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ABSTRACT

The invention of ultrafast lasers revolutionized our capacity to examine the fun-
damental physics of the materials used in optoelectronics on a femtosecond timescale.
Pump-probe is a powerful optical technique which measures the changes in the ab-
sorption; the transient data can inform the theory of carrier-carrier scattering, phonon
interaction, and state lifetimes in the sample. This work explores the ultrafast elec-
tron dynamics of two materials of emerging importance to optoelectronics: Titanium
Nitride (TiN) and InGaN dot-in-nanowire structures.

TiN is a refractory conductive ceramic that has many uses in plasmonics, CMOS
electronics, and hot carrier devices. Its optical properties as revealed by ellipsometry
are very similar to those of noble metals, which are the most important traditional
plasmonic materials; however, its thermal properties and electron-phonon coupling
are quite different. Using pump-probe experiments, the transient carrier dynamics
are explored. The results are interpreted using a two temperature model which reveals
important contrasts to the noble metals; in particular, the electron-phonon coupling
constant is on the order of 10'®, which approximately two orders of magnitude greater
than the coupling in gold. This is significant because heat is efficiently transferred to
the substrate, leading to a large substrate contribution to the measured signal.

Selective area samples of InGaN/GaN dot-in-nanowires grown on GaN /sapphire
were investigated. This work shows the first time-resolved differential reflection mea-

surements on green InGaN/GaN quantum dots. This type of growth is very controlled
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and slow compared to self-assembled structures, but this also allows the wires to be
more homogenous. Even with this type of growth, defects and trap states play a
major role in determining the performance of optoelectronic devices such as LEDs,
lasers, and detectors. The lifetimes captured give an understanding of the states in
the interaction, as well as energy loss to phonons. Two decay times were extracted; a
fast decay 20-35 ps, which is attributed to decay into non-radiative states and a slower
decay 330-830 ps, which we believe is mostly radiative recombination. This work can

inform future growth and optimization for nanowire LED and laser applications.
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CHAPTER I

Introduction to electron relaxation in metals and

semiconductors

Advances in understanding the physics of materials continue to revolutionize the
world of electronics. Controlling the flow of carriers, understanding the lifetime of
their current state, and predicting the probability of their available transitions are
all vital parts of engineering opto-electronic devices, including semiconductor lasers,
light-emitting diodes (LEDs), and solar cells. While it is easy to characterize the
flow of electrons through a metal wire in the presence of an electric field, the problem
becomes infinitely more complex as we move past the Drude model into more complex

materials, including conducting nitrides and semiconductor heterostructures.

1.1 Carrier experiments

There are several different types of experiments that give information about the
movement of carriers in a material. In the simplest Drude model, the carriers are free
electrons. In semiconductors, the carriers can be electrons or holes; if it is an intrinsic
semiconductor, then the number of holes and electrons is balanced, while a doped
semiconductor will have a majority and minority carrier population. Each of the

measurements described below gives slightly different information about the system,



which can include information such as carrier mobility, electron- phonon coupling,
and carrier- carrier scattering.

Hall measurements, which even predate the discovery of the electron, are one of
the most ubiquitous carrier measurements for both metals and semiconductors. By
applying a voltage in one direction, and applying a perpendicular magnetic field, the
resulting potential created in the direction orthogonal to those axes can be measured.
The measured potential can give insight into carrier concentration and is proportional
to mobility.

A Haynes- Shockley experiment was the first to show the mobility of the minority
carrier. An external bias is applied to the semiconductor, then a pulse is sent in and
the carriers are detected at a set distance; from this measurement the drift velocity
can be calculated. Both optical and electrical set-ups have been used to study carrier
diffusion, mobility and recombination lifetimes.

Pump- probe experiments do not directly measure the presence of carriers, instead
the change in transmission (or reflection) due to a change in the carrier distribution
induced by a pump pulse is measured. However, if the proper wavelengths are chosen,
and knowledge of the system is used, the change in transmission AT/T (AR/R)can
be related to the dynamics of the carriers. This class of experiments has a lot of ad-
vantages; since it is all optical it can measure the intrinsic value of a material constant
that is not hindered by other imperfect physical interfaces, such as the connection of
electrodes to the material in a Hall measurement. Also, since the measurement is an
interaction of two light pulses, the temporal resolution is only limited by the convo-
lution of the pump and probe pulse widths, allowing for measurements not possible

with comparatively slow electronics.



