one may come up with strategies

about designing the amorphous chains other than stretching them to favor heat conduction in all

three directions, which will enable an isotropic heat-conducting polymer.

Recently our group was able to draw polyethylene film up to high draw ratio, and its thermal

conductivity is measured to be over 60 W/m-K at a draw ratio of around 11OX3 7. Polyethylene is

a semicrystalline polymer with both crystalline and amorphous domains. At such draw ratio, one

expects that most crystalline domains align with the drawing direction while the chains in the

amorphous domain also acquire certain alignment. The stretching can also pull some chains out

from the crystalline domain and favor the formation of new crystalline regions between highly

aligned chains. As a result of all these, it was observed that the polymer chains self-assemble into

nanofibers at high draw ratio. At first thought, one would attribute the large enhancement in the

thermal conductivity to the orientation of the crystalline domains and the crystallinity (the fraction

of crystalline domain). However, based on X-ray scattering measurements, it was found that both

the orientation factor (which effectively characterizes the chain alignment) and the crystallinity
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increase fast at low draw ratios but changes little after a draw ratio of around 20X"'7 . In contrast,

the thermal conductivity shows a steady increase with the draw ratio up to the highest draw ratio

measured (11OX). This thus raised a question about the thermal transport in these highly aligned

polymers, is the enhancement only from the crystalline domain or are there contributions also from

other regions?

To answer this question, we have built our thermal analysis on a detailed structural characterization

using X-ray scattering measurements. Firstly, it was revealed from small angle X-ray scattering

(SAXS) measurements that at high draw ratio the nanofibers are composed of two alternating

phases, which we regard as the crystalline phase and a more disordered phase' 37. Based on this,

we can consider the nanofiber as repeating units, each containing one crystalline and one

disordered region. A detailed analysis of the SAXS measurements based on the electron density

profile further gives an estimation of the period length as well as the length ratio of each region

compared to the total length. In the inset of the figure below, we show the electron density profile

with respect to the draw ratio measured on different samples. The middle region becomes larger

and larger as draw ratio increases, and can be identified as the crystalline region, while the two

sides where the electron density is close to zero are the more disordered regions (which we denote

as amorphous region for now). We take the amorphous region as the part where the normalized

electron density is less than 0.05 (corresponding to a length LA). The remaining part (L - LA) is

taken as the effective crystallite size Lc. The ratio between the amorphous region and the total

length LAIL gives the amorphous fraction r, as shown below. Alternatively, the amorphous

fraction can also be estimated as r7 = 1 - Crystallinity, where crystallinity can be obtained from

wide angle X-ray scattering (WAXS) measurements. In figure below, we show that the results

from these two methods agree well with each other, demonstrating that the amorphous fraction

gradually decreases with increasing draw ratio.
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Figure 5-8. The amorphous fraction as a function of draw ratio. The blue circles were directly extracted
from the SAXS data, while the shaded zone represents our fitting to the experimental data as explained later.
The red squares are calculated based on crystallinity data. Inset is the normalized electron density profile
obtained from SAXS analysis.

We employ a one-dimensional heat transfer model to compute the total thermal conductivity,

which depends on the thermal conductivities of the crystalline and amorphous regions, as well as

the amorphous fraction (q) in one repeating unit. We want to specifically look at the thermal

transport behavior in the amorphous region at high draw ratios. We note that the approximation

that the thermal transport can be described by a 1D model is reasonable for high draw ratios, due

to the fact that both SEM observations and SAXS results suggest a very small fiber diameter of

10-50 nm. Such a 1D model contains a unit cell of total length L including a crystalline and an

amorphous region. Adding all the heat resistances, the effective thermal conductivity of this 1D

model is k = [(1 - r)/ke + r7/ka]1, where k, and ka are the thermal conductivities in the

crystalline and amorphous regions respectively.

Due to the uncertainties involved in estimating the lengths from the SAXS measurement data, we

do not directly use the experimental data points for ri and Lc in the thermal model. Instead, we fit

these values by a simple functional form r (or Lc) = C 1 * nc2 (n being the draw ratio), which

should generally capture the trend of the structural parameters as the draw ratio. For the amorphous

fraction, the fitting to the experimental values yields C 1 = 0.6 and C2 = -0.43. To take into

account the large uncertainty associated with these values, 40% variations have been added to

them, which translate into the upper and lower bounds for the estimated r7 as shown in Figure 5-8

(shaded region). Similarly, for the crystallite size, we obtained C1 = 7 nm and C2 = 0.28, with a
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20% variation considered that leads to a range for the estimated crystallite size as the draw ratio,
as shown below.

