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Strain Effects on Thermal Conductivity of Nanostructured Silicon by
Raman Piezothermography

Abstract

A fundamental problem facing the rational design of materials is the independent control of electrical and
thermal properties, with implications for a wide range of applications including thermoelectrics, solar thermal
power generation, and thermal logic. One strategy for controlling transport involves manipulating the length
scales which affect it. For instance, Si thermal conductivity may be reduced with relatively little change in
electrical properties when the confining dimension (e.g., nanowire diameter) is small enough that heat
carriers are preferentially scattered at free surfaces. However, tailoring properties by geometry or chemistry
alone does not allow for on-demand modification, precluding applications which require responsive behavior
such as thermal transistors, thermoelectric modules which adapt to their environmental temperature, or
switchable thermal barriers.

One means of tuning transport is elastic strain, which has long been exploited to improve carrier mobility in
electronic devices. Uniform strain is predicted to affect thermal conductivity primarily via changes in heat
capacity and phonon velocity, and crystalline defects such as vacancies or dislocations—which induce large
strain gradients—should lower thermal conductivity by decreasing the phonon mean free path. Nanowires are
ideal for the study of strain and defect effects due to the availability of a range of elastic strain an order of
magnitude larger than in bulk and due to their small volumes. However, experimental measurements of strain-
mediated thermal conductivity in nanowires have been limited due to the complexity of simultaneously
applying and measuring stress or strain, heating, and measuring temperature.

In this dissertation, we measure strain effects on thermal conductivity using a novel non-contact approach
which we name Raman piezothermography. We apply a uniaxial load to individual Si nanowires, Si thin films,
and Si micromeshes under a confocal p-Raman microscope and, using the Raman laser as a heat source and
the Raman spectrum as a measure of temperature, determine thermal transport properties. We show that
uniaxial strain up to ~1% has a weak effect on Si nanowire or thin film thermal conductivity, but irradiation-
induced defects in nanowires yield dramatic reductions due to increased phonon scattering. Such defects are
accompanied by large strain gradients, but decoupling the effect of these gradients from local changes in mass
and interatomic potential is experimentally untenable. To isolate the effect of strain gradients, we extend our
method to Si micromeshes, which exhibit nonuniform strains upon loading. The complex strain states
achieved cause more drastic reductions of thermal conductivity due to enhanced phonon-phonon scattering
in the presence of a strain gradient. The directions suggested by our experiments, as well as the development
of the method, will allow for more robust understanding and control of thermal transport in nanostructures.
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ABSTRACT

STRAIN EFFECTS ON THERMAL CONDUCTIVITY OF NANOSTRUCTURED
SILICON BY RAMAN PIEZOTHERMOGRAPHY
Kathryn Fay Murphy
Daniel S. Gianola

A fundamental problem facing the rational design of materials is the independent
control of electrical and thermal properties, with implications for a wide range of
applications including thermoelectrics, solar thermal power generation, and thermal
logic. One strategy for controlling transport involves manipulating the length scales
which affect it. For instance, Si thermal conductivity may be reduced with relatively
little change in electrical properties when the confining dimension (e.g., nanowire
diameter) is small enough that heat carriers are preferentially scattered at free surfaces.
However, tailoring properties by geometry or chemistry alone does not allow for on-
demand modification, precluding applications which require responsive behavior such
as thermal transistors, thermoelectric modules which adapt to their environmental
temperature, or switchable thermal barriers.

One means of tuning transport is elastic strain, which has long been exploited to
improve carrier mobility in electronic devices. Uniform strain is predicted to affect
thermal conductivity primarily via changes in heat capacity and phonon velocity,
and crystalline defects such as vacancies or dislocations—which induce large strain

gradients—should lower thermal conductivity by decreasing the phonon mean free path.



Nanowires are ideal for the study of strain and defect effects due to the availability
of a range of elastic strain an order of magnitude larger than in bulk and due to
their small volumes. However, experimental measurements of strain-mediated thermal
conductivity in nanowires have been limited due to the complexity of simultaneously
applying and measuring stress or strain, heating, and measuring temperature.

In this dissertation, we measure strain effects on thermal conductivity using a
novel non-contact approach which we name Raman piezothermography. We apply a
uniaxial load to individual Si nanowires, Si thin films, and Si micromeshes under a
confocal p-Raman microscope and, using the Raman laser as a heat source and the
Raman spectrum as a measure of temperature, determine thermal transport properties.
We show that uniaxial strain up to ~1% has a weak effect on Si nanowire or thin
film thermal conductivity, but irradiation-induced defects in nanowires yield dramatic
reductions due to increased phonon scattering. Such defects are accompanied by large
strain gradients, but decoupling the effect of these gradients from local changes in
mass and interatomic potential is experimentally untenable. To isolate the effect of
strain gradients, we extend our method to Si micromeshes, which exhibit nonuniform
strains upon loading. The complex strain states achieved cause more drastic reductions
of thermal conductivity due to enhanced phonon-phonon scattering in the presence
of a strain gradient. The directions suggested by our experiments, as well as the
development of the method, will allow for more robust understanding and control of

thermal transport in nanostructures.
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Chapter 1

Introduction

That the strength of materials tends to increase as the sample size becomes
smaller has been known since the 1950s, when Brenner showed that the fracture
strength of single-crystal microwires depended strongly on diameter and length.! This
volume dependence arises from the spatial distribution of the atomic-scale defects
responsible for plastic flow or fracture, which may be reduced in number or eliminated
altogether by reducing sample size. A size effect on the mechanical properties of
Si was first reported by Namazu et al., who showed increases in bending strength
from 0.5 to 17.5 GPa when the diameter of cantilevers was reduced from mm length
scales to hundreds of nm.? Many other groups have studied the size dependence of
mechanical behavior in Si using bending,*® resonance,? or tensile testing, * > and the
definitive work in the field was performed by Zhu et al.,'* who showed a pronounced
diameter dependence in tensile tests of vapor-liquid-solid (VLS) grown Si nanowires
with diameters in the 15 to 60 nm range. Nanowires with diameters below 30 nm
exhibited a decrease in Young’s modulus from the bulk value, and fracture strengths
of the thinnest nanowires exceeded 12 GPa, an order of magnitude higher than typical
bulk Si and about half the ideal tensile strength of 22 GPa.®: 17 A summary of the
experimentally measured fracture strengths of single-crystal, VLS-grown nanowires

may be seen in Figure 1.1. Although the absolute values differ widely between reports,
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Figure 1.1: Diameter dependence of fracture strength in VLS-grown Si nanowires.
Closed symbols indicate tensile testing; open symbols indicate bending. Data are
taken from Refs. 4-6, 10-12. Lines are intended as guides for the eye. Although the
exact values differ, in the vast majority of reports Si nanowires exhibit much larger
fracture strength than bulk, with a strong trend toward higher strength with smaller
diameter. This implies a larger range over which to tune strain-sensitive properties in
Si nanostructures.

likely due to differences in sample quality and testing method, the trend is clear: as
the diameter of a Si nanowire is reduced, it can accomodate more stress—and hence

more strain—before fracture.

The expanded range of elastic strain available in nano-Si implies that there is also
an expanded range in the properties which couple to strain. Strain has long been used
as a means of tuning electrical properties by warping and splitting of the electronic band

structure, e.g. in strained Si field effect transistors.'®2° One example of a potential



application of strained Si which has not been fully explored is in thermoelectrics,
which convert thermal gradients to electrical potential. Thermoelectric efficiency is
gauged by the non-dimensional figure of merit ZT:

B S%0T

K

ZT (1.1)

where S = —(AV/AT)|;— is the Seebeck coefficient, o is the electrical conductivity,
and « is thermal conductivity, and T is temperature. A good thermoelectric has high
S, high o, and low « in order to yield high voltages from the temperature gradient,
efficiently conduct current, and maintain the temperature gradient, respectively. Si in
bulk is a poor thermoelectric, but nanostructured Si can have thermoelectric efficiencies
orders of magnitude higher due to a drastic lowering of thermal conductivity. Progress
in this field has moved quickly: the effect was first demonstrated in Si nanowires in
200821 22 nanocrystalline bulk Si in 2009,2% and nanomesh or “holey” Si thin film

structures in 2010,%* with dozens of reports in the following years.

The efficiency of nano-Si is not quite competitive with conventional thermoelectric
materials (e.g. PbTe, BisTes), but as Si is cheaper, more abundant, and less toxic
than those materials, it is an attractive alternative. We may furthermore be able to
improve the efficiency of nano-Si by modifying the band structure via strain. However,
the effect of strain on thermal conductivity of these structures has been experimentally

unexplored, despite the fact that, as we will see, tensile strain is expected to lower



thermal conductivity, potentially improving the thermoelectric figure of merit in

nano->Si.

In this dissertation we will examine the thermal conductivity of Si nanowires,
thin films, and micromeshes under strain using a novel method which we have named
Raman piezothermography. In this chapter we will review concepts in elasticity,
thermal conductivity of crystalline insulators with attention paid to size and strain
effects, and the application of Raman spectroscopy to crystalline Si. In the following
chapters we will describe the novel method used to perform simultaneous mechanical
and thermal measurements of nanowires, thin films, and micromeshes and discuss the

results of these experiments, as well as new directions for nanoscale strain engineering.

1.1. Elastic Strain

In order to explore strain effects on thermal conductivity, we must first define
some basic terms in solid mechanics. Strain is the ratio of deformation to length, and

in one dimension engineering strain, e,, may be written

AL  Ou
€y = — =

== (1.2)

where AL/ L refers to the overall percent change in length (the average linear strain),
and u and z are displacement and position of any point within the body.?? This may be

seen schematically in Figure 1.2. The above equality holds for uniform or homogeneous



strain where force and strain are the same throughout the body; AL/L # g—;’ at every
point for nonuniform or heterogeneous strain, where strain varies depending on position

(i.e., there is a strain gradient). In three dimensions, strain at a point is a symmetric

second-rank tensor:

ou 1 [ Ou ov 1 (0u ow
€xo €ay €az i 2 (@ + %) 3 (5 +57)
€ = = | 1(0u_ Ov (o) 1(0v 4 Odw 1.3
v €xy Cyy €yz 2 (8y + 8x) ay 2 (@ T oy (1.3)
1 (0u ow 1 (ov ow ow
€rz €yz €z 1 (o +3) 3 (a_ - B_y> 3

where the u, v, w represent displacement from initial position x, y, z.2% Stress, defined
as force per unit area, is also a symmetric second-rank tensor, and for small deformation

it is related to elastic strain via Hooke’s Law:

€ij = OijklOj (1-4)

where o;; and S, are the stress and compliance tensors, respectively. For one-

dimensional deformation, this simplifies to

=1, (1.5)

where F is known as Young’s modulus.?> We note that these definitions apply to solids
under small displacements where the deformation is elastic, meaning that the material

returns to its original shape on unloading. Si is considered a “linear elastic” material,
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Figure 1.2: Schematic of one-dimensional uniform strain adapted from Ref. 25. For a
body deforming in response to a uniaxial force, point A moves to A’ and B moves
to B’. Since B is further from the fixed end, it is displaced more than A. The initial
separation between the points, dz, then becomes dz + du/dx dx.

meaning that it obeys Equation 1.5 and exhibits a linear relationship between stress

and strain up to its fracture stress, with no permanent (“plastic”) deformation.

1.2. Thermal Conductivity

Turning now to basic concepts in thermal transport, thermal conductivity is
_>

defined as the proportionality constant between heat current, 3 and the temperature

_)
gradient. For a sample with a temperature gradient V7', Fourier’s law states:
- o
j=—K -VI'=—(ke+ k) VT (1.6)

where the ;5;, K, are the electron and lattice (phonon) contributions to the thermal
conductivity, respectively. The electronic component of the thermal conductivity is

given by the Wiedemann-Franz law, which states that, for fixed temperature, I?e is



linearly related to the electrical conductivity. For moderately doped bulk Si with room
temperature resistivity 1 mQ-cm (corresponding to dopant concentration approximately
10%° em™!), charge carriers are responsible for just 0.5% of the thermal conductivity. 28
Here we study systems with negligible k_; so only the phononic contribution to thermal
conductivity will be considered. For heavily doped or highly piezoresistive systems,
thermal measurements would need to be combined with measurements of electrical
conductivity in order to discern the separate contributions to k. One would also need

to consider the effect of phonon scattering from a higher population of charge carriers.

By treating phonons in a three-dimensional material as an ideal gas (a reasonable
assumption at room temperature since, at equilibrium, they are randomly moving,
weakly interacting particles), we can apply the classical kinetic theory of gases to
derive an expression for the thermal conductivity. If we consider a particle moving a

_)
distance 1 between regions with temperature difference AT, we can write
— — — N
AT =VT- -1 =VT- vt (1.7)

ﬁ.
where v is the particle’s velocity and 7 is the time to move distance 1.2 In moving
from T+ AT to T, the particle loses energy cAT, where ¢ is the particle’s heat capacity.

We can then write the rate of change of energy for a single particle as?7

— = (VT -— =cVT 0. (1.8)



For particle concentration n, the net particle flux is n?, so by combining this with
Equations 1.7 and 1.8 the net heat (equivalently, energy) flux for all particles is then
given by

- —
j=-nv— = —ner(v-v)VT. (1.9)

We may further write the total heat capacity as C' = nc, and if we consider all phonon
modes, where a mode consists of a single frequency and wavevector, we arrive at the

. <>
expression for the components of k:

Rij = Z CQTO/U{U]' (110)

where the modes are denoted by « and i, j refer to the three principal axes of the chosen
coordinate system.?® Therefore, by examining how we may tune a material’s heat
capacity, scattering times, or phonon velocities, we may derive means of engineering

thermal conductivity.