1.2 Pump-probe experiments

There are many variations of pump-probe experiments, but the common factor
is that a pump is used to perturb the system, while a weak probe then samples the
change in transmission (or reflection) made by the pump. In order to only measure
the change in the system due to the pump, the pump beam is chopped and phased to
a lock-in amplifier; however, the pump itself is not measured; the lock-in is connected
to a photodetector which only measures the modulation the probe pulse. The pump
pulse is blocked from entering the detector after interacting with the sample by some
combination of filtering, including polarization, spectral, and spatial. These can be
setup to measure the differential reflection, AR/R, or the differential transmission,
AT/T. Since the light must either be reflected, transmitted or absorbed, the change

in reflection or transmission signifies a change in the absorption.

1.3 Relaxation in metals

Even though the noble metals are the closest materials to a simple free electron
model, it has taken a considerable amount of work to understand the electron dy-

1,27-31

namics . In a linear isotropic material, the dielectric displacement field (D) is

proportional to the electric field (E) through the equation:
D = ¢peE (1.1)
where e= €; + i€y is the complex permittivity of the material. The differential reflec-

tion can be related to a change in the permittivity through?3!:
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For excitation from ultrafast pulses, there are several processes that take place on a
very short timescale. They are summarized in Figure 1.1.

First the available conduction electrons absorb the energy from the incoming pho-
tons; in this state they are in a non-thermal distribution and do not have a defined
temperature. This thermalization process has a timescale that is not currently re-
solved by transient pump-probe experiments. The second timescale is when the non-
thermal electrons undergo electron-electron scattering to reach a state of equilibrium.
These are labelled “hot electrons”. These thermalized electrons are very energetic
and have the ability to do work; the applications of hot electrons will be discussed
in Chapter 2. During the initial two steps, the lattice has not absorbed any energy.
The third timescale is when electron- phonon scattering brings the hot electrons and
the lattice into equilibrium.

In the introduction to solid state physics, the idea is introduced that for a Fermi
gas (or ideal metal) at T= 0 K, the occupancy probability f(£) will be a step function:
f(E)=1if E < Epor0if E > Ep. As the material is heated, this step function
turns into a Fermi-Dirac distribution around Er as some of the electrons below the
fermi energy (EFr ) get excited above Er by the heat of the lattice. In this same way,
the heat introduced by the laser pulse, will change the occupancy probability, f(F),
which will change the reflection of the metal; this is called Fermi smearing.

The reflection can also be changed by strain that is introduced to the metal as
the lattice expands due to heating. Since this is a lattice effect, it is often ignored for
transient pump-probe experiments of metals. The noble metals relax on a timescale
of <5 ps, which is faster than the typical response of the lattice. However, for other
more complex metals, such as the transition metal platinum, the lattice cannot be
ignored®?.

In Chapter 2, titanium nitride (TiN) will be discussed as a material with great

potential uses in optoelectronics. However, its electronic structure is very complex
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Figure 1.1: The three phases of electron relaxation in metals. (a)The electrons ab-
sorb the photons in the excitation pulse creating electrons in non-equilibrium state.
(b)Through electron-electron scattering, the hot electrons come to an equilibrium
within themselves at T,. (c¢) The third phase shows electrons coming into equilibrium
with the lattice through electron-phonon coupling®.

and cannot be modeled with the simple free electron model. Despite that, it has a
complex dielectric function which is very similar to gold. Due to the fact that gold
has been the subject of many of these pump-probe experiments, it makes a good
reference point.

The response described so far, is for the phonon assisted intraband relaxation,
also described as the being in the “Drude tail”, since this is the response expected
for Drude metals. However, at higher excitation energies, interband transitions begin

to occur; in gold these transitions start at around 1.8 eV®. These transitions do not



occur at the gamma point, so they are not radiative like traditional semiconductors.
However, the other aspects of the interband relaxation will follow the same processes

as electron relaxation in semiconductors, which will be discussed in the next section.

1.4 Relaxation in semiconductors

The initial response of semiconductors to an excitation by an ultrafast pulse is
similar to metals. The electrons absorb the energy and are excited to a higher state
where they are in a nonthermal distribution. This all occurs on the timescale of <200
fs. Carrier-carrier scattering and carrier-phonon interactions begin around 100 fs and
continue to the ps timescale. Radiative and non-radiative recombination processes
begin around a ps and can last for us timescales?2.