(a) (b)
50 . I I,

0 reference
120- -- our fitting curve '0 Extracted from SAXS results
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Figure 5-9. (a) Thermal conductivity (along the chain direction) as a function of the I D polyethylene chain
length from literature 6 5. Simulated data (dot) is from reference, and curve from fitting. (b) Crystallite size
at different draw ratios. The shaded regions are the fitted range, and the dashed line represents the fitting
curve.

Thermal conductivity of the crystalline region depends on both the crystallite width and length.

We used the chain length-dependent thermal conductivity of a single polyethylene chain calculated

using the first principles method by Wang et al. as an approximation of the crystalline region

thermal conductivity' 65. Although the same paper also gave lateral size dependent thermal

conductivity of nanocrystals, it assumed diffuse phonon scattering at the boundaries which may

be too severe an approximation because (1) the weak van der Waals interaction between the

crystalline and amorphous regions, and (2) the transition from the crystalline to the amorphous

region is gradual as from the SAXS data, suggesting some molecules may extend from the

crystalline to the amorphous region. The simulated length-dependent thermal conductivity data for

the 1D chain are then fitted with a quadratic function, as shown Figure 5-9. We then take the

measured crystallite size at different draw ratios and estimate ke based on Lc This yields the

crystalline thermal conductivity as a function of the draw ratio to be used in our thermal modeling

as shown below.
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Figure 5-10. Crystalline thermal conductivity at different draw ratios. The shaded regions are the fitted
range, and the dashed line represents the fitting curve.

Combined with the measured total thermal conductivity, we can thus extract the thermal

conductivity of the amorphous region as a function of the draw ratio, as plotted below. In this plot,

the shaded region is obtained by fitting the measured total thermal conductivity with a straight line

(3.8 + 0.5 x n, W/m-K). The upper and lower bounds originate from the uncertainties we

considered in the estimation of crystallite sizes as well as the amorphous fractions, as mentioned

above.
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Figure 5-11. Extracted amorphous thermal conductivity values based on fitted structural parameters from
SAXS analysis. The dots are calculated using the measured total thermal conductivities and modeled
crystalline phase thermal conductivity. The shaded region is obtained by fitting the total thermal
conductivity with a straight line, and further adding the uncertainties in the determination of structural
parameters.
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We should mention that though one-dimensional heat conduction model has been adopted, there

is still possibility that the heat may flow across different polyethylene nanofibers. However, a

rough estimation shows that even with conservative approximations the thermal resistance

corresponding to the heat flow along the curved path is too large to explain our experimentally

measured thermal conductivity, and the measured enhancement in thermal transport thus should

come from the enhancement in the amorphous region.

It is clear from Figure 5-11 that the experimentally measured high thermal conductivity at high

draw ratio suggests a high amorphous thermal conductivity ka (~5 W/m-K at 50X draw ratio

compared to typical bulk value of ~0.3 W/m-K). This indicates that the amorphous region after

drawing is no longer composed of random disordered chains, but rather has developed some

degrees of orientation with more extended and aligned chains. Such alignment in the amorphous

region contributes to the heat conduction in the drawing direction, and what is remarkable is the

fact that even the chains have not formed crystallites the thermal conductivity can still be enhanced

by almost one order of magnitude. This result suggests that there is still significant room to

improve polymer's thermal conductivity even if one only focuses on the amorphous chains. If one

can translate this design into an isotropic amorphous polymer, one may achieve a heat-conducting

polymer in all directions.

Motivated by our research on drawn polyethylene films, we have looked into other polymers,

mostly water soluble polymers, as well. The purpose is to further understand how different regions

of polymers can be aligned by other method, and also for making heat-conducting polymers

(potentially hydrogels, albeit along one direction) for other applications (e.g. when bio-

compatibility is important). Two materials we have studied are polyacrylamide (PAM) and

polyvinyl alcohol (PVA), as shown below.

n --
OH

0 NH 2

polyacrylamide polyvinylalcohol

Figure 5-12. Molecular formula of the studied water-soluble polymers.