1.2.1. Surface Effects on Thermal Conductivity

Nanostructuring affects thermal conductivity through reductions in phonon
scattering time, 7, and phonon confinement effects. The latter are significant in
nanowires and thin films with critical dimension nearly an order of magnitude smaller
than the samples to be discussed in later chapters, so here we will focus on scattering

only. When the critical dimension d (e.g. nanowire diameter, film thickness) falls



within the spectrum of phonon mean free paths for a given material, phonon scattering
at free surfaces becomes significant. The effect of various scattering mechanisms on
scattering time, which is inversely proportional to mean free path, may be understood

according to Matthiessen’s rule: %

T = (ZT;1> (1.11)

where the sum is over the types of mechanisms: boundary scattering, defect scatter-
ing, phonon-phonon scattering, phonon-electron scattering, isotope scattering, etc.
Reductions in scattering time will lead to reductions in thermal conductivity; in the
case of nano-Si this comes from a reduction in Tyoundary. Assuming diffusive transport
dominates (a reasonable assumption for nanowires except at cryogenic temperatures,
where ballistic transport plays a role?), Matthiessen’s rule yields a reduction from

the bulk thermal conductivity of

d Kpulk

= — 1.12
lywir +d ( )

RNwW

where kyw and Ky, are the thermal conductivities of the nanowire and bulk Si,

respectively, and [y, is the bulk mean free path.3!

The first study of Si nanowire thermal conductivity was performed by Li et al.
on VLS-grown Si nanowires with diameters ranging from 22 to 115 nm, which were

found to have thermal conductivities far lower than bulk—over an order of magnitude



for the thinnest wires at room temperature—with a strong diameter dependence in
accordance with Equation 1.12.32 The group repeated the experiment in a later work
which examined VLS nanowires with diameters 15 to 20 nm, as well as nanowires which
had been oxidized and etched in HF to produce rougher surfaces.®® The roughened
nanowires were found to have far lower thermal conductivities than smooth wires of
similar size. The difference was explained by increases in diffuse scattering at rough
surfaces, as opposed to specular or mirror-like scattering at atomically smooth surfaces,
depending on phonon frequency and the height of the roughness. Other works have
similarly shown a decrease in thermal conductivity in Si nanowires with controlled

22, 33-35

surface roughness. Results of the various measurements of nanowire thermal

conductivity and surface roughness may be seen in Figure 1.3.

A critical flaw present in all of these studies of roughness effects is that the
chemical etching process used to produce and roughen Si nanowires is known to also

36,37 which could lower thermal conductivity. Such

produce pores and core defects
defects may additionally be undetectable using a transmission electron microscope
(TEM)—the tool of choice in these studies for determining crystal quality—and could
therefore have been overlooked. One of the definitive studies of surface roughness
acknowledged this possibility as their Raman spectra of incrementally roughened
wires were consistent with Raman spectra of Si containing incrementally higher

concentrations of defects.?® No experimental studies have yet been performed which

used alternative roughening methods or in which the effects of roughness and defects
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Figure 1.3: Diameter and roughness dependence of Si nanowire thermal conductivity.
By comparison, bulk Si has thermal conductivity 150 W m~ K~1,3% well off the axes
of this figure. Data are taken from Refs. 30-35. The coloring of the data points
correlates with the RMS surface roughness as per the colorbar. All nanowires with
zero RMS roughness were VLS-grown except those from Feser et al. and Ghossoub et
al., which were produced using top-down etching methods. Roughened or top-down
wires generally have lower thermal conductivities than VLS nanowires of the same
size. The exceptions to this trend at ~175 nm were believed by the authors of that

study to be an artifact of their measurement method.

were quantitatively decoupled and determined—although simulations do predict that
surface roughness is not sufficient to produce the observed thermal conductivity drops

and that core defects are necessary>®—motivating the need for such experiments.

1.2.2. Unmiform Strain Effects on Thermal Conductivity

Turning to strain’s effect on thermal transport, we see from Equation 1.10 that

thermal conductivity depends on heat capacity, scattering time, and phonon velocity.

11



The strain effects on these quantities may be understood via their dependence on
phonon frequency. The force constants of Si, which change with strain, lead to
decreasing phonon frequencies with tensile strain3 (see Figure 1.4), and we can use

this to gain some intuition about how thermal conductivity changes with strain.

12
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Figure 1.4: Theoretical phonon dispersion curves for Si under strain. a) From Ref. 41,
dispersion along [001] for increasingly biaxially strained Si. The magnitudes of the
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We begin with the heat capacity, which scales for harmonic oscillators as?

w*” exp %
(JNZ/ m( ) D,y(w)dw (1.13)

where h, k are the reduced Planck and Boltzmann constants, respectively, the sum-
mation is over all polarizations p, the integral is over the wavenumbers, and D, (w) is
the density of states.?0 Within the Debye model for diffusive transport, the density of
states is proportional to w?, so then the predicted decrease in phonon frequencies with

tensile strain will decrease heat capacity, thereby decreasing thermal conductivity.

The strain effect on group velocity may be understood via changes in density

and the elastic constants with strain. The weighted average phonon velocity for an

b2

where the velocity of the longitudinal phonon is v; = 1/C41/p and the velocity of the

isotropic solid is

transverse phonons is v, = \/T/p.44 The C;; are components of the elastic stiffness
tensor (the inverse of the compliance tensor described in Section 1.1), and p is density.
For real, anisotropic solids, one would need to calculate the weighted v for the three
directions. The decrease in phonon frequency with tensile strain implies a decrease
in stiffness, so we would expect the components of C' to decrease with tensile strain.
Density will also decrease, but for Si the change in p has shown to be relatively small

compared to the change in C,*% % so, overall, phonon velocity decreases.
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The effects of strain on most scattering processes are not well-studied, but we
can examine the dependence of scattering time on phonon frequency. The scattering
mechanisms most relevant to single-crystal Si are point-defect scattering (e.g. scattering
from an isotope, dopant, or vacancy), boundary scattering, phonon-electron scattering,
and phonon-phonon scattering (we ignore the momentum-conserving normal processes
here and consider only Umklapp scattering). The scattering times associated with

these mechanisms are related to frequency as?® 46

—4
Ta,point defect ™~ Wy (115)
—1
Ta,phonon-electron ™~ Wy, (116)
1
-2
Ta,Umklapp ™~ TWQ (117)

The boundary scattering dependence on frequency is due to the surface roughness,3* 47

which we would not expect to change significantly with strain. The effect of changing
phonon frequencies on Tyoundary Would therefore depend strongly on the sample surface
quality. We note that Tphonon—eiectron 15 also dependent on effective mass, which should
be affected by strain, the sign of which depends on the direction of the applied stress
and the doping of the sample.® However, this scattering mechanism is generally much
weaker than the others?® and shows the weakest dependence on phonon frequency.
In both cases, tensile strain, which decreases phonon frequencies, would increase

scattering time and hence increase thermal conductivity. The Umklapp scattering will

15



further depend on strain via changes in vibrational anharmonicity. It has been shown

that the Umklapp scattering time scales as

Ta,Umklapp "™~ T (%) (118)

where b depends on how interatomic force constants change with strain and V/V}

44

is the volumetric strain.** -, is the Griineisen parameter for mode «a, which relates

changes in frequency to unit cell volume:

J(Inw,)

Yo = “oMmV) (1.19)

Since V/Vy is > 1 in tension and 7, is positive, Equation 1.18 implies 7, Umklapp
decreases with tensile strain. Tensile strain will therefore increase or decrease 7, Umklapp

depending on which scaling factor (Equations 1.17 or 1.18) is stronger.

With tensile strain we therefore have a competition between terms which decrease
thermal conductivity with tensile strain (heat capacity, phonon velocity, anharmonic
effects on Umklapp scattering time) and those which increase thermal conductivity
(frequency effects on scattering time). The relative magnitudes of these effects depend
on, among other things, doping, carrier concentration, defects, isotope content, and
temperature. The terms which are most affected by strain may therefore have the least
effect on overall thermal conductivity, so comprehensive simulations and experiments

are needed to fully understand the effects of strain on thermal conductivity of real
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materials.

Performing experimental measurements of elastic strain-mediated thermal con-
ductivity is difficult due to the complexity of simultaneously applying and measuring
stress or strain, heating, and measuring temperature, though a handful of experiments
have been performed for inorganic solids. To our knowledge the first measurement
was performed in 1962 by Keyes and Sladek, who determined the strain dependence
of single-crystal doped Ge thermal conductivity at low temperatures. The researchers
found that uniaxial tensile strain increased or had no effect on thermal conductivity,
with strong dependence on dopant type and concentration as well as orientation,
contrary to the expectation described above. They attributed these results to changes
in donor wave functions which affect phonon scattering, so this is an electronic effect
unrelated to our prior analysis. Ross et al. reviewed studies of bulk materials up to
1984 and found that for a wide variety of both metallic and nonmetallic materials,
thermal conductivity was positively correlated with increasing hydrostatic pressure.*®
Andersson and Béckstrom in 1988 studied single-crystal Si under hydrostatic pressure
and found a weak, but similarly positive correlation.*® More recent experiments mea-
sured thermal conductivity in bulk Si under uniaxial compression®®, bulk muscovite®!
and MgO®? under hydrostatic compression, and Al and SiN,, thin films under uniaxial

53-55

tension, and in all cases thermal conductivity was positively correlated with

compressive stress, as we would expect.

Although experimental studies of the thermal conductivity dependence on strain

17



are sparse for bulk and thin films and nonexistent for nanowires, thorough studies
using molecular dynamics (MD) have been completed. Simulation-based reports make
use of the Green-Kubo equation, which relates kinetic to equilibrium properties via
an equilibrium correlation (autocorrelation) function. The Green-Kubo relation for

(scalar) thermal conductivity takes the form®°

el ARCICRELOIL (1.20)

*)
where V' is volume, kp is Boltzmann’s constant, j is heat current density, and ¢ is

time.

The first attempt to understand the effect of applied stress or strain on thermal
conductivity was performed by Picu et al., who modeled an fcc lattice using a Lennard-

Jones potential and the heat flux as:®7

% 1 N N
:WZZ zk zk ’U@ (121>

i=1 k=1

where ?ik, I_;‘lk are the vector distance and the force acting between atoms ¢ and k,
respectively, and 31 is the velocity of atom . Under 3% hydrostatic strain in tension
and compression they observed a 40% reduction and 100% increase, respectively, with
the asymmetry arising from the form of the interatomic potential. For plane strain they
observed similar trends, but for plane stress, in which the lattice was allowed to relax

in the out-of-plane direction, the researchers observed a weak (<10%) dependence
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of the thermal conductivity on strain. They attributed the effect to a combination
of changes in stiffness (and hence velocity) and an increase in scattering rate due
to lattice anharmonicity, both of which occur since a Lennard-Jones solid displays
significant nonlinear elasticity. In a later study, Bhowmick and Shenoy** reported
similar trends for a Lennard-Jones solid under hydrostatic strain and attributed the
decrease in thermal conductivity to reduction of phonon velocity due to the volumetric

strain and an increase in lattice anharmonicity leading to a decrease in Tymkiapp-

Molecular dynamics studies of Si have been performed by Li et al*?

and Yang et
al.®> Li et al used MD to examine the effect of strain on thermal conductivity of Si and
diamond in bulk, thin film, and nanowire form. Their results showed a less-dramatic
strain effect for Si and diamond than for a Lennard-Jones solid: 3% hydrostatic strain
yielded a reduction in & for bulk Si of 18%. In the case of nanowires, the effect was
even more subtle, with a 3% reduction in x with 3% tensile strain for a 4 nm-diameter
Si nanowire. They attributed their thermal conductivity changes to shifts in the
phonon dispersion curves with tensile strain which lower phonon frequencies, leading
to decreases in heat capacity and phonon velocity. More recently, Yang et al. modeled
13 nm-thick Si thin films and found a ~9% decrease in thermal conductivity for every
3% in-plane biaxial strain. They attributed this change to decreases in phonon velocity.
Results from both studies may be seen in Figure 1.5. Taken as a whole, our intuitive

understanding of thermal transport based on changes in heat capacity, phonon velocity

and scattering time combined with the results of MD simulations suggest that we
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Figure 1.5: MD predictions of strain effects on Si thermal conductivity. a) From Ref.
42, thermal conductivity as a function of hydrostatic strain in bulk Si. Copyright 2010
American Physical Society. b) From Ref. 45, thermal conductivity as a function of
biaxial strain in thin film Si. Copyright 2014 Elsevier.

should expect thermal conductivity to decrease with increasing uniform tensile strain.

However, the extent is not clear, motivating the need for experiments on real materials.

1.2.3. Nonuniform Strain Effects on Thermal Conductivity

The effect of heterogeneous states of strain on thermal conductivity is far less
well-understood than the uniform strain effect, though many systems known to
feature such states of strain have reduced thermal conductivities compared to their
homogeneously strained counterparts. However, the effect of the nonuniform strain
present in these systems is not readily experimentally decoupled from other effects
which may also be responsible for the change in thermal transport. For instance, Si/Ge
superlattices—alternating layers of epitaxially grown Si and Ge—have lower thermal

conductivity than their alloy counterparts.®® Due to a slight lattice mismatch, each
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layer of a superlattice has some strain gradient through its thickness which may be
responsible for a large portion of the thermal conductivity reduction,® but the strain
effect is experimentally difficult to isolate from the effect of boundary scattering from
interfaces. Similarly, dislocations effectively scatter phonons due to long-range strain
fields as well as mass difference at the core of a dislocation line.?® ¢ The strain field is
predicted to affect thermal transport via an increase in vibrational anharmonicity and

60-62

hence increased phonon scattering, but this effect has never been experimentally

isolated.

We may also consider point defects such as vacancies or impurity atoms, which
create large local strains which decay away from the defect, creating large strain
gradients. MD simulations predict the atoms around a vacancy cluster in Si to
be distorted by as much as 17%% and for thermal conductivity to decrease with
increasing vacancy concentration,% % though it is not yet clear which of the various
mechanisms responsible for point defect scattering dominate, again due to the difficulty
of decoupling them. These mechanisms include mass-difference, change in bond
strength, and strain, and their relative weights are typically calculated Klemens’

formulation: °

_1 3a® w*

2
7—poin‘c defect — ?% (Sr2r1ass + (Sbond + Sradius) ) (122>

where the S terms are the scalar weights of the various scattering mechanisms, with

21



the strain effect treated as a local change in atomic radius. Here a® is the volume
of one atom, G is the number of atoms in the crystal (so Ga® is the volume of the
crystal), w is phonon frequency, and v is phonon velocity. Klemens treats the medium
as isotropic and averages over all modes for simplicity. Although Klemens’ model has
remained the most common framework by which the weights of the various scattering
mechanisms for point defects have been evaluated for over half a century, it contains
some clear and obvious flaws. The most troublesome is the treatment of the strain
effect as simply a change in radius. This treatment may be apt for substitutional
dopants or isotopes but is clearly insufficient for vacancies or interstitials, which cause
significant atomic rearrangement and furthermore tend to cluster.%® %6 Although many
reports (see, e.g., Refs. 67-70) rely with some success on Klemens’ formulation, the
need for a more robust model for the mechanisms behind phonon scattering from strain

gradients—or a means of experimentally decoupling these mechanisms—is obvious.