The key difference is the radiative and non-radiative processes which are on a
significantly longer timescale than intraband responses in metals; heat dissipation
through the lattice can be on a longer timescale, but at that time, the energy has
already transferred from the carriers. Not surprisingly, this goes back to the difference
in the band structures when comparing a metal and a semiconductor. A metal will
have a conduction band that crosses the Fermi level, while a semiconductor has a gap
that spans the Fermi energy.

The semiconductor bandstructure for a typical direct bandgap material can be
seen in Figure 1.2, which shows a pump-probe experiment examining the lifetimes of
different states. Three different valence subbands are shown, the heavy-hole (HH),
light-hole and the split-off-hole (SO). The pump (red arrow) is energetic enough to
excite carriers across the bandgap. The probe wavelength (blue arrow) will determine
which transitions are measured. The three regimes of interest are pictured: Photoex-
citation, thermalization, and recombination. Pump-probe measurements give insight
on the physics occurring in the thermalization and recombination regimes. Radiative

and non-radiative processes, which determine the efficiency of solid-state devices, e.g.
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Figure 1.2: Optical pump, mid-infrared probe measurements on a II1-V semiconduc-
tor (left). The mid-infrared probe pulse is used to isolate the hole subband dynamics
from the conduction band dynamics. Initial photoexcitation is determined by the
photon energies present in the pump pulse (red). Mid-infrared probe pulses (blue)
promote holes from the upper valance subbands to the split-off subband. The wave-
length of this probe pulse determines the region in k-space probed in this experiment.
(middle) Energy thermalization is the result of interand intrasubband carrier—carrier
scattering (yellow) and phonon scattering between subbands (green). (right) The
system returns to equilibrium using electron—hole recombination, which results in the
emission of a photon (red), carrier trapping (not shown), or thermal diffusion to the
substrate (not shown). CB, conduction band; HH, heavy-hole subband; LH, light-hole
subband; and SO, split-off-hole subband.?2.

light-emitting diodes, will be discussed in more detail in Chapter 4.

1.5 Summary of chapters

In Chapter 2 the background and motivation of studying TiN is presented. In its
traditional definition it is a ceramic, however TiN is conducting and has some optical
properties that mimic that of a Drude metal which make it an attractive plasmonic
material. From the bandstructure, it appears metallic, but it also has nearby bands
at the gamma point which makes it appear semiconductor-like. Growth parameters
and their effect on the dielectric permittivity will be discussed.

In Chapter 3 results from time resolved pump-probe experiments are discussed.



The lifetimes, which are very different than that of a Drude metal, are examined in
relationship to the traditional Two Temperature Model. The electron-phonon cou-
pling constant, G, that is used to characterize electron relaxation in metals will be
discussed and calculated from material parameters.

In Chapter 4 the background and motivation of InGaN/GaN heterostructures in
solid state lighting technologies is presented. The basic processes governing the effi-
ciency of light-emitting diodes are discussed. The properties of selective-area growth
dot- in- nanowire structures are discussed, as these samples are the focus of the op-
tical measurements in Chapters 5 and 6.

In Chapter 5 the photoluminescence (PL) of two InGaN/GaN nanowire samples
are presented. The PL from a pulsed excitation source is compared to that from a
continuous wave (CW) laser. This comparison gives insight into the states and com-
position of the two samples. One sample is a white light nanowire sample, and the
other is a green dot-in-nanowire sample.

In Chapter 6 transient pump-probe measurements are presented for the two In-
GaN/GaN nanowire samples. The carrier dynamics including, electron capture and
relaxation lifetimes are discussed. Fast capture and short lifetimes in the white light
nanowire sample indicates that this sample has localized states due to defects. The
green dot-in-nanowire sample has longer capture times and lifetimes. These samples
are compared with values from current literature.

In Chapter 7 the work presented is summarized and future work for each project

is discussed.



CHAPTER II

TiN background

From Chapter 1, we can see that the fundamental processes underlying many
electronic and optoelectronic devices are governed by the presence of hot carriers and
their relaxation. As a result, relaxation processes in many metal and semiconductor
structures are now understood in great detail. A particular class of materials of great
emerging interest is the transition metal nitrides such as TiN, ZrN, and HfN, which
exhibit promise for applications in refractory plasmonics, hot carrier driven devices,

and thermal applications.