Due to the favorable interaction of their functional groups with water, these two polymers can be

easily dissolved in water. In order to align the polymer chains, we have adopted a different

115



approach than the drawing method. We first cross-link the polymers in water which forms a

hydrogel. For PVA, the gelation is initiated by repeated freezing (~8 h) and thawing (-3 h) steps.

Because the hydroxyl groups in PVA easily form hydrogen bond, small crystallites will form

during the freezing step which serve as cross-linking points. We will discuss the thermal transport

in unstretched PVA hydrogels in detail in the next section. For this study we use PVA with

molecular weight of 145,000 - 186,000 at 99% hydrolysis ratio. The PVA solution is prepared at

10 wt%. For PAM, the gelation is initiated by adding proper amounts of initiator and accelerator.

In a typical synthesis, 2 g acrylamide monomer, 100 pL 0.23 wt% N,N'-methylenebis(acrylamide)

solution as the cross-linker, and 102 pL 0.2 M ammonium persulfate solution as the initiator are

added into 10 mL deionized water. This solution is mixed using centrifuge and degassed.

Afterwards, 8 pL TEMED (N,N,N',N'-tetramethylethylenediamine) is then added to the solution

to accelerate the cross-linking process. The solution is poured into a mold and placed in an oven

at a temperature about 400C for two hours for gelation to occur.

In order to align the polymer chains, we want the hydrogel to be highly stretchable. The

stretchability can be controlled by the ratio of initiator to the monomer, or the cross-link density.

We first made a highly stretchable PAM hydrogel, and stretch it to 9 times and fix it on the stage

(Figure 5-13a). The water is then allowed to evaporate, which fixes the polymer chains in the

stretched condition (Figure 5-13b). The thermal conductivity of this stretched and dried polymer

is measured using the same steady state measurement set up we have used for the polyethelyene

film, where the sample is clamped between a suspended heater and the cold side (Figure 5-13c).

7 !"7

Figure 5-13. Thermal characterization of stretched hydrogels. (a) Mechanical stage for stretching. (b) Dried
hydrogel showing the fixed shape due to stretching. (c) Thermal measurement of dried PAM.

Despite the high stretch ratio, the measured thermal conductivity is not large, and only around 0.35

W/mK (corrected by radiative heat loss). This low thermal conductivity may seem surprising at
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the first sight if we recall that in polyethylene films even a small draw ratio around 2 - 3 can

already enhance the thermal conductivity by a factor of two. However, the difference between

these two cases is that in drawing polyethylene films, only a small amount of solvent is present to

facilitate the slippery between chains, and the chains are mainly aligned by the shear force, which

is better at aligning the chains at the molecular level. In comparison, during the stretching process,

the chains only need to compensate for the elongation by altering their morphology at a longer

length scale, but there is no direct force to align each monomer unit along the chain, and as a result

at the molecular level the chains may still be random. The different responses in length scales to

stretching has been understood as resulting from the competition in energy scale1 66 - at longer

length scale the elastic energy wins and the chains are aligned while at the molecular level the

thermal fluctuation dominates and the chains still resemble random Gaussian ones. It is true that

chain alignment is important for enhancing the heat conduction, but from this result we learn that

it is the alignment at the molecular level that is most important for contributing to a higher thermal

conductivity. Stretching in hydrogel is simply not an effective way to align the chains at the

molecular level due to the dominant local thermal fluctuations.

A better way to facilitate the chain alignment at the molecular level would be to create more

frictional forces between the chains. One can thus decrease the amount of water and then stretch

it. Alternatively, we can make use of functional groups with strong favorable interactions between

each other to create such friction. We therefore resort to PVA hydrogel, where the hydroxyl groups

on the polymer chains form strong hydrogen bonds with each other and with water, which may

facilitate better chain alignment.

The PVA hydrogel is stretched on a similar stage as for the PAM hydrogel. The water then

evaporates as the hydrogel is fixed in the stretched state. To further enhance the crystallite

formation, we have also annealed the dried PVA (90°C for 2 hours). Four stretched samples are

measured with slightly different gelation procedure. The gelation procedures are listed in the table

below.
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Table 5-1. Gelation procedures for PVA hydrogel samples

These samples have been stretched to the maximum extent we can. The alignment of the polymer

chains in dried PVA polymer can also contribute to an enhancement in Young's modulus. We have

thus measured both the thermal conductivity and the Young's modulus for the stretched samples.