1.3. Raman Spectroscopy of Crystalline Solids

In this work, we study strain effects on thermal conductivity using Raman
spectroscopy, an optical technique which examines vibrational properties of a material;
as such, it may be used to measure quantities such as strain or temperature. In a
typical Raman experiment a monochromatic laser is focused on a sample, and peaks
in the spectrum of inelastically scattered light correspond to optically-excited phonon

%
modes. For a vibrating lattice in an oscillating electric field E, we can write the
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induced dipole vector B as

%
p=a-E (1.23)

' o, and hence p, is a function of interatomic

where o is the polarizability tensor.
displacement—as the lattice vibrates, o changes. Expanding ain a Taylor series

about the equilibrium atomic displacement, we have

0y 1/ d%a,,
Qpo = (Cpo )o + ; (862: >0Qk +3 (Wa’bz)ﬂ’“@l 4o (1.24)

where the (a,,)o are the components of o at equilibrium and the @y, Q... are
displacement amplitudes associated with modes of frequency wy, w;... with summation
over all normal modes. For atomic vibrations of amplitude Qo, frequency wy, and phase
—
factor 0y, and an electric field E and frequency w, we can write Qy = Qo cos(wit + )
— —
and E = Ecos(wt). Plugging these expressions and Equation 1.24 into Equation 1.23,

we have

— v

- o -
p = oo Ecos(wt) + oy, EoQro cos(wit + 6y) cos(wt)
— 1 —
— aoEy cos(wt) + 58;E0Qk0 cos(wt — wyt — ) (1.25)

1er =

+§akEoQko cos(wt + wit + 0p) + - - -

So we have an oscillating dipole which will emit light at the frequency of the oscillation;
the first term on the very right-hand side of this equation corresponds to elastic

(Rayleigh) scattering, while the second and third terms are due to inelastic scattering
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to lower (Stokes) or higher (anti-Stokes) photon frequencies.™ The units of w here
are s~1, but it is important to note that by convention Raman spectra are in units
of inverse wavelength or spatial frequency, cm™!, which is linearly proportional to

frequency.

1.5.1. Strain Effects on the Si Raman Spectrum

Strain affects the Raman spectrum of crystals via a loss of phonon degeneracy and
changes in phonon frequency. The wavenumbers of visible light are orders of magnitude
smaller than crystalline Si’s Brillouin zone, so Raman spectroscopy probes phonons at
the Brillouin zone center (wavenumber g ~ 0). This means we are examining only the
optical phonons since the frequency of acoustic phonons goes to zero at the center of
the Brillouin zone. In order to understand the effect of strain on the Raman spectrum,
then, we must examine the effect of strain on the frequencies of ¢ ~ 0 optical phonons.
For an unstrained diamond-structure crystal such as Si, the one longitudinal and two
transverse optical phonons are triply degenerate where ¢ ~ 0, yielding a single peak

Lin the case of Si). The application

in the Raman spectrum (centered near 521 cm™
of uniaxial or biaxial strain breaks this degeneracy, producing two or three separate

(nondegenerate) modes of different frequencies than the unstrained, degenerate modes.

The effect of strain on the Raman spectrum depends on the polarization of incident
and scattered light, the direction of strain, and the orientation of the scattering surface.

For diamond-structure crystals with strain tensor (g, the Raman shift with strain may
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be found using the secular equation derived by Ganesan et al.™:

perr + qlen + €33) — A 2reqn 2res
2reqn perr + q(€ean + €33) — A 2reos =0
2res 2reos perr + g€ + €33) — A

(1.26)
where A = w? — w? where w; is Raman frequency (in units of cm™') with strain and
wp is Raman frequency without strain. Since Aw = \/2wy, we may obtain the Raman
shift with stress from the eigenvalues. The phonon deformation potentials p, ¢, and r
relate phonon frequencies to strain and have been calculated using Raman data for
strained Si by various groups; ™ 7" the most recent and comprehensive of these reports
gives p = —1.56w?, ¢ = —1.98w2, and r = —0.96w?, in good agreement with previous

measurements and which we will use here.

The secular equation is given in the reference system (z=[100], y=[010], z=[001]),
but in this work we consider uniaxial stress applied along the [110] and [111] direc-

tions, so the strain tensor components €;; must be determined using Hooke’s Law

Stress direction €11 €929 €33 €12 €13 €923
[100] pSn PSlQ PSlg 0 0 0
[110] P(S112+512) P(S112+512) PSyo % 0 0

[111] P(S1142812) | P(Sui+2812) | P(Sui+2512) | PSu PS4q £ag
3 3 3 6 6 6

Table 1: Non-zero components of the strain tensor for a diamond-structure crystal
with a uniaxial load where the principal axes are [100], [010], [001].
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(Equation 1.4) in the reference system. The strain components for a uniaxial stress of
magnitude P applied along the [100], [110], and [111] directions are given in Table 1.
For a cubic crystal the only nonzero components of the compliance tensor are Sii,
S12, and Sy4, with values for Si of 7.68, -2.14, and 12.6 TPa™!, respectively.”™ Solving
the secular equation for stress along these directions yields three eigenvalues and
hence three phonon modes, two of which are degenerate for stress along [100] or [111].
Observation of these modes in the Raman spectrum will depend on the polarization of
incident and scattered light as well as the backscattering surface; for stress along [100],
[110], and [111] with light polarized along the direction of tension and backscattering
from the (100), (100), and (112) surfaces, respectively, we expect to observe shifts

of -2.0, -2.0, and -3.7 cm ™!, respectively. These shifts have been verified by various
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Figure 1.6: Predicted Raman spectra for Si under stress along the [100] direction.
1 GPa of stress corresponds to 0.77% strain.
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groups: by Anastassakis et al.™ for stress along [100] and [111] and Peng et al. for
stress along [110],7% and will be used to measure strain in later chapters. Examples
of the predicted changes in the Raman spectrum of Si with applied uniaxial tensile

stress may be seen in Figure 1.6b.

1.3.2. Temperature Effects on the Si Raman Spectrum

Increasing temperature affects the first-order Raman spectrum of Si in three
respects: downshifted peak position, broadened peak width, and reduced Stokes/anti-
Stokes ratio. The experiments discussed in this work will rely on the shift in peak
position, which yields the most precise temperature measurements, so we will focus
on those shifts here. As with the strain effects on the Raman spectrum, temperature
effects may also be understood by examining the effect of temperature on the fre-
quencies of optical phonons at the Brillouin zone center. These frequencies change
with temperature due to thermal expansion or contraction and a resulting change
in interatomic potential; they are thus independent of orientation and hence light
polarization. The shifts were first calculated by Cowley™ and experimentally verified

1.8 showed that the temperature-dependent

by Hart et al.8° More recently, Doerk et a
Raman shifts in Si nanowires are identical to bulk at -0.022 cm~! K~! near room
temperature. For typical Raman systems which can measure the position of Si peaks

with precision on the order of 0.01-0.1 cm™! this implies temperature measurements

are precise to within a few degrees.
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1.4. Summary and Thesis Outline

We have seen that uniform and nonuniform strain may be used to tune thermal
conductivity of Si nanostructures, but that these effects have not yet been experi-
mentally assessed. We have furthermore seen that Raman spectroscopy is a valuable
tool for measuring temperature and strain in Si. In this dissertation, we will present
Raman-based measurements of thermal conductivity in Si nanostructures as a function
of uniaxial tensile strain as well as more complicated strain states. We will begin with
uniaxial tensile tests on nanowires, discuss the novel method of measuring thermal
conductivity of such wires, and then extend the method to irradiated wires, strained
thin films, and strained nanomesh structures. We will conclude with future prospects
for nanoscale strain engineering of thermal conductivity and new applications of the

Raman-based method.
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Chapter 2

Tensile Testing of Nanowires

Portions of this chapter have been reproduced with permission from Nanotechnology,
Volume 24, Issue 23, Page 235704. Copyright 2013 Institute of Physics.

In order to determine the strain dependence of the thermal conductivity of
nanowires we must first develop a controllable, repeatable method of dynamically
applying displacement and measuring load in an individual nanowire. The simplest
and most easily interpretable state of strain is uniaxial tension, but it is also among
the most difficult to achieve in that it requires the development of actuators and
load cells with nm and nN resolution, respectively, as well as means of transferring,
aligning, and gripping individual nanowires. In this chapter we will present a method
of obtaining stress-strain curves of individual nanowires, with special attention paid
to proper measurement of strain when using compliant gripping materials. We will
discuss results of uniaxial tensile tests on three species of semiconductor nanowires

and prospects for further improving measurements of nanoscale mechanical behavior.

2.1. Materials and Methods

Several species of inorganic nanowires were used in this study, including two

distinct types of Si nanowires. The first set of Si nanowires were <100>-oriented,
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fabricated using a top-down metal-assisted chemical etching (MACE) method in which
nanowire diameters were defined using electron beam lithography on (100) Si wafers.
Following patterning, approximately 15 nm of Au was deposited using electron beam
evaporation and wafers were etched in a solution of peroxide and HF following the
methods of Refs. 36, 82. The Au layer catalyzed the oxidation and removal of Si
at the Au-Si interface, leaving nanowires wherever the Au did not contact the Si.
The first etch step left thin, cobweb-like Si filaments in addition to the patterned
nanowires due to discontinuities in the Au film, so the wafers were then oxidized
in a tube furnace and etched in HF to remove the unwanted filaments. The second
set of Si nanowires were undoped, <111>-oriented, vapor-liquid-solid (VLS) -grown
purchased from Sigma Aldrich with nearly monodisperse diameters in the range of
170-180 nm. We performed additional mechanical tests on various nanowires received
from collaborators. <1010>-oriented GeyShyTes (GST) nanowires®® # 115-280 nm
in diameter and <110>-oriented GeTe nanowires® 100-128 nm in diameter were
grown using VLS by Prof. Ritesh Agarwal, Pavan Nukala, and Rahul Agarwal at
Penn. <110>-oriented Pd nanowires grown using a method based on molecular beam
epitaxy (MBE)®® 33-100 nm in diameter were supplied by Dr. Gunther Richter at the
Max Planck Institut in Stuttgart, Germany. Mechanical testing of Pd nanowires was
performed by Lisa Chen at Penn. Images of Si, Ge;ShyTes, and GeTe nanowires prior
to harvesting may be seen in Figure 2.1. All nanowires were single-crystalline, with

orientation of VLS- and MBE-grown nanowires verified using selected area electron
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diffraction. Top-down Si nanowires took the orientation of the host wafer from which

they were grown.
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Figure 2.1: Semiconductor nanowires used for mechanical testing. a) Top-down Si
NWs with controlled diameters. b) A single VLS nanowire on a holey carbon grid and
attached to a nanomanipulator. ¢) A GST nanowire as grown, with a nanomanipulator
in contact but not yet attached. d) As-grown GeTe nanowires.
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In order to apply uniaxial tension we transferred individual nanowires to a
microelectromechanical systems (MEMS) -based tensile testing device fabricated at
the Center for Integrated Nanotechnologies (CINT). Trenches were milled into the
grips of the device using a focused ion beam (FIB) to aid in alignment of the specimen
with the tensile axis. The device consisted of a thermal actuator and a compound
flexure load cell, as shown in Figure 2.2a. Actuation was controlled by applying voltage
across the actuator (electrically and thermally isolated from the sample by a thin
SiNy strip) with a Keithley 2636A source measure unit (SMU). The applied voltage
induced a current, and the slender, angled beams thermally expanded due to Joule
heating, pulling the two grips apart. We calibrated the actuator by incrementally
increasing the voltage across the beams and acquiring an image of the actuator at
each increment. Separate calibrations had to be performed for actuation under an
an optical microscope in ambient conditions or inside a scanning electron microscope
(SEM) due to convective heat losses when actuating in air, which affected temperature
and subsequently actuator displacement. The image series was analyzed using digital
image correlation (DIC) to extract the displacement of the actuator as a function of
applied voltage, then inverted to obtain voltage as a function of displacement. We
could then produce tables of voltage values which would yield a constant displacement
rate during testing. Voltage was controlled during testing using the Keithley SMU

and a custom LabView program.