2.1 Motivation

2.1.1 Plasmonics

The study of the interaction between electromagnetic waves and the free electrons
in a metal is the field of plasmonics. Due to the fact that metals do not propagate
light, this interaction is only seen at the dielectric/metal interface. The first type
of plasmonic interaction is a propagating wave on the surface of the metal/dielectric
interface called a surface plasmon polariton (SPP). When an electromagnetic wave
travels along the interface between a dielectric and a metal, information can be carried
at the speed of light in the material while being confined to an area that is much

smaller than the conventional optical fiber. Surface plasmons are touted as a way



to marry the speed of optical communication with the size scalability of electronic
devices. However, due to loss caused by the metal, plasmonic waves are a decaying
exponential that can only propagate over short distances, usually hundreds of microns.
Another obstacle is that there is an inherent tradeoff between the confinement of the
field and the propagation length of the SPP. Despite these difficulties, efforts continue
to create a viable plasmonic waveguides and other optical on-chip communication
devices3340,

The second type of plasmonic interaction is a localized surface plasmon (LSP).
This interaction occurs when the metallic structure has dimensions on the order of
the wavelength used for excitation. The size of the particle and the surrounding
dielectric will determine its localized surface plasmon resonance (LSPR). Like the
SPP, there is strong field confinement at the surface which can be exploited for many
applications, including surface-enhanced Raman scattering (SERS), non-diffraction
limited waveguides, information storage, optical switches, photocatalysis, and high
resolution microscopy 33445,

Another area of applied plasmonics is metamaterials, a class of “materials” that
are designed as hybrid structures that often include layers or patterns that can con-
trol the absorption, reflection, and propagation of the light. These structures have
components which have at least one dimension that is on the order of a wavelength,
so the light interacts with the structure as a whole. Instead of being characterized by
their bulk properties, they are characterized by effective constants, such as an effec-
tive refractive index that is dependent on the complex permittivities of the individual
component materials, their respective volume ratio, and the shape of the structure.
Figure 2.1 shows several metamaterial structures made of gold and silver, including
a planar structure in the bottom right which has a negative index of refraction. In

order to have complete design control in creating metamaterials, there must be ma-

terials used in the construction that have both positive and negative real components
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of the permittivity, ;. Otherwise, the index of refraction could only be tuned within
the range of the individual positive indices. € < 0 and p < 0 is sufficient to produce

a negative index of refraction?®.

Gold and silver are often used as the component
material that has a negative real permittivity €;, because they also have a relatively

low €5 which is directly related to the loss.

Figure 2.1: Modern metamaterial structures at optical frequencies, based on different
materials and geometries. Typical examples include, from top left clockwise, a layered
fishnet negative-index metamaterial; 3D arrangement of split-ring resonators; spiral-
based chiral metamaterial; metal-dielectric layered metamaterial; metal-dielectric

layered metamaterial composed of coupled plasmonic waveguides, enabling angle-

independent negative n for particular frequencies?.

2.1.2 Refractory plasmonics

Under the right growth conditions, the complex dielectric function of TiN mimics
that of gold. While it still has the same issues with resistive losses, it is refractory
which means that it is chemically stable at very high temperatures; the melting
temperature of bulk TiN is 2950 °C. The noble metals, gold and silver, have melting

points of 1064 °C and 962 °C, respectively. This is important for several reasons.
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First, the loss in the plasmonic system is ohmic loss, which becomes residual heat in
the metal of the system, so heat is an inherent part of the interaction. Second, many
plasmonic systems are predicated on the size of the material, and as the structures
get smaller the melting point also decreases. LSPR requires particles and patterns
with dimensions on the order of a wavelength. Gold nanoparticles with a diameter of
38nm on the major axis were shown to melt and change shape at a temperature of
940 °C*7.

Since the shape of these systems plays a vital role in the light interaction, whether
it is nanoparticles or patterns, melting will create a catastrophic failure of the device.
TiN and gold were patterned to be used as a solar absorber, and TiN was able to
withstand more than twice the intensity of the gold pattern®. Ultimately, a relatively

higher damage threshold for these systems is very beneficial.