In Figure 5-14, their thermal conductivities are plotted with respect to their Young's modulus. The

dried PVA without stretch shows a thermal conductivity around 0.42 W/mK. We find that

regardless of the gelation procedure, the variation in thermal conductivity correlates well with the

variation in Young's modulus. As the modulus increases, the thermal conductivity is also enhanced

compared to its unstretched state. This is expected because as hydrogel is stretched more

crystalline domains orient along the stretching direction. Due to the strong hydrogen bonding

between chains, these aligned crystalline domains thus contribute to both Young's modulus and

thermal conductivity. There could also be contributions from the amorphous region similar to the

case for polyethylene films but this requires further detailed structural characterizations.

Nonetheless, this suggests that high modulus can be used as an indicator for finding one-

dimensional heat conducting polymers.
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#1 One freeze-thaw

#2 Three freeze-thaw

#3 Dried in air and annealed, then swollen in water

#4 Dried in air, then swollen in water
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Figure 5-14. Thermal conductivity in stretched PVA with respect to its Young's modulus. The dashed line
indicates the thermnal conductivity value of unstretched PVA sample.

The correlation between the thermal conductivity and modulus in PVA indicates large room for

further improving the thermal conductivity, because recent experiments show that PVA prepared

by zone-drawing method can have modulus over 100 GPa, which indicates a very large intrinsic

modulus of the PVA crystals167,. while our samples have only achieved a fraction of that limit. To

further increase the thermal conductivity, we therefore seek to find ways to further enhance the

Young's modulus. As mentioned, one way is to reduce the amount of water so that the frictional

force between chains is higher. Melt spinning or zone drawing method is useful in producing

highly aligned fibers, but typical fiber diameter is too small to allow accurate steady state

measurement using our current set up. Alternatively, it was reported that by slowly stretching a

dry PVA sample on a mechanical testing machine, a high modulus of nearly 120 GPa can be

achieved168. We have followed a similar procedure to stretch the PVA sample. Briefly, the PVA

hydrogel is first made by ten repeated cycles of freezing and thawing steps. The sample is dried

using freeze drying method. A sample of 10 mm long is then clamped in a mechanical testing

machine, and is drawn first by 40 mm at a speed of 0. 1 mm/min and then by 10 mm at a speed of

0.05 mm/min, at room temperature. Finally the sample is annealed at 90°C for two hours.

We find that after stretch the color of the sample becomes white (Figure 5-15). This is because the

hydrogen bonds severely restrict the chain motions and during the stretch some parts inside the
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polymer form crazing which then scatters the light. Using this stretching method we get a thermal

conductivity of around 0.9 W/m-K, which is among the highest number we achieve for PVA but

we should note that the crazing may reduce the thermal conductivity because the chains are not

fully packed. Clearly, we are still far from the theoretical limit of the modulus and there is still

large room to improve. Furthermore, one expects that if this polymer is re-swollen in water, it

could be a good heat-conducting hydrogel as water molecules may form bridges between the

already-aligned crystalline domains. We will study the effect of intermolecular interactions due to

the presence of water on hydrogel's thermal transport in the next section.

Figure 5-15. Thermal conductivity measurement of dry-stretched PVA sample. The picture shows the
polymer becomes white after the stretching.

5.4 Experiment: Heat conducting hydrogel

5.4.1 Background and experimental set up

Our interest in studying thermal transport in hydrogels is motivated by recent progress of soft

robotics and wearable electronics1 6 9, where the rate of heat dissipation can impact the system or

device performance. Soft and heat conducting materials are thus desirable for these applications.

Traditional soft materials like rubber usually have low thermal conductivities around 0.1 - 0.3

W/mK. Increasing the thermal conductivity by a factor of two means that for the same heat flux

through the material the temperature rise compared to the ambient condition will be reduced by

approximately a factor of two. As the thermal penetration depth 6th approximately scales with the

square root of the thermal diffusivity a, or St-Vai, increasing the thermal conductivity by a

factor of four (thus the diffusivity is enhanced by the same factor) means that for device with the

same size the characteristic thermal response time will be reduced by half. Although the thermal

response in practical situation will be more complicated due to the different materials involved
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and the boundary conditions, the above simplified analysis shows the importance of having a heat-

conducting material in an operating device when temperature rise (e.g. wearable electronics) or

thermal response time (e.g. soft robotics) is important.

However, a challenge exists as to having a material that is simultaneously heat conducting and soft.