All nanowires were transferred to the testing device from their as-grown state
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except for the VLS Si nanowires, which arrived in solution and were first dispersed
onto holey carbon grids. Nanowires were harvested inside a SEM by attaching a
single nanowire to a tungsten probe (tip radius <0.1 gm) on a nanomanipulator
(Kleindiek Nanotechnik). The nanomanipulator had three degrees of freedom and its
position could be precisely controlled to within ~1 nm. Nanowires which were isolated
and lying in the same plane as the MEMS device were chosen for nanomanipulation
and testing. After selecting a nanowire, the probe tip was brought into contact
such that the interface between the nanowire and probe could be imaged. The
nanowire was attached using a small amount of Pt-containing material (precursor of
CsH4CH3Pt(CHjs)3) deposited using electron beam induced deposition (EBID), as can
be seen in Figure 2.1b. Once attached to the nanomanipulator, nanowires were lifted
off of the substrates, and the SEM stage was translated to bring the MEMS device
into the field of view. The stage was then rotated to align the grips of the device with
the nanowire. The wires were lowered into the trenches (except specimens Si B and F
and Pd D, E, and H, which were placed flat on the grips) and clamped using EBID
(Figure 2.2b). Pt- or W-containing (precursor of W(CO)g) clamps were deposited
at 5 to 20 kV accelerating voltages and 40 pA (for Pt deposition) or 560 pA (for
W deposition) beam currents at room temperature. These precursor materials and
deposition conditions are known to produce C-rich deposits with Pt content varying
from 5 to 16at.%.8" In the case of W, the reported metal content for 5 kV accelerating

voltage and 1.6 nA beam current—3x the beam current used here—is about 35at.%.%®
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The deposition time was chosen to produce clamps with thicknesses that exceeded the
nanowire diameter. Clamp widths ranged from 0.5 to 1.5 pm and lengths along the
wire ranged from 0.3 to 1.8 ym. Once secured, the nanomanipulator was retracted,
breaking the relatively weaker bond between the manipulator and the wire without
applying stress to the specimen gage section. Details of the wire materials, dimensions,
EBID conditions, and clamping configurations for Si, GST, and Pd nanowires are

summarized in Table 2.
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Figure 2.2: Tensile testing method. a) Optical image of MEMS tensile platform
employed for in situ testing of individual nanowires. b) SEM image showing a Si
nanowire suspended across testing grips and secured using EBID clamps. ¢) Scheme for
direct measurement of nanowire strain during testing using digital image correlation
of markers providing axial displacements along the gage section of the nanowire.
d) Displacements of the actuator, load cell, and relative displacement between them
during a single mechanical test on a <100>-oriented Si nanowire with d=165 nm
inside a SEM. e) Load-displacement data for the test in (d), from which stress was
determined. f) Stress-strain curves using the two strain measurement methods for the
same nanowire tested inside a SEM as well as under an optical microscope, where only
the effective strain is available. The directly measured strain yields Young’s modulus,
E. in good agreement with bulk, as we would expect for nanowires of this size. The
difference in between the curves produced using the different strain measurement
methods is indicative of clamp deformation.
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For SEM testing, markers were deposited using EBID on both grips, the substrate,
and along the length of the wire spaced far enough apart to prevent load bearing (Figure
2.2b) in order to measure displacement. Strain rates between 107° s7! and 107* s7*
were applied and a series of images were obtained during testing. Displacements of
the deposited markers (SEM testing) or of the MEMS device components (optical
testing) were determined from DIC of the image series, yielding resolution better than
0.1 pixels (1 nm in SEM images or 5 nm in optical images). Strain in the nanowires
was determined from these displacements in two ways. The “direct” engineering
strain was measured from displacement gradients (Figure 2.2c) obtained from the
markers placed directly on the nanowire, while the “effective” engineering strain was
determined from the relative displacements of the two grips and the original gauge
length. Figure 2.2d shows the displacements of the MEMS-based actuator and load
cell over the course of a single test; the relative displacement between these two
components is the displacement between the grips, from which the effective strain
was determined. We note here that when testing under an optical microscope, only
the effective engineering strain is accessible. Load was determined by measuring
the deflection of the compound flexure load cell, which had stiffness linear in the
displacement of 44 N m~!. Displacement of the load cell-and hence load—against
displacement of the actuator for the test shown in Figure 2.2d is plotted in Figure 2.2e.
From the load-displacement curve, the relative grip displacement, and the geometry

of the nanowire we extracted the stress-strain curves seen in Figure 2.2f for both
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SEM and optical tests. Young’s moduli for all nanowires and all strain measurement

methods were determined from the unloading portions of the stress-strain curves.

2.2. Effect of Clamp Deformation on Effective Strain
Measurement

The troubling difference between the effective and direct stress-strain curves
seen in Figure 2.2f is due to deformation of the EBID clamps. Clamp deformation
may influence the effective strain measurement—and any properties which depend
on it, such as Young’s modulus—in a number of ways. This diversity is highlighted
in Figure 2.3a via representative stress-strain curves for Pd, Si, and GST nanowires
(GeTe nanowires are not included in the study of clamp deformation due to their large,
spatially variant plastic deformation, discussed in a later section). The Pd nanowire
shown exhibits an apparent difference in modulus using the two strain measurement
approaches, although linear elastic behavior is measured with both strain measurement
methods, suggesting a low clamp stiffness relative to the nanowire. In contrast, both
slight and extreme apparent hysteresis is detected in the Si and GST stress-strain
curves, respectively, that vanishes or diminishes in the stress-strain curves obtained
from direct strain measurements. This discrepancy can be attributed to permanent
deformation of the clamping material. Without a direct measurement of strain, such
stress-strain curves could be improperly interpreted as indicating plastic deformation

in the nanowires, when in fact the true material deformation remained entirely (Si)

37



or mostly (GST) elastic. It is important to note that the stress-strain curves shown
in Figure 2.3a do not indicate the behavior observed in all nanowires of a particular
material system. Specifically, slight hysteresis was observed in some measurements of

Pd nanowires, and not all GST nanowires exhibited large hysteresis.

The occurrence of apparent hysteresis in the stress-strain response of many of the
tested nanowires, as quantified by measurements of the residual strain upon unloading,
can be ascribed to two potential mechanisms. The first is plastic deformation of
the gripping material, which would be expected to scale with the load transferred
by the nanowire to gripping material. However, measurements of the residual grip
displacement normalized by the total applied displacement show an inverse correlation.
For instance, contacts used for Si and GST nanowires had similar interfacial areas,
yet Si nanowires showed the lowest hysteresis despite incurring the largest forces
during testing. A second proposed mechanism is interfacial sliding (i.e. pull out) of
the nanowire relative to the grips, which presumably depends on the nature of the
interfacial bonding. Indeed, the normalized residual displacements showed differences
between the three materials (Figure 2.3b), with GST and Si showing the highest and
lowest values, respectively. However, further experiments would be needed to validate

this hypothesis with greater statistical significance.
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Figure 2.3: Stress strain curves of inorganic nanowires. a) Stress strain curves for
nanowires composed of three different inorganic materials highlighting differences
between apparent (open markers) and true (closed markers) response upon directly
measuring strain within the specimen gage section. Curves for different materials
are shifted along the strain axis for clarity. Young’s moduli were measured from the
unloading portion of the stress-strain curves. b) In cases where apparent hysteresis
was detected, the residual displacement upon unloading normalized by the total
applied displacement for the three different tested materials. The apparent material
dependence on the residual displacement is consistent with an interfacial sliding
mechanism.

o
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Measurement of both effective and actual Young’s moduli allows for determination

of the mean single contact stiffness,

1 1\
kcontact =2 ( - ) (21)

kapparent kwire

where Kapparent = AEapparent/ L and kywire = AEdirect/ L, with A and L the cross-sectional
area and length of the nanowire, respectively, and E,pparens and Egirect the moduli
determined using the strain from grip displacement and the directly-measured strain,
respectively. This model provides insight on the influence of the contact stiffness on
the apparent elastic response. Namely, the ratio of contact to nanowire stiffnesses
must be greater than 18 to yield better than 90% accuracy in measurement of Young’s
modulus (approximately within our experimental uncertainty considering force and
area measurement, see Ref. 89), as shown in Figure 2.4. The resulting stiffnesses,
moduli, and errors for Si, Pd, and GST nanowires using the two methods of measuring
strain are summarized in Table 2. By varying the nanowire material and geometry
we achieved nanowire stiffnesses that varied by over an order of magnitude (0.07 to
2.4 kN m™1). In total, we found that clamp compliance led to errors in modulus
greater than 10% for 14 out of the 17 samples tested, while errors less than 10% were
only observed for nanowires with stiffness below approximately 0.3 kN m~!. Contact
stiffness was found to be invariant with load for each test, and displayed no correlative
trends with contact length along the wire, accelerating voltage during deposition, or

nanowire material. No strong correlation was measured between contact stiffness and
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Figure 2.4: Ratio of apparent to direct measurements of Young’s moduli during tensile
testing of 3 different inorganic nanowires vs. ratio of contact to wire stiffness. Open
symbols denote flat-geometry contacts. The shaded region denotes the optimal range
where measurements using remote displacement sensing modes give a value of E,pparent
that are within 10% of Egject according to Equation 2.1.

beam power, which is known to control the overall metal content in such deposits.

For all wires in which the clamping geometry was flat, the contact stiffness was
approximately equal to (in the case of Si) or greater than or equal to (up to an
order of magnitude in the case of Pd) that of the trenched geometry contacts. We
ascribe this to the lack of contact in the trenched geometry between the nanowire
and the grips such that that they were surrounded on all sides by EBID material (see
Figure 2.5). For Pd nanowires, using a flat clamping geometry sufficiently increased

the clamp stiffness such that E,pparent Was within 1% of Egirect. However, for the Si
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Figure 2.5: Schematics (a,c) and SEM images (b,d) of FIB-polished cross sections
of Pd nanowires (NW) clamped to a flat surface (a,b) and in a trench (c,d). NWs
in trenches do not often touch the bottom but rather make contact with side walls
or remain suspended from nearby surfaces, whereas samples clamped to flat surfaces
often make direct contact with the Si grips. Figure produced by Lisa Chen.

nanowires, which were much stiffer, the error in measured modulus in the flat clamping
configuration was still over 29%. Manipulating a nanowire to the trench geometry is
generally more efficient and results in better alignment of the nanowires to the tensile

axis, but only one of the trench-geometry tests shown here had error less than 10%.

This motivated several attempts to improve the stiffness of the trenched contacts.
A common strategy within the electrical testing community is to improve contacts

(i.e. increase electrical conductivity) by increasing their metal content. It has been
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shown that the resistivities of EBID deposits of a given material depend on electron
accelerating voltage and beam current, which is ascribed to the primary influence of
metal content.®” 9 %! Low electrical resistivity implies a percolating metal network,
which would imply an increase in contact stiffness since metals are stiffer than the
surrounding amorphous carbonaceous matrix. For Pd F, Pt clamps were deposited
at 2 kV and 420 pA, which has been reported to increase the metal content from
approximately 5at.% (10 or 20 kV and 40 pA) to 16at.%,%" below the threshold of
30% by volume (approximately 17at.%) for a percolating network? but sufficiently
high to expect a lowering of electrical resistivity by as high as a factor of four.”® Si E
was clamped with W-containing EBID material, which is reported (albeit for much
larger beam currents than employed in the current study) to have a metal content
over 35at.%,% notably above the percolation threshold. Furthermore, bulk W has a
Young’s modulus more than double that of Pt. Further attempts included annealing a
device with Si A (see Table 2) attached in O at 300°C for 10 minutes to increase the
metal concentration of the clamp following the methods of Botman et al., which has
been shown to decrease the resistivity of the deposits by three orders of magnitude by
removing the insulating carbonaceous matrix from between the Pt crystallites such
that the metal content rises above the percolation threshold.?* Since the annealing
step removed most of the contact material, additional material was then deposited on
top, resulting in a contact with a significantly higher overall metal content. In all, no

trend in contact stiffness with increased metal content was measured, implying that
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since the percolation thresholds for electrical and stiff mechanical connectivity are
distinct, the metal in the contacts is in the form of particles rather than a continuous
network. This suggests that the stiffness of these organometallic composite contacts is

dominated by the organic matrix, consistent with the findings of Utke et al.%

Since varying electron power density has been shown to affect deposition rate
and metal content and furthermore shows a saturation in the metal content achievable
in typical electron microscopes,®” the implication is that the stiffness of the EBID
material itself is inherently limited (unlike the contact strength as shown previously),
and so the geometry of the deposit must be considered. Accordingly, the lengths of the
contacts along the axes of the wires were varied for Si, but the contact stiffness showed
no apparent relationship with contact length. Similarly, varying contact width from

470 nm for Pd C to 700 nm for Pd A resulted in nearly identical contact stiffnesses.

On the whole, these limitations on the maximum contact stiffness imply that
accurate measurements of strain are favored on longer or thinner, and therefore more
compliant, nanowires. The lowest measured contact stiffness was 0.55 kN m~?; taking
this as the minimum possible contact stiffness, the nanowire stiffness must be less
than 0.03 kN m™! to yield better than 90% accuracy in modulus measurement. For
a nanowire with Young’s modulus 100 GPa and diameter 100 nm, this implies a
minimum gauge length of approximately 25 pum, longer than typical tensile testing
specimens. This may explain the large scatter in the reported Young’s moduli among

distinct testing methods, as especially evident where tensile testing yields the lowest
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measured modulus® or is systematically lower than bulk values.!!: 13 Although usage
of the apparent strain will only yield values of Young’s modulus that are lower than
the actual values, it is important to note that observation of nanowire moduli that are
higher than bulk does not necessarily indicate that clamp effects are negligible. Indeed,
in the case of Pd D, the apparent modulus was higher than bulk, whereas the actual
modulus was higher still owing to size-dependent elasticity.®® When a sufficiently
compliant sample cannot be prepared, local strain measurements such as the method
we have described here, selected area diffraction,®” or Raman spectroscopy, *1% should
be used. Other methods of attaching nanowires to tensile testing setups should also
be considered, e.g. deposition of pure metal or semiconductor contact materials by

evaporation through a shadow mask, co-fabrication of specimens directly onto testing

0 105-107

apparatuses, ! or nanoscale spot welding.
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Deposition Beam i

Wi o5 n  Comiy Lengh (e o G . Com TS Momer
Si<100=A 165 32 trench .80 5 40 .86 6.8 7.9 129 103 20%
S5i<100> B 165 1.1 flat .60 10 40 24 12 4.8 123 87 29%
Si<111>C 180 Fd trench .65 3 40 67 2.3 3.4 188 118 37%
S5i<111=D I71 | trench 1.8 5 40 .63 37 7.1 194 139 25%
Si<111>E 172 il trenchl?l Ty 5 560 63 2.0 3.2 192 118 39%
8i<111=F 176 7.0 flat 1: 5 40 76 38 7.0 219 156 29%

Pd A 77 7 trench 45 10 40 .08 1.6 21 114 104 9%

PdB 63 3.0 trench A5 10 40 14 1.5 13 139 116 13%

PdC 100 3.2 trench 28 20 40 31 1.6 513 127 92 27%
PdD 33 3.0 flat .50 10 40 07 ] i | 15 243 215 12%
PAdE 62 3:1 flat 32 20 40 :13 34 262 132 131 0.7%
PdF 37 1.47 trench 58 2 420 09 57 6.0 130 o7 25%
Pd G 38 3.34 trench 31 20 40 2 2.0 9.5 115 o35 17%
PdH 100 3.34 flat 33 5 40 29 6.1 21 125 114 9%
GeaSbaTes A 280 3.4 trench .80 10 40 Tl 7.8 11 39 33 16%
GesShrTes B 130 6.7 trench 1.0 5 40 .09 1.3 14 47 41 12%
GeSbaTes C 115 2.8 trench 38 10 40 20 2.6 13 53 46 13%

[a] Tungsten-containing deposition used for clamping. All other clamps were platinum-containing. |

Table 2: Geometry of nanowires and EBID clamps used for clamp stiffness determination, in addition to measured values
of wire stiffnesses and Young’s moduli. Values of Young’s moduli are tabulated as calculated based on direct measurement
of strain in the wire gage section and indirect values based on the relative grip displacement.