2.1.3 Hot carrier driven devices

In Chapter 1 the process of absorbing light in a metal, and the creation of hot elec-
trons was described. Figure 2.2 shows the different effects of hot electrons in a metal,
which can each be harnessed for different applications. Plasmonic hot carrier devices
have many exciting applications including, catalysis, photothermal cancer treatment,

4,49-51

photodetectors, and photovoltaics . TiN, and other transitional metal nitrides

have been proposed as the hot carrier absorbers in a hot carrier solar cell device®?°3;
using a metal-insulator-metal configuration, the photocurrent with TiN was an order
of magnitude greater than that of the same device using gold. Gold is used as a
plasmonic localized heat source for biological applications, however for most of the
visible and NIR wavelengths, TiN shows a greater heating efficiency when compared
to gold®. TiN has been demonstrated as an absorber and localized heat source for

8

a thermophotovoltaic device*®. In these experiments TiN was fabricated as a thin

film, nanoparticles, and a patterned surface, respectively. Many of the plasmonic
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applications use shape and size to control the field, so it is key that TiN is a cheap
material that can be made into nanoparticles as well as patterned surfaces. While
each of these applications uses hot carriers, Chapter 3 will show how the extremely
strong electron-phonon coupling in TiN indicates that the increased efficiency is not

because the carriers have longer lifetimes that in noble metals.

.
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Figure 2.2: Effects that can be stimulated by the photoexcitation of hot electrons in
a metal (blue). a, Photoemission of electrons from a metal surface into vacuum can
occur when the electron energy exceeds the metal’s work function. b, Photoexcited
hot electrons can remain trapped inside a metallic nanostructure and cause local heat-
ing of a metal particle (red) and its surroundings. ¢, Hot electrons can interact with
molecules on a surface and induce photochemistry. d, The energy of hot electrons can
be used to photo-desorb small molecules from the surface. e, Photoejected electrons
from a metal can be captured by a counter-electrode (orange) to generate useful cur-
rent. f, Photoejected electrons can be captured by an ultrathin semiconductor layer
or two-dimensional materials (grey) and electrically dope them. light?

2.2 TiN samples

TiN is not common in the natural world, but was developed along with other

transition metal nitrides and carbides for their refractory properties, high hardness,
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and chemical stability. Groups VI, V, and VI of the transition metals are the group
of metals with a large enough atomic radius to form interstitial nitride compounds;
these should not be confused with what are often referred to as III- V semiconductors
whose label comes from the number of electrons the original elements have in their
valence shell, not their group number on the periodic table. Of the interstitial nitride
compounds, the refractory compounds are TiN, VN, ZrN, NbN, HfN, and TaN%.
The periodic table shows these transition metals outlined in Figure 2.3.
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Figure 2.3: Periodic table with the transition metals that form interstitial nitride
compounds outlined in red and the transition metals that form refractory nitrides
outlined in bold black.

2.2.1 Growth

The samples characterized in this work are two 30nm thick TiN films: a “High
Quality” epitaxial film grown at 800 ° C on c-plane sapphire, and a “Low Qualit”
polycrystalline film grown at 350 © C on fused silica. The films were deposited using
magnetron sputtering by collaborators at Purdue University. They have been labeled

as high quality and low quality partially due to the difference in the grain sizes and
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their orientation, as can be seen in Figure 2.4. From the picture, it is not surprising
that the low quality film is polycrystalline; the claim that the high quality film is
epitaxial is based on previous work from the Purdue group that showed epitaxial
TiN films grew on sapphire due to improved lattice matching®®. The description of
epitaxial growth is only referring to the orientation of the grains with the sapphire
substrate and is not a claim on grain size or number of grains. It is obvious that both
of these thin films are comprised of numerous grains, as opposed to what is normally
thought of for a crystalline structure. The difference in the films is due to both the

difference in temperature deposition and the choice of substrate.

Figure 2.4: SEM pictures of the two 30nm TiN samples taken by Nathaniel Kinsey:
a) the high quality sample grown at 800 °C on a sapphire substrate with ordered
grains, b) the low quality sample grown at 350 °C on a fused silica substrate with
more disorganized grains.®

2.2.2 Permittivity

The complex permittivity of the two samples was obtained by the Purdue group
using ellipsometry and is shown plotted in Figure 2.4, with the permittivity of gold
plotted for comparison. As was stated earlier, the negative real permittivity, €;, is
what gives TiN metallic optical properties; it can be seen from the figure that the
high quality film is more metallic than the low quality film. The ¢; of the high
quality TiN film crosses zero at 500 nm and the low quality film crosses at 620 nm.

These two films are chosen to be compared since they show the tunable range of the
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dielectric function for TiN. The ability to tune the material to have certain properties
is potentially very useful, however, these properties are not tuned in isolation, and
most likely the stoichiometry of the film is shifting with the “quality”.