This is because both thermal transport and mechanical properties are fundamentally governed by

the chemical bonding between the atoms. In crystalline materials that are not electrical conducting,

heat is dominantly carried by long wavelength phonons. A hard material (e.g. diamond), with

strong chemical bonds between atoms, often leads to phonons with high velocity, and consequently

a large thermal conductivity. On the other hand, in a softer material (e.g. the cross-plane direction

in graphite), the bonds between the atoms are not that strong and the thermal conductivity becomes

lower. As long as heat is dominantly carried by vibrational modes, this conflict seems to limit the

heat conduction in soft materials. Past efforts have tried to avoid this conflict by designing

materials so that the heat conduction is mostly contributed from electrons, by using composites

with metallic fillers'. In that case, the thermal transport and mechanical properties can be

decoupled. However, for applications where bio-compatibility or electrical insulation is important

such metallic fillers may not be desired. Our question is if one can design materials that are heat

conducting and yet soft, by engineering its intermolecular interactions.

In this work we show that the hydrogel network can be a potential solution for this question. We

first seek to understand the thermal transport in hydrogels (and possible contributions from

polymers and water), by measuring their thermal conductivity at different water fraction and

crystallinity. Following this, we prepare hydrogels with anisotropic thermal transport property,

and show that along one direction the material can be both heat-conducting and yet soft.

For thermal conductivity measurements of isotropic materials, we have adapted a commercial

transient hot plane set up. The reason for adopting a transient measurement is that hydrogels will

dehydrate over time, while steady state measurement normally takes long time (on the order of

hour's) to reach the thermal equilibrium. There are several transient methods for characterizing

thermal transport, such as thermoreflectance, 3-omega, and hot wire methods. Thermoreflectance

method typically requires heat capacity as inputs to obtain the thermal conductivity. Because the

thermal penetration depth in these methods are typically small, estimating the heat capacity relies

on an accurate determination of the water fraction in the probing region which can be challenging.
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Three-omega' 7 1,172 and hot-wire methods' 7 3 "174 are well established techniques but have their own

challenges for measuring hydrogels' thermal conductivity. Three-omega requires fabrication of

metal lines, which are difficult on the uneven hydrogel surface. While hot wire method is routinely

used for measuring liquids, the hydrogels we will be testing are relatively tough, and the thin wire

is easily broken during the gel formation process. Transient plane source (TPS) method 5"17 6 is

very similar to the hot wire technique, with the major difference being its planar heating geometry

instead of line heating. Because of this, one just needs to place the planar heating element between

two materials and does not have the problem of embedding the heating element. The basic

experimental set up of transient plane source measurement is illustrated in Figure 5-16.

TMj Sample

Sample

Figure 5-16. Schematic of transient plane source measurement. The planar heating source is inserted
between two identical samples and heat diffuses to two sides.

The plane source consists of a spiral of metal wires insulated by Kapton films. The metal wires

serve as both the heating element and the temperature sensor (through the temperature coefficient

of its resistance). At the starting time t = 0, a constant current I is applied through the wires, and

the voltage change with time V(t) is monitored. Depending on the thermal conductivity of the

materials, the temperature rise at the plane source location as represented by the V(t) signal will

be different. Thermal transport information can thus be extracted by modeling the temperature rise

using heat diffusion equation.

By approximating the spiral heating profile as m concentric ring sources with equal spacing,

Gustafsson1 7 5 shows that for an isotropic material the average temperature rise in the plane source

can be described by
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where r= is the non-dimensionalized time, a is the thermal diffusivity, k is the thermal
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Dwhere I is the modified Bessel function at zeroth order. The average temperature rise can be

I dR
related to the voltage change using the temperature coefficient of resistance aR = -

IRaRPO
AV()= IRaRIff( = 3 D(r) (5.6)
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Because the transient temperature response depends on both the thermal diffusivity and the thermal

conductivity, the two parameters can in principle be fitted together from the experiment. Typically

for a given measured data, one starts with a guess for the thermal diffusivity and plot the AV(r) -

D(r) curve. If the thermal diffusivity is correct then this curve should be fitted well with a straight

line, with the slope giving the thermal conductivity. This procedure is repeated' 7 5 until a good

linear fitting is obtained betweenAV(r) and D(r). We note that with both diffusivity and

conductivity determined the heat capacity can be readily calculated.