2.3. Mechanical Properties of Semiconductor Nanowires

2.3.1. Si Nanowires

Beginning with Si, direct strain measurements showed linear elastic behavior for
the entirety of each tensile test, with Young’s moduli for Si <111> and <100> that
are in excellent agreement with the bulk values (188 and 130 GPa, respectively). Size
effects on the elastic behavior would be expected to be negligible for Si nanowires
with the diameters tested. Indeed, Zhu et al. found that nanowire modulus was
constant for diameters above 40 nm,!'° and Jin et al. found a constant modulus for
nanobeams with thickness of 100 nm,** consistent with our finding of size-independent
elastic behavior for our range of sizes. The notable outlier is Si F, a <111> nanowire
with a measured Egieet 0f 219 GPa, which was due to poor out-of-plane alignment
observed in tilted SEM imaging, resulting in an artificially low strain measurement.
All other tested wires did not show evident signs of such misalignment. The high
stiffness and large diameters of these nanowires, combined with the limited load range
of our MEMS devices prevented us from bringing these nanowires to fracture, even
at a maximum of 3% strain. The high strength and bulk-like, linear elastic behavior
of these nanowires will prove advantageous for the thermal transport measurements

discussed in the following chapters.
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2.3.2. GST Nanowires

We next consider the behavior of GST nanowires. Errors in the effective strain
measurement from clamp deformation were generally small and consistent for these
nanowires due to their low stiffness, so most testing was performed under an optical
microscope. Representative stress-strain curves using the effective strain measurement
for a single 180 nm diameter nanowire may be seen in Figure 2.6a, which was loaded
and unloaded twice before loading to fracture. In tests of eleven GST nanowires
(three of these inside a SEM) we observed no size effects on Young’s modulus, with
average 44+5 GPa over all measurements (see Figure 2.6b. This value is likely slightly
lower than the actual Young’s modulus, by perhaps 12-16%, following Table 2, due to
the use of the effective strain measurement. However, this is within the error of our
measurements. We were able to measure fracture strengths of seven of these nanowires
and also observed no clear dependence on size (see Figure 2.6¢), with average fracture
strength 1.240.3 GPa. All nanowires appeared to undergo brittle fracture with little,

if any, plastic deformation.

48



&
a)
o

o f*’;i
08" d=180nm *
g L=3.23pm E=42.6 GPa ,*,g**
506 |
v 0,=0.95 GPa
o4
g
£0.2 s
m ok R
5 P A | | | |
0 0.5 1.0 1.5 2.0 2.5 3.0
Engineering Strain (%)
b) _ 60 | |
[
[a W
v 50+ % -
>
c fro ¢ %
3
s 40+ % |
(%] N .
3 O + |OOptical effective
3 301 /'450 c OSEM effective N
8 Won et al. -300°CO oSEM direct Park et al.
> ‘ 150C  |OFilm literature 200C @
100 150 200 250 300
Nanowire Diameter (nm)
<) 20
[©]
[a W
&
< 1.7+ % -
o
c
1.4 % % -
vyl
: %
3 1.1+ % _
% %
0.8 \ \ \ \

100 150 200 250
Nanowire Diameter (nm)

Figure 2.6: Mechanical testing of GST nanowires. a) Load-unload stress-strain curves
for a single nanowire cycled to increasingly high stresses until it fractured. We were
unable to measure any appreciable plastic deformation. b) Young’s modulus for eleven
GST nanowiies measured using the varous methods. The average modulus over all
measurements was 4445 GPa, with no systematic dependence on size. Modulus data
for annealed GST thin films from Won et al.'®® and Park et al.'* are included for
comparison. ¢) Strengths of the seven GST nanowires we were able to controllably

300

bring to fracture. The average over all measurements was 1.24+0.3 GPa.
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This is the first report on the mechanical behavior of GST nanowires, but we can
compare our results with measurements on thin films. Kalb et al. measured the biaxial
modulus of crystalline GST films using wafer curvature to be 45.248.2 GPa; 1 assum-
ing Poisson’s ratio of 0.3, we would expect Young’s modulus 31.6+£5.7 GPa. Park et al.
measured the biaxial modulus of 300 nm thick crystalline GST using nanoindentation
to be 36.841.54 GPa,'% which would give Young’s modulus 25.841.1 GPa. Won et al.
examined the dependence of GST thin film modulus on size and annealing temperature
using micromechanical resonators.'%® Modulus increased for film thicknesses below
~40 nm due to grain size effects, and increasing the annealing temperature increased
the stiffness. For a 170 nm thick film (the only film they measured with thickness
close to that of our nanowires), modulus increased from 7 GPa for the as-deposited
amorphous phase to 35 GPa after annealing at 400°C for 10 minutes. These results
are plotted along with ours in Figure 2.6b. Annealing resulted in growth of crystals in
the fcc phase (150°C), mixed fec and hep phases (300°C), and the hep phase (400°C),
with grain size increasing with annealing temperature. This may help explain why the
moduli extracted by other groups were lower than our nanowires—our nanowires were
single crystals with hcp crystal structure, whereas the thin films were polycrystals.
Kalb et al. and Park et al. did not report their crystal structures, but by comparing
their annealing temperatures with those of Won et al. we may conclude that their
films were of the lower stiffness fcc phase. The differences between the thin film

measurements and ours may also be a result of orientation: whereas our measurements
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probe a single crystal orientation, measurements on thin films would yield an average
over all orientations. These results have important implications for the use of GST
nanowires in mechanically robust phase change memory devices, since these materials
undergo significant changes in volume when switching between amorphous and crys-

talline phases, 111117

resulting in large stresses in encapsulated systems. Control and
understanding of mechanical behavior is also critical for integration of these materials

onto flexible substrates,'® where strains may be high.

2.3.3. GeTe Nanowires

The utility of the direct strain measurement is perhaps best illustrated by its
application to another phase change material, GeTe nanowires. Stress-strain curves
for two pristine GeTe nanowires are shown in Figures 2.7a and c. Both curves are
initially linear, abruptly flatten for several percent of strain, then stress continues rising
linearly until fracture. This behavior is typical of materials which undergo a stress-
induced transformation from one crystal structure to another, with phase boundaries
propagating along the tensile axis (“Liiders-like” deformation).?® We confirmed that
similar behavior occurs in GeTe by examining the relative displacements of each marker
placed on the nanowire; local changes in the displacement vs. position plots seen in
Figures 2.7b and d provide information about the heterogeneity of the deformation. In
the plots obtained in the midst of the plateau regime, two slopes may be observed: a

high slope—indicating high strain—on the left side of the plot and a low slope on the
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right. The boundary between the high and low slope regimes propagates left-to-right
as deformation proceeds, corresponding to a propagating phase boundary between the
initial and final crystal structure. Far-field strain measurements would not have been

sensitive to this behavior, highlighting the value of the direct strain measurement.

We note that the phase boundary did not progress smoothly but rather in local
strain bursts accompanied by the load drops noted in Figures 2.7a and ¢. Such behavior
may be a consequence of the design of the tensile testing stage, which allows for neither
displacement nor force control; any sudden burst in strain will necessarily result in a
sudden drop in force as the load cell is allowed to relax back toward its equilibrium
position. When the load abruptly decreases below the threshold for phase change, the
propagation of the boundary halts until the actuator has pulled the wire to where the
threshold has been reached again. This problem could be avoided by using a load cell
with stiffness much higher than the specimen or with load- or displacement-controlled

testing.

Although these experiments suggest that GeTe nanowires undergo a stress-induced
phase change, they give no information on the second phase. To our knowledge, the
only stable or metastable room temperature phases of GeTe are the crystalline face
centered rhombohedral phase (o = 88.35°) and the amorphous phase.'” GeTe is
known to form twins,'® 9 but we observe no measurable tilting of the nanowire
after fracture which would accompany a change in orientation. In situ TEM testing,

selected area electron diffraction (SAED), or electron backscatter diffraction (EBSD)
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will be needed to understand whether the phase transformation is to a different,
previously unpredicted crystal structure, an amorphous structure, or due to twinning.
These measurements, as with the GST nanowires, represent the first reports on the
mechanical behavior of GeTe nanowires and thus have important implications for use

of these materials in phase change memory devices.
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Figure 2.7: Mechanical testing of GeTe nanowires. a) Load-unload stress-strain curve
for a 100 nm diameter nanowire with gauge length 3.2 um. b) Displacement vs.
position data for the 100 nm wire. Each set of data represents a separate image from
which strain was determined, correlating to the indicated points on the stress-strain
curve. The phase boundary is clearly seen propagating from left to right. c¢) Load-
unload stress-strain curves for a 128 nm diameter nanowire with gauge length 7.1 pm.
Each subsequent test was to a higher maximum stress. d) Displacement vs. position
data for the 128 nm wire, in which the phase boundary can again be seen propagating
from left to right. Not all points on this nanowire were used due to difficulty tracking

all points on a longer gauge section.
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2.4. Conclusions

We have demonstrated a method for performing quantitative tensile tests on
individual nanowires. Wires were harvested and transferred to a MEMS-based tensile
testing device using a nanomanipulator and clamped using EBID. Actuation of
the device was achieved by applying a voltage across a thermal actuator, and load
was provided by an integrated compound flexure in series with the nanowire. All
displacements were determined by performing DIC on the image series obtained during
testing, whether under an optical microscope or inside a SEM. We obtained direct,
local measurements of strain by tracking the displacement of markers placed on the
nanowires and effective measurements of strain by measuring the relative displacement
of the two grips. Differences between these two measurements allowed us to extract

average contact stiffnesses.

We showed that the EBID clamps commonly used for nanoscale tensile testing
have stiffnesses that are approximately on the order of the stiffness of inorganic
nanowire specimens commonly tested. As a consequence, inconsistent and significant
errors—as high as 49% and as low as 1% —were introduced in measurements of
displacement and hence strain and Young’s modulus, with a strong dependence on the
stiffness of the sample and the geometry of the clamp. Furthermore, permanent clamp
deformation resulted in nominal stress-strain curves that incorrectly indicated plastic
deformation in the nanowires. We have demonstrated that a local measurement of

strain is a necessity for mechanical testing when EBID clamps are used. Our work may
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explain anomalous behaviors and discrepancies between nanowire moduli measured
using grip displacement and provides guidelines for the nanowire and clamp stiffnesses
needed to achieve acceptable errors in measurements of strain. For experiments which
seek to measure coupled properties as functions of strain, such as those which will be
discussed in later chapters, properties should be reported as functions of stress, the

measurement of which is not affected by contact compliance.

We measured room temperature stress-strain behavior of Si, GST, and GeTe
nanowires and found the first two of these to be elastic or nearly elastic up to fracture,
with Young’s moduli for nanowires with diameters >70 nm consistent with bulk. By
contrast, GeTe nanowires exhibited Liiders-like deformation, indicative of a stress-
induced phase change. The GeTe measurements highlighted the utility of the local
strain measurement as it allowed for tracking of the propagating phase boundary.
Further testing is needed to fully understand the change in phase. This is the first
report on the mechanical behavior of GST and GeTe nanowires, with important

implications for the use of these nanowires as phase change memory materials.
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Chapter 3

Raman-Based Method for
Measuring Thermal Conductivity
in Strained Nanowires

Portions of this chapter have been reproduced with permission from Nano Letters,
Volume 14, Issue 7, Pages 3785-3792. Copyright 2014 American Chemical Society.

The relative dearth of experimental measurements of strain-mediated thermal
conductivity is largely due to the complexity of simultaneously applying and measur-
ing stress or strain, heating, and measuring temperature. One versatile, non-contact
method of measuring thermal conductivity is Raman thermography, which uses a
laser to heat a suspended specimen and the spectrum of inelastically scattered light
to measure temperature, requiring no fabrication of sample heaters or thermome-
ters. Raman additionally provides information on phonon frequencies and densities
of states, making it particularly well-suited to studying phonon transport. The

120, 121

method was first demonstrated for porous Si and later extended to suspended,

122-128 131

bridged graphene, carbon nanotubes,'?® 139 MoS,, 13! GaAs nanowires, '3? Si
membranes, 133 and cantilevered Si nanowires.3! However, the difficulty of decoupling
the effects of strain from temperature on the frequencies of the Raman-active modes

has largely prevented this method from being used on strained samples. In this
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chapter, we will describe a means of extending Raman thermography to strained
samples—Raman piezothermography—as well as several improvements to the method,
including proper determination of contact resistance, heat lost to air, and absorbed

laser power.