A summary of different TiN growths on different substrates shows a range of ¢;
zero crossings from 420 nm (2.95 eV) to 620 nm (2 eV)5". The energy at which
€1 crosses zero is the screened plasma energy. In a free electron model, this would
be the unscreened plasma energy E,,, however in real metals this is shifted due
to interband transitions; the shifted crossing occurs at the screened plasma energy
E,s. One experiment showed 468 nm (2.65 eV) as the € crossing®®, and another at
495nm (2.5 eV)57; both claimed to have stoichiometric films. While E, is related
to stoichiometry, at this time it can only be used as an estimate, which is partially
due to the error of the measurements determining the stoichiometry. While the zero
crossing has been proposed as a way to estimate the stoichiometry of a sample, the
exact value is not known; the high quality film zero crossing is much closer to the
expected value than the zero crossing of the low quality film. It is reasonable to

conclude that the high quality film is more stoichiometric than the low quality film.

2.2.3 Stoichiometry

The stoichiometry of the two films was measured using EDX. In Table 2.1 the
weighted percentages of the composition can be seen. The first two columns show the
TiN, while the rest of the columns are representing the substrates: sapphire (Al;O3)
and fused silica (SiOs). From this data we can see that the high quality film is very
nearly stoichiometric, while the low quality film is not. This is supported by their
respective values of E,;. While these are both good indicators of the stoichiometry,
the values in the table were measured from energy lines <5 keV, which are very
susceptible to error (relative standard error ~12%)5%. Due to that, these numbers are

not presented as actual proof of stoichiometry, but presented in conjunction with the
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Figure 2.5: The measured real (dashed) and imaginary (solid) permitivitties of the
30nm High Quality TiN on double polished sapphire and the 30nm Low Quality TiN
on Fused Silica measured by Nathaniel Kinsey using ellipsometry. The black lines are
plotted from values for gold published by Johnson and Christy.°

E,s as a comparison between the two samples. Other studies also confirm that growth
at a higher deposition temperature leads to a more stoichiometric growth®®. While
several papers claim to have stoichiometric bulk or thin film TiN crystals, this claim
should not be made lightly. Unlike the carbides, where extra nitrogen leaches out,
TiN and the other nitrides can be overstoiciometric. This means that a film could
have titanium and nitrogen vacancies, which in theory could average out to appear

stoiciometric®®.

17



Table 2.1: The values presented here have a high relative standard error (.12%) and
are only used to compared the relative stoichiometry of the two samples

Sample Ti[wt %] N [wt % O [wt %] Al [wt % Si[wt %]
High-Quality TiN | 26.4 24.9 5.8 41.8 0
Low-Quality TiN 23.6 26.2 8.3 0 40.7

2.2.4 Bandstructure

Typically, materials are classified as metals or semiconductors based on their band-
structure and other resulting characteristics. However, many materials do not have a
clear distinct category, including TiN whose electronic bonding has metallic, covalent,
and ionic components”. One of the distinguishing properties of metals is that their
conduction band below the Fermi level gives them electrical conductivity. As can be
seen in Figure 2.6, the conduction band of TiN dips below the Fermi level, just as you
would see in the bandstructure of a metal. This bandstructure was achieved using the
augmented-plane-wave (APW) method for purely stoichiometric, face-centered cubic
(fcc) TiN7 and is in fairly good agreement with other calculated bandstructures for
TiN&9%60  The actual values of the energy gaps vary slightly between the models and
are depicted in Figure 2.7.

Many of TiN’s electronic applications stem from its relatively high conductiv-
ity; however, the reported values of electrical conductivity /resistivity show as much
variation as the other parameters of TiN. This is not surprising since the electrical
conductivity will be very dependent on the number of free electrons and the electron
mean free path. The number of free electrons is proportional to the stoichiometry,
while the grain size, crystalline structure, and defects are variables in the length of
the mean free path. The thickness of the film will also change the conductivity/
resistivity of the material as compared to bulk. A selection of literature values for
the resistivity of TiN, including the thickness of the film is shown in Table 2.2 along

with gold for comparison.
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Figure 2.6: The band-structure of stoichiometric TiN7.
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Table 2.2: Values of resistivity for different thicknesses of TiN at 300K. Gold is
included as a point of comparision.