In practice, fitting both diffusivity and conductivity with accuracy requires the sample to be

relatively thick. For thin samples, it has been shown that the signal essentially is only sensitive to

the effusivity' 77 - the product of thermal conductivity and heat capacity. We therefore resort to a

different method to measure the thermal conductivity of relatively thin samples. The method is

illustrated below, where we compare the temperature rise between two cases - one with a reference

material and one with our test sample inserted between the plane source and the reference' 8 . The

thermal penetration depth is typically larger than our test sample thickness d, and after one second

or so one can regard the heat conduction inside the test sample as most steady state, which indicates

a temperature drop of AT, = , where the factor 1/2 considers the heat flow into two sides. If
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we denote the average temperature rise with only the reference material as ATref(r), then the

temperature rise with the test sample inserted is approximately

ATtot(r) ~ ATs + ATrej (T) (5.7)

By taking measurements with two different scenarios, AT, can be estimated from above and the

sample thermal conductivity can be directly calculated. The sample thickness ideally should be

larger than 100pm so that the contact resistance does not contribute significantly. In our

experiments, we have added silicone oil at the interface to avoid any air gap.

Reference
T(t)

Sample'

7I Reference

Figure 5-17. Schematic of thermal conductivity measurement of thin sheet using transient plane source.

Below we show representative signals for measurement on a thin acrylic glass sheet using the

method explained above. When there is only the reference sample (stainless steel), the signal can

be readily fitted with routine procedure to yield both thermal diffusivity and conductivity. The

fitted thermal conductivity is 15.2 W/mK, which agrees with literature value for stainless steel.

With the acrylic glass sheet inserted, the temperature rise becomes larger. Subtracting these two

yields a curve which becomes flat after a fraction of one second. Based on the acrylic glass sheet

thickness, the thermal conductivity is estimated to be 0.19 W/mK which also agrees with reported

values.
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Figure 5-18. (a) Fitting of transient plane source measurement with only the stainless steel reference sample.
(b) Measurement data for characterizing the thermal conductivity of thin sheet. The dashed line indicates
the point where the temperature drop across the sample obtained by subtracting the two measurement curves
converges.

5.4.2 Results and discussion

The material system we study is a hydrogel - polyvinyl alcohol (PVA) physically crosslinked in

water. PVA is a semicrystalline polymer, and the crystalline domains can serve as physical

crosslinking points that hold the amorphous chains and form a polymer network. The gelation -

the physical crosslinking process - can be initiated by simply drying a PVA solution7 9 80 . During

drying, crystalline regions will form due to the strong hydrogen bonding interaction between the

hydroxyl groups on the PVA polymer backbone, which effectively serve as cross linkers for other

polymer chains. Due to the strong hydrogen bonding between the hydroxyl side groups that

impedes the rearrangement of polymer chains, the crystallites typically do not grow to larger sizes.

In general, cross-linked PVA has the following microstructure as illustrated in the figure below.
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Dry and annealing 90C
Sample A

Freeze thaw

Sample B

Dry in air and annealing

Figure 5-19. Hydrogel sample preparation and the schematic of the microstructure. The picture is adapted
from Ref '.

We have prepared the hydrogel sample as follows: PVA polymer film is first directly dried from

solution in a humid chamber, and is then annealed in an oven at 90°C. Solution is prepared by

dissolving 1O%wt PVA (molecular weight 89 - 99,000, hydrolysis ratio 99%) in water at 90°C for

more than ten hours. During measurement of thermal conductivity, dry sample is measured first

using the TPS set up and their dry weight is recorded. The samples are then dipped into water for

around one minute to swell. The thermal conductivity is then measured with its wet weight

recorded. Swelling is repeated for several times so that the thermal conductivities at different water

fractions are measured. The silicone oil added helps to prevent the dehydration during the

measurement time (around ten minutes).

The figure below shows the measured thermal conductivities at different water fractions for the

three types of PVA hydrogels mentioned. Our measured thermal conductivity of dry PVA sample

is around 0.41 W/mK.
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Figure 5-20. (a) Thermal conductivity and (b) percentage increase of the thermal conductivity of hydrogels
(compared to its dry state) at different water volume fractions. The effective medium theory uses water
thermal conductivity as 0.6 W/mK (red dashed line) and 0.7 W/mK (yellow dashed line) respectively.