3.1. Mathematical Model

We begin by deriving an analytical expression for the temperature rise at an
internal heat source (the laser spot) for a suspended nanowire. The total thermal
resistance of the system may be written in terms of the Raman shift w and absorbed

laser power P as!?3 134

oT 1 Ow

system — A+ - A 1
Ryt 0P XTaP (3 )

where yr is the relationship between first-order Raman shift and temperature (yr =
Ow/OT = 0.022 cm™! for Si nanowires®'). Equation 3.1 yields the total thermal
resistance of the system, including the effects of contact resistance and air conduction.
In order to distinguish these effects from the thermal conductivity of the sample, we
make use of the fact that the temperature rise in a suspended nanostructure will be
a function of the thermal resistances of all components of the thermal system. We
therefore scan a point source—a laser—along a doubly-clamped specimen such that
the shape of the resulting heating profile, as measured at the source, is a signature of

the thermal resistances of the components of the system.
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The steady-state heat equation for the temperature rise AT = T — Ty mpient
at position s in a one-dimensional conductor of length L, cross-sectional area A,
circumference C', heated from some point in the interior a distance a and L — a from

the two heat sinks (see Figure 3.1) may be written as!3% 136

AT Ch P s
— —AT -—— | = 2
s A + VTwA P ( w ) 0 (3:2)

with boundary conditions

dAT

ds |.__,

dAT
ds

AT(—a) = R.; Ak

AT(L —a) = —R.,Ax

s=L—a

where h is the heat transfer coefficient between the nanowire and air,  is the thermal
conductivity, P is the absorbed power, w is the half-width of the laser spot, and
R.; and R, are the thermal contact resistances at the left and right heat sinks,
respectively. The laser power source is represented by a Gaussian centered at s = 0.
The solution gives the full temperature distribution in the nanowire, but we are only
interested in the temperature rise at the laser spot as the distance a is varied. Setting
x = 0 and taking the limit as w approaches 0 (a reasonable simplification since, at
285 nm, the real w is approximately 2% the length of the nanowire) we obtain the

temperature rise AT at the power source, where now the independent variable x is
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Laser Heat Source

Heat Sink Heat Sink

AT

s=-a s=0 s=L-a

Figure 3.1: Schematic of setup for determination of the heating profile as a function
of laser position. The solution to the heat equation yields temperature profiles similar
to the representative profile shown. This function is solved for s = 0 to obtain the rise
in temperature at the laser spot. By varying a we obtain the temperature rise at the
laser spot as the laser is scanned across the nanowire.

the distance from the laser to the left heat sink:

[M R, cosh (m(L —x)) + sinh (m(L — z))] [M R, cosh (mx) + sinh (mx)]

AT(z) = P
(z) M [M(Rej + Rey)cosh(mL) + (1 + M2R.,R,,)sinh(mL)]

(3.3)
where M = v/Chax and m = \/Ch/Ax. Fitting the heating profile AT(z) along the
wire gives thermal conductivity as well as the thermal contact resistances, provided
accurate determination of P and h. In the case of Raman thermography, which employs
the excitation laser as the heat source, P = I(), where I is the total applied laser
power and (), is the size-, refractive index-, polarization- and wavelength-dependent

absorption efficiency. 137
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Figure 3.2: Thermal circuit model. a) Schematic of thermal resistor model. The
nanowire-contact series on either side of the laser are in parallel with each other as
well as the nanowire-gas interface. b) Approximate instantaneous temperature profile
in the nanowire used to calculate the thermal resistance of the nanowire-gas interface
leg of the circuit. ¢) A heating profile for wire 1 fit to the exact model (Equation 3.3)
and the approximate model (Equation 3.4). The fits are nearly identical and yield
thermal conductivities within 1 W m~! K~! of each other.

An alternative, more mathematically simple model which, as we will see, provides
a good approximation to Equation 3.3 is based on thermal circuits. For solid conduction
only, heat generated by the laser may travel in one of two directions: left or right
in the geometry of Figure 3.1. We may therefore model this system as two thermal
resistors in parallel, each including the resistance of some portion of nanowire length
as well as the thermal resistance of the contact. For heat lost to air, we treat the air
as another thermal resistor in parallel with the two legs of the nanowire. This may be
seen schematically in Figure 3.2a. Since the heat loss to air from any point along the
nanowire depends on the temperature at that point, the total loss depends on the full

temperature profile in the nanowire for any given laser position s. We approximate
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this profile by solving the heat equation with no losses to air (h = 0), no contact
resistance (R.; = R., = 0), and an infinitely narrow Gaussian heat source (w = 0).
The solution gives the profile shown in Figure 3.2b, which is linear between the laser
spot and each heat sink. By integrating the triangular profile we arrive at a simple

expression for the temperature rise as a function of laser position:

-1
1 1 hCL
AT(x):RsystemP:< + + ¢ ) P (3.4)

TR LEiR, 2

Fitting heating profiles to Equation 3.4 yields curves and thermal conductivities in

excellent agreement with Equation 3.3, as can be seen in Figure 3.2c.

In order to accurately determine thermal conductivity and contact resistance

of a strained nanowire using the models described here, a number of steps must be

performed:

1. Obtain spatially resolved maps of Raman spectra.

2. Decouple strain and temperature effects on the Raman shift.

3. Determine nanowire cross-sectional area and circumference, A and C'.

4. Determine power absorption based on nanowire shape, Q,.

5. Determine size-dependent heat losses to air, h.

These steps are described in detail in the following sections.
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3.2. Materials and Methods

3.2.1. §i Nanowires

We used the <111>-oriented VLS Si nanowires purchased Sigma Aldrich which
we described in Chapter 2 to determine thermal conductivity as a function of stress.
These nanowires were chosen due to their long length (15-20 pm), lack of any mea-
surable taper, and strong Raman signal indicating a low defect concentration. The
monodispersity of these wires was also advantageous for checking repeatability of our
measurements. We considered several other Si nanowires which proved inappropriate
for these measurements. We were unable to grow the top-down nanowires described
in Section 2.1 long enough for adequate Raman mapping, and the growth method fur-

36, 37 wwhich would not

thermore raised concerns about atomic-scale defects and pores,
be easily measured but would affect thermal transport. We attempted measurements
on uniaxially strained nanobridges fabricated at Paul Scherrer Institut by patterning
and underetching of biaxially strained silicon-on-insulator wafers,'3® but the elastic
strains in these samples relaxed under the Raman laser, perhaps due to size effects

8 139 making the decoupling

on the brittle to ductile transition temperature in Si,
procedure described below in Section 3.2.3 impossible. We examined other VLS-grown
Si nanowires purchased from CVD Equipment Corporation in a transmission electron

microscope (TEM) and found them to be of poor crystal quality. These wires may, in

the future, be useful for studies of dislocation effects.
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3.2.2. Raman Mapping of Nanowires

In order to determine thermal conductivity, heating profiles as a function of strain
and laser power must first be determined. To prepare samples for testing, nanowires
were dispersed on holey carbon grids, harvested, and transferred to the grips of a
tensile testing device described in Chapter 2 using a nanomanipulator (see Section 2.1).
The device may be seen in Figure 3.3a. Wires were clamped using electron beam
induced deposition (EBID), being careful to minimize deposition on the wire itself. A
representative scanning electron microscopy (SEM) image of an individual nanowire

clamped to the device is given in Figure 3.3b.

Maps of spectra (Figure 3.3c) were obtained for nanowires subject to a uniform
strain as well as for nanowires damaged via ion bombardment by placing the device
under the objective of a confocal micro-Raman system equipped with a 532 nm
continuous-wave laser at ambient temperature and pressure (see Figure 3.3d). For
the unstrained state and upon application of each increment of strain, spectra were
collected along the central 8-10 pym of the nanowire length and across the nanowire
diameter with a 100 nm step size. Laser intensity was precisely controlled with a
neutral density filter, and at least five different powers in the range of 40 to 400 W
(as measured using a power meter at the focal point) were used. Both strain and laser
power increments were varied non-monotonically to rule out systemic measurement
errors and strain relaxation. Sample first-order spectra collected with low and high

laser powers, with and without applied uniform strain are given in Figure 3.3e. These
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Figure 3.3: Experimental setup for Raman piezothermography. a) Optical image of
the MEMS tensile testing device described in Chapter 2. b) Schematic of experimental
setup. ¢) SEM image of a <111> Si nanowire clamped to the MEMS device. d) A
to-scale map of Raman peak intensities. e) Sample spectra collected at low (63 pW)
and high (360 uW) applied laser powers (equivalently, low and high temperature)

and at zero and 0.77 GPa of stress. Dotted lines are fits to Gaussian + Lorentzian
lineshape.

peaks correspond to the strain- and temperature-dependent zone-center longitudinal
optical (LO) phonon in Si. Each spectrum was fit to a Gaussian + Lorentzian lineshape
to extract peak intensities, linewidths, and frequencies, and maps of these fits were
interpolated using cubic splines. A full procedure for operation of the Raman system

at Penn may be found in the Appendix.
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Figure 3.4: Scheme for determining power absorbed when the laser is not centered
on the nanowire. a) 2 pum section of an interpolated Raman peak intensity map for
unstrained wire 1. The laser was assumed to be centered on the nanowire where
there were maxima in peak intensity. b) First-order Raman peak intensity for the
center and laterally shifted from the nanowire axis. The absorbed power for the
original data was calculated using the FDTD method described in the Section 3.2.5.
The absorbed power for the off-axis data was calculated from the ratio of the peak
intensities (about 0.91 for the data shown here) and the absorbed power for the original
data. ¢) Corresponding Raman shift profiles for the original and off-axis data. The
temperature difference is approximately 4 K.
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The spatially resolved maps of Raman spectra allow us to establish which spectra
were obtained when the laser was centered on the nanowire by examination of the
Raman peak intensity: the highest intensity spectra were acquired using the highest
laser power (equivalently, when the laser was centered). We gain additional information
by examining spectra collected when the laser was off the nanowire axis, but the
incident laser power must then be determined. To find the incident laser power for
off-axis spectra, we calculated the ratio between the average peak intensity when the
laser was centered and the average when the laser was off-axis. We then assumed
this ratio to be the same as the relative incident laser powers (see Figure 3.4). These
profiles of Raman shift with a given laser intensity, as seen in Figure 3.5a, were then
used to find the temperature rise as a function of laser position using the method
described in the following section. The inclusion of off-axis profiles had a negligible
effect on the fit to the plot of Raman shift as a function of laser power (Equation 3.1)

but resulted in more heating profiles to fit to Equation 3.3.
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Figure 3.5: Raman shifts in Si nanowires. a) Raman shift as a function of laser position
along the nanowire. Spatially resolved spectra were collected with a 100 nm step, and
the maps of peak intensity and position were interpolated with 20 nm spacing. As
laser power increases, temperature increases, resulting in an overall downshift of the
curves. The concave shape is due to the thermal resistance of the wire, heat losses
to air, and the contacts with the heat sinks on either end. Residuals of the fits are
shown in Figure 4.4. b) The minima of the fits shown in (a) for each laser intensity
for several increments of stress. The slope of this curve is the total thermal resistance
of the system, and the zero-intercept of the fit is taken to be the room temperature
peak position. Determination of the room temperature peak position allows us to plot
temperature as a function of peak position (secondary axis of (a)) for any strain.
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We note that exposure of the EBID clamp material to the laser will heat and
degrade the clamps, leading to their mechanical failure. Laser exposure can also
induce diffusion of the clamp material down the nanowire. An example of a heating
profile obtained from a nanowire where the EBID material had diffused may be seen
in Figure 3.6; the diffused material absorbs more laser power, resulting in anomalous
heating near the grips. This is contrary to our expectation of lower temperature rises
near the heat sinks and is difficult to account for. Profiles such as the one shown could
not be used for thermal conductivity measurements, necessitating the use of longer
nanowires (210 pm) so that the diffused EBID material could be avoided. In order
to further minimize exposure of the EBID material to the laser, steps were milled
in the grips so that the wire could be clamped away from the edge of the grip (see

Figure 3.3b and the Appendix).
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Figure 3.6: Temperature rise from laser heating of diffused EBID material, with
attempted fit to Equation 3.3. Consequently, heating profiles from short nanowires
such as the one shown here were not used for measurement of thermal conductivity.
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3.2.3. Decoupling Strain and Temperature

Increasing strain or temperature produces downshifts in the Raman peak position,
and the separate contributions may be decoupled by varying the laser intensity as
follows. Fits of the Raman shift minima (i.e. highest temperatures) of the Raman shift
profile as a function of the total incident laser intensity for an unstrained nanowire
as well as at three applied stresses are shown in Figure 3.5b, with the slope of these
fits proportional to the total thermal resistance of the system as per Equation 3.1.
The zero-intensity intercepts of the fits shown in Figure 3.5b were taken to be the
room temperature peak positions for each stress increment. The differences between
the unstrained and strained room temperature peak positions are due to strain only,
while the difference between the room temperature peak at a given stress and the
measured peaks is entirely due to laser heating. With our independent measure of
stress, this decoupling procedure enabled the measurement the room temperature
relation between Raman shift and tensile stress in Si (see Section 4.1.3). The peak shift
for a given stress was observed to be linear with laser intensity, suggesting a constant
thermal resistance over the temperature range of the measurement (A7 < 80 K) and
negligible resistive heating due to photocurrents, which would heat the wire as AP?.
The temperature (secondary axis of Figure 3.5a) was subsequently calculated from
the spectrum as AT = (w — wrr)/ X7, Where w is the measured peak position and

wrr is the room temperature peak position.

We confirmed that the Raman shift with temperature, xr, is independent of strain
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by performing lattice dynamics simulations to extract the temperature dependence
of the frequency of the zone-center optical phonon (corresponding to the first order
Raman peak) at various tensile stresses. Figure 3.7a shows the calculated zone-center
optical phonon frequencies at various increments of stress and temperature containing
the range of stresses and temperatures used in our experiments. The slope of each
fit shown in Figure 3.7a corresponds to xr. Thus, if the slope depends on stress,
then so does xr. Figure 3.7b shows the slopes plotted against applied stress, where
the error bars are the 95% confidence intervals on the fit. It is worth noting that
although the exact numbers extracted from these calculations do not precisely match
experimental values, we are only concerned with any stress-dependent trends in yr
since the unstrained experimental value is well known. The results of these calculations
exhibit no trend, so we treat xy7 as unchanging with stress. It is furthermore worth
noting that yr originates from thermal expansion of the crystal lattice and is therefore
intrinsically tied to lattice anharmonicity. Differences in anharmonic behavior at the
nanoscale relative to macroscopic behavior would manifest as changes to the elastic
behavior at large strains,®” yet our measurements show both linear elastic response and
Young’s moduli that agree with bulk values for <111> Si (see Chapter 2). Thus, our
simulations and experiments suggest the value of xy for a strained Si nanowire with
d>165 nm to be the same as that of bulk Si, which is the same as that of unstrained

nanowires. 8!
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Figure 3.7: MD simulations performed by Mehdi Zanjani and Prof. Jennifer Lukes at
Penn to find yr dependence on stress. a) Calculated zone center longitudinal optical
phonon frequency at various temperatures and stresses, corresponding to Raman shift
for the first-order Si peak near 521 ecm ™. The slope of the fit shown is the relationship
between Raman shift and temperature for a given stress (xr(c)). b) xr(o) for o =0
to 2.5 GPa. The error bars are the 95% confidence intervals on the slope of the fits to
the data shown in (a).
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3.2.4. Correction for Actuator Heating

When straining nanowires using the MEMS device there is slight heating of one
grip from the thermal actuator, yielding a temperature difference between the grips
of no more than 40 K. To correct for this, a scan was made at power low enough to
yield laser-induced heating below the noise floor of our temperature measurement
(about 4 K). The slope of this curve, an example of which is shown in Figure 3.8a,
was taken to be the gradient due to temperature and removed from the strained
plots. An example of an uncorrected strained plot and the same data corrected for

the temperature gradient and fitted to Equation 3.3 is shown in Figure 3.8b.
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Figure 3.8: Correction for actuator heating. a) Peak position and temperature profile
at 1.7 GPa obtained using applied laser power 61 W, low enough that the laser-
induced heating was below the resolution of our measurement. The slope of the linear
fit corresponds to a temperature gradient across the wire of 3.1 K um~! and was taken
to be entirely due to heating from the actuator. b) Peak position and temperature
profiles with the corresponding fits at 1.7 GPa obtained using applied laser power
0.22 mW, uncorrected and corrected for the slope shown in (a).
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3.2.5. Calculation of Nanowire Cross-Section and Absorption Efficiency

The exact geometry of the nanowire—cross-sectional area, circumference, and
shape—affects the calculation of thermal conductivity from the measured thermal
resistance and strongly affects the fraction of incident laser power absorbed by the
nanowire. In order to determine these quantities, each nanowire was cut following
testing using a focused ion beam (FIB) to create a cantilever. The cut nanowires were
then bent upward using a nanomanipulator inside a SEM in order to directly image
the cut face and obtain the cross-sectional shape and hence circumference and area.
Absorption for Si nanowires with a circular cross-section is known from analytical
Mie scattering solutions,'? but our nanowires exhibited significant deviations from
circularity, preventing application of an analytical solution. Using a commercial
finite-difference time-domain (FDTD) software package (Lumerical), 3D numerical
simulations were performed for the Si nanowires with a Gaussian source focused
to a FWHM of 570 nm to match measured experimental conditions. Non-circular
cross-sections were obtained by fitting polynomials to cross-sectional nanowire images
obtained via SEM (Figure 3.9a-b), and power absorbed per unit volume in the
simulated structures was calculated from the divergence of the Poynting vector P, =
—0.5w| E*imag(¢) where w is frequency, |E|? is electric field intensity, and e is the
permittivity. Integrating |E|? over the entire illuminated nanowire volume (Figure 3.9c¢)
produced total power absorbed. The refractive index of Si was taken from Ref. 141.