TiN gold

resistivity (u) —cm) | 20£10 13 12 43 104 || 2.44

thickness bulk bulk 260 nm 100 nm 2 nm | bulk
reference 55 61 62 63 61 64

It is not surprising that TiN has a resistivity approximately one order of magnitude
larger than gold, because it has approximately one order of magnitude fewer free
electrons. It is also clear that the resistivity can change by an order of magnitude
based on the thickness of the material. This change is due to the available paths
in one direction shrinking, as well as surface roughness and defects. While TiN is
not a metal by definition, it is humorous that its conductivity is greater than the
conductivity of Titanium, the metal element in the structure.

While TiN does have a band that crosses the Fermi level, it also has nearby
valence bands which would allow for optically driven interband transitions like a
semiconductor. A simplified picture of the energy bands around the I'" point are shown
in 2.7. Interband transitions also occur in metals, that is what gives gold its color.
However, the interband transitions in gold are not-semiconductor-like because they
don’t appear at the gamma point and are non-radiative. Traditionally, these types of
of interband transitions, like the ones seen in TiN, are forbidden by selection rules.
The difference here is that the bands in TiN are composed of mixed orbitals from
the Ti and N atoms and the interband matrix elements are not yet calculated from
theory. The orange arrow depicts the traditional metallic phonon assisted intraband
relaxation. These potential interactions inform our understanding of the absorption

processes that will be measured by pump-probe in Chapter 3.
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Figure 2.7: A simplified depiction of the band-stucture with energy gaps of interest
labeled. The energy values were taken from?, with additional values from®* and®#,
respectively. The vertical arrows depict interband transitions that may or may not
be allowed. The small orange arrow depicts an intraband transition.The pump and

probe phonon energies are shown as the dashed arrows.
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CHAPTER III

TiN electron dynamics

Transient pump-probe experiments were conducted to measure the electron dy-
namics in TiN thin films. A brief overview of the setup will be given, but for a more
detailed discussion on pump-probe setups and experimental choices, such a relative
spot sizes of the pump and probe, appropriate laser choice, and types of configuration,
please refer to Optical Techniques for Solid State Material Characterization?.

It is useful to know for literature searches that the transient pump-probe mea-
surement goes by a few different names and acronyms, including thermomodulation,
time-resolved differential transmission (TRDT), and time domain thermoreflectance
(TDTR). These all use a very similar setup to the one described in the following sec-
tion. These measurements focus on two timescale regimes depending on the purpose
of the measurement. Electron dynamics measurements are generally focused on the
<20 ps timescale. Other measurements only consider the timescale > 50 ps, which
avoids the complicated hot electron regime and only measures thermal constants such
as conductivity and interface conductance. Both the short and long timescales will

be discussed in these measurements.
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3.1 Experimental setup

The reason that transient pump-probe measurements are so precise in time is that
they are not dependent on slow averaging electronics; even fast photodiodes do not
exceed tens of GHz in bandwidth. Instead, pump-probe is only measuring the change
in the system due to the perturbation of the pump. What is actually being measured
is difference in the current across the photodiode when the pump pulse is present and

when it is not:

Iprobe,pumpon - Iprobe,pumpoﬁ' = [signal (3 1)

This gives a steady state solution for a fixed delay between the two pulses, and is
averaged over many pulses. To measure relaxation dynamics, the scan is collected as
the probe pulse is varied in time with respect to the pump pulse, using a delay stage.
Other types of data, such as spectral dependence, may be collected by varying other
parameters, such as scanning the wavelength of the pump or probe.

A picture of the pump-probe setup used is seen in Figure 3.1. The main source
is an ultrafast Ti:Sapphire system from Coherent including a MIRA oscillator, RegA
amplifier, and Optical Parametric Amplifier (OPA). The RegA has an output of 1.3
W, at 250 kHz, with pulsewidths ~100 fs. Though this power exceeds what we
would ever need for a pump or a probe beam, the high power is used in wavelength
conversion processes in the OPA, that are very inefficient, to create a tunable beam.
Some of the experiments described also used a BBO on the 800 nm path to produce
a 400 nm beam.

A half-wave plate (HWP) is placed in the pump path so that the relative polar-
izations of the pump and probe are orthogonal on the sample. In degenerate pump-
probe this is can be used as a filtering technique to separate the pump and probe
before the detector. However, even in non-degenerate pump- probe where the two

beams can be filtered spectrally, this is an important component of the setup to avoid
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Figure 3.1: The pump-probe setup for the wavelengths of some of the experiments.
Other configurations included a visible OPA, as well as a BBO in the 800 nm path
to use second harmonic generation to create a 400 nm beam.