With water added, the thermal conductivity is increased. To better illustrate this point, we define

the relative percentage increase of thermal conductivity as kr= k'ksy where ks,wet, ksdrykwater-ksdry

and kwater represents the thermal conductivity of PVA hydrogel, dry PVA and water (we take

kwater = 0.6 W/mK), respectively. This percentage increase is plotted in Figure 5-20. In this plot

we have also drawn the range for kr expected from the Bruggeman effective medium theory82 83

It can be seen that for the thermal conductivity lies above the effective medium theory prediction

using bulk water thermal conductivity, indicating other factors at play which enhance the heat

conduction in the hydrogels.
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Figure 5-21. (a) Heat flow data from differential scanning calorimetry measurement of hydrogels with
different water volume fractions. Heating rate is IOK/min. (b) Raman spectra of PVA hydrogel and bulk
water for O-H stretching modes.
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It is well known that water can have different states in a hydrogel. Due to the hydrogen bonding

between the side groups on the polymer backbone and water molecules, a layer of water molecules

can be tightly bonded to the polymer chain, which is known as "bound water"18 4 185. If more water

molecules are present, far from the polymer chain they will have less constraining effects from the

polymers and their dynamics is similar to the bulk water. These water molecules form the class of

"free water". The boundaries between them are not sharp and depending on the experimental

techniques different spatial regions of water molecules can be probed""s7 .

At low water volume fraction (approximately below 20%), the water molecules mostly belong to

the bound water. In Figure 5-21 we show the heat capacity measurement for hydrogels with

different water fractions. The negative value of the heat flow indicates the amount of heat that is

absorbed. The temperature starts from -50 0°C where the sample is frozen and increases to 50°C.

For hydrogels with free water, the free water become frozen at low temperatures and as

temperature passes by 0 °C the melting leads to a significant heat absorption' 87 188, shown as large

negative dip in the heat flow curve. We found that only samples with water fraction larger than

20% exhibit this heat absorption peak. For the sample with 20% water fraction, the heat flow

changes smoothly as the temperature sweeps across 0 °C, indicating negligible amount of free

water. In Figure 5-21, we also show the Raman spectra measured for PVA hydrogel, compared to

that in bulk water. The peak around 3400 cm' indicates the O-H stretching mode of the water

molecules. We see that in the hydrogel the O-H stretching mode has a smaller frequency. This is

because as water molecules strongly bind to the polymer chains, the hydrogen bonding between

the polymer and water molecules will elongate the O-H bond, which shifts its vibrational frequency

to lower values. All these indicates that at low water fractions, the water molecules are mostly

binding to the polymer chains.

If we go back to Figure 5-20, it is seen that the dominant increase in thermal conductivity comes

from the low water fraction region. The slope of the thermal conductivity increase is higher than

the effective medium theory prediction when the water fraction is below 30%, and decreases at

higher water fractions. This suggests that the bound water helps to enhance the heat conduction in

the hydrogel compared to free water. Because there are so few water molecules between the

polymer chains, they cannot be simply treated as fillers as in the effective medium theory. Instead,

we propose that the initial enhancement in thermal conductivity at low water volume fraction

comes from the fact that the water molecules helped to bridge nearby polymer chains through
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hydrogen bonding and effectively increases the inter-chain interaction strength. Figure 5-7 can be

redrawn by averaging the thermal conductivity over the all different radius of gyration, and we

obtain the thermal conductivity as a function of the inter-chain to intra-chain bonding strength

(1/7 = Jonb/oJ). Approximately, hydrogen bonding strength is about one tenth of a covalent

bond ( 1 /r7 ~ 1/10). Here we perform an order-of-magnitude study on how intermolecular

interaction will change the heat conduction based on the hydrogen bond. Assuming initially only

half hydroxyl groups on the polymer chain form hydrogen bonds with nearby polymer chains,

which corresponds to 1/r7 ~ 1/20. After adding water molecules to a certain extent, we assume

effectively every hydroxyl group is connected with nearby chains through hydrogen bonding. This

means 1/r/ increases from 1/20 to 1/10. Our heat resistance network model shows that in such

case the thermal conductivity can be increased by 40% as shown below, which is not far from our

experimentally observed enhancement in PVA hydrogel. Although this analysis is only qualitative,

it does shows the possibility of engineering the intermolecular interaction to achieve good heat

conduction properties in the polymer network, especially evidenced by the fact that an effective

medium theory of water thermal conductivity higher than its bulk value has to be used to fit our

experimental data.
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Figure 5-22. Normalized thermal conductivity with respect to the non-bonding to bonding strength ratio.