A range of frequencies about 563.5 THz with a bandwidth of 30 THz were applied to
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each wire to simulate the effects of scaling nanowire cross-sectional area and ensure
measurement errors would not result in incorrect absorption values. No resonance
peaks were found, and calculated absorption values were stable to ~0.2% within the
frequency range tested. Values for wires 1-4 varied between 4.9% and 6.1%. By
contrast, absorption in cylinders of the same major diameters (171-177 nm) calculated
using the Mie solutions and accounting for the relative sizes of the laser spot and the

nanowire is 3.1-4.4%.
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Figure 3.9: Cross-section-dependent power absorption of nanowires. a) Cross-sectional
SEM images of Si wires 1-3. b) Fitted nanowire profile overlaid on cross-sectional SEM
image of wire 4. ¢) Cross-section of simulated nanowire under far-field illumination,
illustrating spatial distribution of electric field intensity for 532 nm wavelength light.
FDTD calculations were performed by Dr. Brian Piccione at Penn.
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3.2.6. Heat Losses Due to Air Conduction

Our experimental setup did not allow for measurements in vacuum, so heat
losses to the surrounding air had to be considered. Experimental and theoretical
evidence exists for a size dependence of the heat transfer coefficient to air, but no prior
measurements on cylindrical samples of similar diameters to our nanowires have been
performed. We therefore developed a means of measuring it using a variation of our
Raman method. For fixed surroundings, thermal conductivity and the heat transfer
coefficient to air should not depend on how the sample is clamped; that is, if the wire
is in bridged or cantilevered geometry, x and h should be the same. Keeping this in
mind, the thermal measurement procedure for bridged nanowires was performed on
wire 4, and after testing the wire was cut at one end using a FIB. The procedure was
then repeated for the cantilevered geometry. We may modify the boundary conditions

of Equation 3.2 to allow for air conduction from the free end of the wire: 42

dAT
AT(—G) = RCJAK, ds .
k dAT
AT(L —a) = —~
( a) h’ dS s=L—a

so we can subsitute x/h for R.,Ax in Equation 3.3:

[(M/Ah) cosh (m(L — x)) + sinh (m(L — z))] [M R.; cosh (mx) + sinh (mz)]

AT(x)=P M [M(R.; + 1/Ah) cosh(mL) + (1 + M?R.;/Ah) sinh(mL)]

(3.5)
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We fit both the bridged and cantilevered heating profiles (see Figure 3.10a) using
various fixed values of the heat transfer coefficient and extracted thermal conductivity
from the fit. The intersection of the h vs. k curves seen in Figure 3.10b represents the
value of h which yields the same calculated value of s for both clamping geometries;
this intersection occurred at h=1.8 W ecm™2 K~ and k=52 W m~* K~! (thermal
conductivity results are discussed fully in the next chapter). Figure 3.10c shows a
heating profile fit to curves which do and do not account for heat loss to air; although
both curves fit the profile well, not accounting for air losses (i.e., treating h=0) leads
to a 19% increase in the calculated thermal conductivity, highlighting the importance
of measuring and accounting for heat losses to air. The difference would be expected

to be more pronounced for thinner nanowires, which have both higher A and lower k.

Although the value of h we measure differs from other diameter-dependent experi-
mental measurements of the heat transfer coefficient, from which we would predict A to
be roughly 0.50 W ecm~2 K=, 13 it is in better agreement with the value we calculate
using a semi-empirical model from Wang et al. based on measurements performed
on microwires and carbon nanotubes.!4 5 This two-layer model appropriate for
quasi-1D particles with diameter approaching the mean free path of air molecules
treats the transition region near the particle surface using molecular kinetics and the
region farther from the particle as a continuum. Within this model, the heat transfer

coefficient is related to the mean free path and heat capacity of air as well as the
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particle diameter via the dimensionless Nusselt number, Nu:

2rh Aoy frerCJm

N = e~ Bt For (- AN I, ((C T ro/ N/ + A/)

(3.6)

where 7 is the particle radius, A is the mean free path of air (67 nm, Ref. 146), A is
the thickness of the transition region (here taken to be 5\ as per Ref. 147), ( =/,
and fy. is a function of (. The values of the fitting parameters ay¢, 3, n,, and o were
taken from Ref. 144. We then solve this expression for h, obtaining 1.18 W ¢cm =2 K~}
for a wire 175 nm in diameter. At 1.8 W c¢m™2 K~!, our experimental value of h is
higher by 52%. We attribute the discrepancy to errors in the choice of A as 5\, the
maximum value allowed by Ref. 147, and in the fitting parameters taken from Ref.
144, which were determined using samples an order of magnitude larger and smaller in
diameter than our nanowires. Heat transfer from solids to air is also strongly affected
by environmental conditions such as humidity, air currents, and proximity to other

surfaces, which for our measurements were not likely identical to those of other reports.
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Figure 3.10: Nanowire heat transfer to air. a) Bridged and cantilevered heating
profiles for the same wire obtained using the same laser intensity and fit using the
correct value of h. b) Thermal conductivity calculated using varying values of the heat
transfer coefficient for wire 4 in bridged and cantilevered geometry. The intersection
of the two curves gives the correct values of the two variables: 52 W ecm~! K~ and
1.8 W ecm~2 K~!, respectively. ¢) Heating profile for wire 1 collected using 370 uW
incident laser intensity and fit to models with and without heat lost to air. The fits
are nearly identical in the region of the data. If air conduction is not accounted for,
thermal conductivity measured from this profile increases by 19%.
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3.3. Conclusions

We have extended and refined the Raman thermography method in order to
measure thermal conductivity in strained nanowires. By scanning the laser along the
wire we may measure and account for thermal contact resistance, a non-negligible
quantity which in conventional thermal testing is treated as being insignificant. Our
means of decoupling strain and laser heating effects on the Raman spectrum by varying
laser power allows for determination of both, as well as for the application of Raman
thermography to strained systems—Raman piezothermography. We have furthermore
accurately calculated the absorbed power using FDTD simulations which take into
account the nanowire’s cross-sectional size and shape. Finally, we developed a means of
measuring the heat transfer coefficient to air in order to accurately perform testing at
ambient pressure. In the next chapter we will discuss the results acquired by applying
this novel method to homogeneously and heterogeneously strained Si nanowires and

thin films.
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Chapter 4

Raman Piezothermography of
Strained Si Nanostructures

Portions of this chapter have been reproduced with permission from Nano Letters,
Volume 14, Issue 7, Pages 3785-3792. Copyright 2014 American Chemical Society.

In the previous chapter we described a novel method of measuring thermal
conductivity as a function of applied uniaxial strain in nanowires. In this chapter, we
will discuss our results on unstrained, strained, and irradiated Si nanowires. We will
then demonstrate an extension of the method of unstrained and strained Si thin films

and micromeshes.

4.1. Si Nanowires

4.1.1. Unstrained Si Nanowires

We first compare our results for thermal conductivity of unstrained nanowires
with other groups’ reports on VLS-grown Si nanowires at room temperature. The
mean thermal conductivity values we obtained for four unstrained <111>-oriented
Si nanowires with diameters 171-177 nm were between 58 and 66 W m~' K~!, in

agreement with these other reports, which we have plotted in Figure 4.1 along with
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the predicted thermal conductivity based on diffuse boundary scattering;:

d Kpulk

= ——— 4-].
Ly, +d (4.1)

RNW

where kyw and Ky, are the thermal conductivities of the nanowire and bulk Si,
respectively; d is nanowire diameter; and [y, is the bulk mean free path.?' This model
predicts thermal conductivity 55 W m~! K~! for a 175 nm nanowire, well within
the error bars of our measurement and verifying that diffuse boundary scattering
is the dominant mechanism responsible for the decrease in thermal conductivity of
these nanowires at room temperature. The first experimental measurement of thermal
conductivity performed on Si nanowires used nanowires bridged across microfabricated
resistive heater-thermometers,3? and the diameter-dependent data was fit to a bound-
ary scattering model which accounted for ballistic transport, which dominates at low
temperatures.3® At room temperature this model agrees well with the fully-diffusive
model for nanowires of the same size as those used in the present study, yielding a
predicted thermal conductivity of approximately 60 W m~—! K~ also in excellent agree-
ment with our measurements. We may furthermore compare to diameter-dependent
measurements obtained using Raman thermography of unstrained, cantilevered Si
nanowires (measured as-grown, such that contact resistance was negligible),! from
which we would predict nanowires of similar diameter to have thermal conductivity
of 55 W m~! K~!. Our contact resistances were determined to be on the order of

1 K pW~!; with our experimental setup and sample dimensions, neglecting contact
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Figure 4.1: Thermal conductivity of undoped, VLS-grown Si nanowires from this
work and the literature. Literature values are from Refs. 30, 32, 34. Our results are
in good agreement with the diffuse boundary scattering model, verifying that this
is the dominant mechanism responsible for the decrease in thermal conductivity of
VLS-grown nanowires.

resistance would yield errors of 20-25%, highlighting the importance of measuring and

correcting for this extra resistance.

4.1.2. Uniformly Strained Si Nanowires

With the method verified for unstrained Si, we applied uniform tensile strain
to wire 1 (diameter d=177 nm) and measured thermal conductivity as a function
of stress as shown in Figure 4.2. Our results using the exact analytical solution

(Equation 3.3) were in excellent agreement with the thermal conductivities calculated
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using the approximate solution based on thermal circuits (Equation 3.4). We found
heat transport changes to be <8%, well within our error bars, for tensile stresses
as high as 1.7 GPa (equivalent to an elastic strain of 0.9%). We were unable to
go to higher stresses due to the actuator heating issues discussed in Section 3.2.4,
which limited the amount of load we could apply; we were furthermore limited by
the unavailability of thinner Si nanowires of adequate crystal quality which would
have allowed us to apply more stress. Our results are furthermore consistent with
recent molecular dynamics (MD) simulations on Si nanowires in which the effect of
strain on phonon frequencies and subsequent changes in phonon velocity and heat
capacity were examined.*? The authors found that less than 1% strain applied to a
4 nm diameter nanowire would yield less than 1% reduction in thermal conductivity.
Indeed, more than 7% strain was needed to achieve a 10% reduction, beyond the
reported elastic limit of Si nanowires with these sizes.!® We may also compare our
results to experiments on undoped bulk Si under hydrostatic compressive pressure up
to 1 GPa,*’ or uniaxial compressive strain up to 0.3%°° which found similarly small
changes in thermal conductivity. Taken as a whole, our results suggest that uniform,
uniaxial elastic strains below 1% do not substantially affect phononic transport in Si

nanowires.
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given in Chapter 3. No systematic change beyond the error bars is observed. The
plotted boundary scattering model point is for comparison to Equation 4.1, which
predicts a nanowire of this diameter to have thermal conductivity 55 W m~! K.
Engineering strain values were calculated using the Young’s modulus measured from
nominally identical nanowires, which demonstrated fully elastic behavior with no
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permanent strains for the strain ranges used here (see Chapter 2 and Ref. 148).
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4.1.3. Dependence of Raman Shift on Stress

With our independent measurement of stress we were able to determine the stress
dependence of the Raman shift. Figure 4.3 shows the change in room temperature
peak position with respect to the unstrained nanowire for stresses up to 1.7 GPa.
At -3.5 cm™! GPa™!, the slope of the linear fit here is in very good agreement with
the relationship between Raman shift and stress along <111> predicted from lattice

72, 149

dynamics as well as with experiments on uniaxially stressed bulk Si up to 1.2 GPa

7375 or 0.15 GPa in tension™ along <111>. This measurement is the

in compression
first to be performed on a <111>-oriented Si nanowire, and due to the large range of

elastic stresses accessible in Si nanowires, it is the also the highest-stress measurement

of this relationship along <111> in Si.

4.1.4. Estimates of Measurement Uncertainty

Deflection of the load cell (proportional to stress) is measured using digital image
correlation (DIC) both on loading and unloading, such that we have two measurements
of stress for each increment. We observe no trends in the difference between the loading
and unloading stresses with load, and we observe no systematic difference that would
indicate that the wire or contacts plastically deform during collection of Raman data,
so the difference between the loading and unloading stresses was taken to be the error

on our measurements of stress. The mean difference across all stress measurements
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Figure 4.3: First-order Raman shift of the room temperature peak positions as a
function of stress as measured using the MEMS-based load cell. The dotted line
is the linear fit to this data and is in very good agreement with reports of this
relationship for bulk samples in both tension and compression. Inset: Comparison
between stress measured using the MEMS device and stress measured using Raman
and the previously-determined relationship between Raman shift and stress for <111>

bulk Si in tension (-3.7 cm™! GPa™!, Ref. 76). The dashed line represents perfect
agreement, between our stress measurement and the Raman-based stress measurement.

was 6 MPa (equivalent to strain ~107).