Going back to our original motivation, we want to discuss the possibility of making use of bound

water to design heat-conducting and soft materials. The conflict that exists between large thermal

conductivity and small modulus is because in both cases we are stretching the same bonds, albeit

at different times scales. Heat, as represented by the vibrations of atoms, is carried by the
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vibrational modes at the frequency of terahertz. On the other hand, the modulus is usually

measured at a much lower speed. If the chemical bond is dynamic, in the sense that it constantly

breaks and forms with a relaxational frequency lower than terahertz, for thermal transport it is still

viewed as a strong bond but for mechanical property it can serve as a lubricant. In such case, the

modulus is no longer governed by the bond, but by the elasticity of matrix surrounded by such

water molecules, which can be much lower in the case of polymer network elasticity. Bound water,

due to its strong hydrogen bonding and relaxational dynamics, presents a good example for

achieving such dynamic bonding. It is thus expected that if the bound water is added into a heat

conducting polymer network, the total thermal conductivity will remain large due to the enhanced

thermal conductivity of bound water as a bridge, but the material becomes much softer because

the elasticity is now governed by the entropy of polymer chains. One can potentially combine the

intermolecular interaction with designs of crystalline domains, such as in hybrid nanocrystalline

cellulose - polyvinyl alcohol hydrogels, to achieve soft and heat-conducting properties

simultaneously.
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Chapter 6 Summary and future directions

6.1 Summary

Through the first principles study of electron-phonon interactions, we have revealed that the origin

of the remarkably high power factors in half-Heusler materials lies in suppressed electron-acoustic

phonon couplings. These weak couplings emerge from crystal symmetry-protected non-bonding

orbitals at the band edge. The understanding of these couplings provides a strategy for a material

to have simultaneously large density of states and high electron mobility. By developing a first

principles framework to treat electron scattering by short-ranged defect potential, we show that

such short-range effect could be significant in the electron transport properties. This also provides

new ways to alter the electron-defect scattering by selecting dopants with desirable defect potential.

These new insights will stimulate not only the discovery of high-performance thermoelectric

materials, but also the development of high-mobility materials for microelectronic and

optoelectronic applications.

Using transient thermal grating with photo-excitation, we are able to quantify the effect of the

electron-phonon scattering on the thermal transport. At the experimentally achieved maximum

carrier concentration, the thermal conductivity is reduced by nearly 40%. This scattering

mechanism has been mostly masked by other existing scattering processes for studies on doped

semiconductors. Our experiment provides a way to quantify this effect and also provides a new

venue to alter the thermal transport via photo-excitation.

We have developed a theory based on heat resistance network to describe the thermal transport an

amorphous polymer. The important parameters are the chain extension at the molecular level, and

the inter-molecular interactions. The molecular weight does not lead to appreciable increase in

thermal transport as long as the polymer chain is reasonably long. Using this theory as a guideline,

we seek to design materials that are heat-conducting yet soft and stretchable. Such materials have

potential applications in soft robotics and wearable electronic devices.

6.2 Future directions

For the electron transport studies in semiconductors, we have generally found that the predicted

mobility is higher than the experimental values, except for well-defined simple semiconductors
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like silicon and gallium arsenide. We have treated this difference to the electron-defect scatterings,

and have shown that the local perturbations created by defects can indeed sometimes lead to further

reduction in mobility. However, in practical materials various types of defects (defect cluster, grain

boundaries, dislocations) may be present, which can further reduce the electron mobility. More

work is needed to understand how these defects may impact the electron transport.

While our experiment probes large reduction in thermal conductivity, at high carrier concentration

the reduction seems to be larger than what is expected from the theory, suggesting other

mechanisms at play. At such high carrier concentration, several processes involving phonons may

contribute to phonon scatterings, such as phonon-assisted carrier recombination, and phonon-

assisted plasmon-electron scattering. A future question is how these may affect the electron

transport.

Along the path of developing heat conducting polymers, one current challenge is to design

materials with good thermal conductivity in all three dimensions. From theory we understand that

this requires extended polymer chains at the molecular level. Stretching at the macroscopic scale

was found to not be sufficient to achieve this molecular level extension. Future work will be

focused on the molecular design for achieving heat conducting polymers.
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