We expect insignificant error in our stress or temperature measurement from
thermal expansion and associated stresses in the mechanically clamped nanowire.
Assuming the linear coefficient of thermal expansion for silicon is 2x107% K =1 and our
temperature excursions are no more than 80 K, the maximum thermal expansion we
would expect would be approximately 1 nm. Since our load cell has stiffness 44 N m—1,

this corresponds to 44 nN or 2 MPa of stress in the nanowire, corresponding to an
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Figure 4.4: The fits shown in Figure 3.5a with accompanying residuals. The RMS

values of the residuals for 0.27, 0.33, and 0.46 mW are 0.024, 0.028, and 0.025 cm™!,
respectively.

error in the Raman shift of 0.007 cm™?, a negligible error.

We estimate the error on our temperature measurement by examining the 95%
confidence intervals on the fits to each spectrum. The Lorentzian + Gaussian fits
yield mean error on the peak position values conservatively below 0.05 cm~!. The 95%
confidence error on the linear fit which yields the room temperature peak position
wrr is also <0.05 cm™!, so the error on Aw is therefore <0.1 ecm~!. The error on our

determination of temperature is therefore <4 K.

Thermal conductivity and contact resistance were measured from the temperature

profiles with fitted curvature greater than 2.5 K um™2, which typically yielded 95%
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confidence intervals on the fitting parameters within 20% of the mean values. The
residuals of these fits, shown in Figure 4.4, are consistent with the error on the peak
fits. Between 10 and 20 of the temperature profiles at each stress increment met this
requirement; the error bars on Figure 4.2 represent the standard deviation of the

resulting values of thermal conductivity using these profiles.

4.1.5. Defected Sv Nanowires

The strain resulting from uniaxial tension is spatially uniform and thus affects
phonon behavior primarily through changes to frequencies and hence heat capacity
and group velocity. A contrasting view is that of strain incurred by lattice defects,
which produce spatially nonuniform strain fields in the form of large strain gradients
and may affect the phonon mean free path. One way to introduce a large density of
point and line defects is by way of displacement damage resulting from ion irradiation.
We examined the effect of a locally nonuniform state of strain by lightly irradiating
a b um section in the center of wire 1 and a 4 pum section of a similarly-sized wire
(wire 2, d=175 nm) with a focused Ga™ ion beam (30 kV, 20,000x magnification, and
fluence 4 ions nm~?2) at normal incidence and without rotation about the nanowire
axis. Although the precise temperature in the immediate sample environment during
irradiation was unknown, the microscope chamber and stage were held at room
temperature. Figure 4.5a shows a dark field transmission electron microscopy (TEM)

image of wire 2 at the boundary between the irradiated and unirradiated regions, with
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a selected area electron diffraction (SAED) pattern from the irradiated region inset.
We observe a thin semi-shell (<25 nm) of partially-amorphized Si in the irradiated
region, but the majority of the wire remains crystalline (although defected as evidenced
by the SAED pattern which exhibits strong spots and very faint rings). There was no

overall change in diameter or surface roughness.

Wires 1 and 2 exhibited drops in thermal conductivity of approximately 92% and
94%, respectively, as a result of irradiation. Figure 4.5b demonstrates this pronounced
effect via the marked change in the relationship between laser power and peak position
(slope proportional to thermal resistance, as per Equation 3.1) for wire 2 before and
after irradiation. To verify that the apparent heating increases in the irradiated wires
were due to changes in thermal conductivity and not to changes in absorption or in
X7 in the irradiated region, a third wire (wire 3, d=171 nm) was irradiated along a
1.5 pm length at the end of the nanowire such that all Raman measurements were
performed on the pristine section of the nanowire. Changes in the heating profile
for fixed laser intensity (Figure 4.5¢) could then be attributed to changes in the
resistance of the irradiated length of the nanowire. Here, a drop of 71% in thermal
conductivity was observed for the irradiated section. The difference between the
thermal conductivities measured using the two irradiation geometries could be due
to small changes in absorption or yr in the irradiated region or due to changes in
contact resistance upon irradiation which we were unable measure in this experimental

geometry. Regardless, it is clear that the bulk of the apparent drop is due to a change
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in thermal conductivity within the irradiated region.
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Figure 4.5: Thermal conductivity of irradiated Si nanowires. a) Dark field TEM
image of the irradiated /unirradiated boundary of wire 2 using the (111) spot indicated
in SAED pattern from the irradiated region, inset. Scale bar represents 100 nm.
b) Raman shift as a function of incident laser intensity for wire 2 before (blue circles)
and after (red squares) ion irradiation. The slope of this curve is proportional to the
thermal resistance of the system. Measurements before and after irradiation were
performed on the same day and within the same session in order to eliminate errors
due to instrumental drift. ¢) Heating profiles for fixed laser intensity for wire 3 before
and after irradiating one end near a grip. d) Direct comparison of representative
Raman spectra from unirradiated and irradiated regions of wire 2 collected using the
same laser intensity and collection time. Any amorphous peaks are undetectable.
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We ascribe our decrease in thermal conductivity to the introduction of defects in

%0_—and hence a locally nonuniform state

the form of vacancies and implanted ions*
of strain—throughout the nanowire volume. Our Raman spectra from the irradiated
regions suggest more extensive disruption of the lattice than can be seen with TEM.
Compared to the perfectly crystalline case, the first-order Raman peak for Si which

51 or deposition conditions!®? has

has been disordered via either ion implantation®
been observed to be of lower Raman shift, lower intensity, and broader linewidth. As
can be seen in Figure 4.5b, the room temperature peak position in the irradiated
region is 0.3 cm™! lower than in the unirradiated region. Furthermore, the intensity
of the irradiated peak is lower by a factor of approximately 10 with no amorphous
peak, as shown in representative Raman spectra collected from wire 2 in the irradiated
and unirradiated regions within the same map (Figure 4.5d). Although difficult to
measure compared to the changes in intensity or position, we detect some (6-14%)
broadening in the irradiated regions beyond what would be expected with increasing
temperature. The lowered shifts and intensities and increased linewidths we observe
suggest phonon confinement with characteristic length scales smaller than the nanowire
diameter, akin to systems with large fractions of planar defects (e.g. grain boundaries)

153,154 This interpretation is consistent with our

such as nanocrystalline systems.
TEM and SAED results, which indicate that the vast majority of the irradiated

material maintains crystallinity, albeit with local disorder introduced via irradiation-

induced defects, leading to the large measured drop in thermal conductivity. We may
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exclude diameter and surface effects as causes of the dramatic lowering of thermal
conductivity since we observe no changes to the nanowire surface. The diameter
reduction of the crystalline core is also not sufficient to yield the observed >70% drops
by comparison with diameter-dependent studies,® 3! and the RMS roughness of the
crystalline-amorphous interface was at most 1 nm greater than the surface roughness
of the unirradiated wire, insufficient to yield the observed drops by comparison with
systematic studies of roughness dependence.?* 3* A decrease in thermal conductivity
with irradiation is additionally consistent with experimental reports on irradiated

0155, 156

samples of bulk Si and microscale InN, %7 for which the surface and diameter

effects prevalent at the nanoscale are negligible.

Our measurements suggest that the diminished thermal conductivity observed
in studies of rough Si nanowires may in fact be due in large part to core rather than
surface effects. Reports on the effect of surface roughness have all used metal-assisted

22,30, 33735 3 process known to, depending on the concentrations of

chemical etching,
the etchant components, lead to the formation of nanoporous nanowires.?® 37 It has
not been unequivocally demonstrated that the etched nanowires used in these surface
roughening studies did not also contain an increased concentration of atomic-scale pores
and vacancies (which would not be observable in conventional TEM) as compared
to pristine wires. Indeed, Raman spectra of etched Si nanowires with roughness

controlled by the etch time have been reported to exhibit broadening of the first-order

peak which increased with etch time,?? indicative of increasing lattice disorder. Recent
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MD simulations have examined Si nanowires with both surface roughness and core
defects and found that a combination of the two is necessary to achieve the thermal
conductivity decreases reported in the literature, with core defects responsible for the
majority of the reduction.?® Our measurement of a large drop in thermal conductivity
without a significant increase in surface roughness is consistent with this notion, and it
is clear that roughening approaches which do not modify the core must be developed

and utilized to isolate the effect of surface quality on thermal conductivity.

Taken as a whole, our measurements imply that local perturbations to the
crystalline lattice via core defects radically affect thermal transport in Si, whereas
small, uniform elastic strains do so weakly. The decrease in Si thermal conductivity
with uniform tensile strain arises from a reduction of phonon frequencies and hence
heat capacity and phonon velocity. % 1% For the elastic strains achieved here (<0.9%),
the change in zone-center phonon frequency is relatively small (<1.1%, as seen from
our room temperature Raman shifts) and the effect on thermal conductivity is also
relatively small. This implies that uniaxial strain may be used to independently
tune electrical properties without strongly influencing thermal transport, a promising
indicator of the use of elastic strain engineering in applications benefiting from tunable
charge transport or optical properties. Irradiation has a more drastic effect on thermal
properties by significantly decreasing phonon scattering times due to defects, and for
nanoscale systems where strong boundary scattering is prevalent, the overall thermal

conductivity has been predicted to scale with vacancy volume fraction, ¢, as 1/(1+a¢?)
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where a and b are fitting parameters. ' Although point defects scatter phonons due
to the mass difference with the host lattice as well as the large strain gradients
around these defects, %’ the strain field effect likely dominates over the mass-difference
effect. 6% 161 For a single vacancy in Si, neighboring atoms may be displaced by as
much as 18%, with higher displacements associated with divacancies or interstitial
defects.% Thus, we may ascribe the majority of the thermal conductivity reduction to

the large gradients in strain near point defects.

4.2. Si Micromeshes

Our previous finding that uniform strain affects thermal conductivity weakly, if
at all, whereas defects have a strong effect motivates the need for a means of tunably
applying heterogeneous states of strain in order to understand the effect of gradients
on phonon scattering. It would furthermore be useful to find ways of isolating the
strain gradient effect since the relative weights of the mechanisms behind phonon
scattering from defects (strain gradients, mass-difference, changes in interatomic
potential, interfaces, etc.) are not well studied in real systems. There are several
means by which heterogeneous strain may be reversibly applied to a nanostructure,
including bending or indenting within the elastic regime or straining a kinked nanowire
or a micromesh. The last of these is attractive since we may draw parallels between a
micromesh—a thin film containing pores which extend through the thickness—and a

defected system. Pores may be considered similar to vacancy clusters in that they
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are essentially missing atoms; however, the spatial extent of strain gradients near
these pores would be relatively low compared to the size of the pores. This is in
contrast to a vacancy cluster, where the volume of the distorted lattice is on the order
of the volume of missing atoms.%? Applying a far-field load to a micromesh creates
a heterogeneous state of strain such as that seen in Figure 4.6a, with varying strain
states and magnitudes within the same structure, with the largest gradients near the
holes, analogous to systems containing high vacancy concentrations. Although this
analogy is imperfect, measurements of micromesh thermal conductivity both with and
without strain may shed light on the relative importance of the mechanisms behind
vacancy scattering as well as provide another means of engineering materials thermal

conductivity.

4.2.1. Tensile Bar and Micromesh Fabrication

Free-standing Si tensile bars were fabricated in the device layer of commercially-
available (100) silicon-on-insulator (SOI) wafers with the axis along the <110>
direction. Dogbone patterns were created using photolithography and transferred
by reactive ion etching (RIE) in SFg. The oxide layer was then dissolved in an HF
bath so that the tensile bars detached from the wafer. The resulting tensile bars
were approximately 1.5-1.7 pym thick, 1 mm long in the straight part of the gauge
section, and 95 pum wide. A representative optical image of a tensile bar can be

seen in Figure 4.6b. Micromesh patterns spanning the width of the tensile bars and
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Figure 4.6: Strained Si micromeshes for reduced thermal conductivity. a) Finite-
element model demonstrating a complicated strain state achievable by applying a
uniaxial load to a micromesh structure. Only the center of a wide mesh is shown.
The colorbar is a linear scale; the strain state is self-similar for all applied loads up
to fracture. Strain at the edges of the pores is approximately 3x the far-field strain.

b) Optical image of a fully dense tensile bar fabricated by Dr. Brian Piccione at Penn.
c) SEM image of a FIB-milled mesh pattern.

approximately 80 um along their length were created by FIB milling using Ga™ at
30 kV accelerating voltage and 20 nA beam currents. The patterns contained pores
1.9-2.1 pm in diameter with 4.9-5.1 um spacing; the size and and spacing were guided
by the resolution of the ion beam at beam current practical for fabrication of these
patterns. A representative SEM image of a portion of the mesh may be seen in

Figure 4.6c¢.
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4.2.2. Uniformly Strained Si Films

Before testing tensile bars with the micromesh pattern, we developed a method of
applying strain to fully dense (i.e., without a mesh pattern) tensile bars and measuring
thermal conductivity. The device shown schematically in Figure 4.7a was used to
apply strain to the tensile bars. Si supports were attached to a PDMS strip measuring
approximately 1x4 cm using PDMS precursor and cured. The PDMS strip was
then placed in the device, which consists of two clamps which are free to slide in
one dimension on guide bars. Tensile bars were aligned parallel to the guide bars
and attached to the Si supports such that the tensile bars were suspended several
hundred microns above the PDMS. Strain was applied using a micrometer positioning
stage and then fixed using set screws. Although there is no load cell incorporated
in the device, elastic strain may be measured using shifts in the room temperature
peak position with strain, as in Section 4.1.3, and converted to stress using the bulk
Young’s modulus for <110> Si of 169 GPa. It is important to note that in applying
this method to the tensile bars, where strain is applied along the <110> direction, a
different relationship exists between stress and Raman shift from the <111>-oriented
nanowires, and the literature value of y, was used.”® 4 We additionally measured
strain by collecting optical images of a “dirty” region of the tensile bar containing
some surface debris at each strain increment and performing digital image correlation
(DIC) to determine strain. The Raman- and DIC-based methods were found to be in

excellent agreement (see Figure 4.8).
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