24



coherent artifacts. Coherent artifacts occur during the cross-correlation time of the
two pulses and since it is a coherent interaction between the pump and probe, it is
suppressed when the polarization of the two beams are orthogonal.

The chopper is placed on the pump path in the initial step of the experiment and
the lock-in is phased with the pump pulse by blocking the probe pulse and scattering
the pump pulse into the detector. This not only allows the phase to be set correctly,
but also establishes a positive sign of signal with the arrival of the pump pulse.
From this, the overall sign of the transmission data will be set. A positive change
in transmission of the probe, due to the pump pulse, shows a saturable absorption.
The states that the probe pulse would have occupied have already been occupied by
the pump photons. By contrast, a negative differential transmission is an increase in
absorption due to the opening of available transitions.

Pump-probe will measure the changes on a fs/ps regime. The fast limited is
created by the resolution determined by the width of the pulses. The longer limit is
created by the physical length of the motorized stage, which varies the time between
the two pulses (and the ability to keep the beam aligned with the stage/ keep a
constant spotsize). In this work, the pulses are 100- 200 fs, and the stage allows for
approximately 550 ps of delay.

Since metals are highly reflective, and may have little to no transmission, they are
usually measured in a reflective setup; however, in the low fluence regime, beneath
the melting threshold, the differential reflection and differential transmission will show
the same dynamics. The transmission setup is slightly easier to build, and the beams
can be normal incidence. A transmission configuration was used since the TiN films

were thin enough to have a detectable differential transmitted signal.

25



3.2 Time-resolved differential transmission experiments

As was described in Chapter 1, when the pump pulse is incident on the metal,
electrons absorb the light and are excited to very hot temperatures; they then ther-
malize and eventually transfer the heat to the lattice. By measuring the change in
the dielectric function due to this excitation, the timescale of the electron-phonon
coupling can be evaluated as the electrons transfer their heat to the lattice. The
choice of pump wavelength and probe wavelength, as well as the timescale evaluated

will determine what information can be extracted from the data.

3.2.1 800 nm pump 650 nm probe

If the pump photon energy (E = hw) is not sufficient to cross any direct bandgaps,
then free carrier absorption is dominant. This is what is typically seen in a Drude
metal. The probe photon energy will then determine the sign of the AT /T, depending
on whether there are other transitions made available by the probe. In gold, the sign
flips at 2.46 eV3! where interband transitions from the d-band electrons are probed.
From Figure 2.7, it is apparent that an 800 nm pump (1.55 eV) would only be
sufficiently energetic to move electrons from the lower conduction band, but not the
valance band.

Figure 3.2 shows a representative scan for an 800 nm pump and 650 nm probe.
The first obvious observation is the negative AT'/T, which shows an increased absorp-
tion. The pump is exciting electrons across the Fermi level which leads to an increase
in available states for the probe photons. There is a peak on the 4 ps timescale,
as well as a very slow decay over hundreds of picoseconds; these two timescales are
shown separately in the two subplots of Figure 3.2, because the first peak is barely
visible on the 550 ps timescale that captures most of the decay. These two timescales
also represent the regimes where electron dynamics are important and where thermal

conduction in the lattice is the only effect.
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Figure 3.2: A representative scan of the high quality TiN using an 800 nm pump and
650 nm probe. Pulsewidths are < 150 fs, both have been recompressed after the OPA.
Pump fluence is 6 pJ/cm?, with a 10:1 power ratio between the pump and probe.

3.2.2 Comparison to gold

At first glance, the fast peak in TiN does not look similar to the relaxation dy-
namics measured in gold?. In these references, gold has almost completely relaxed
to a small offset by 4-8 ps. The relaxation also appears more exponential, than the
linear response seen in Figure 3.2a. However, this is misleading because the sample
thickness plays a key role in the response, as demonstrated by Hohlfeld et al.!.

Figure 3.3 shows several key ideas, first that the appearance of relaxation decay
is very dependent on the sample thickness, particularly once the sample is thinner
than 100 nm; the TiN samples are 30 nm. Secondly, as the samples get progressively
thicker, it becomes more important to include ballistic transport into the model. With

30 nm samples, this does not need to be a consideration in the TiN model. The most
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Figure 3.3: Measured AR from gold films of varying thickness. The dotted line
represents a two temperature model (TTM) fit. The solid line includes ballistic
energy transport, which doesn’t play a role in the 20nm thick sample.!.

significant difference is in the amplitude. Even for the thin sample, the AR/ R signal
has decayed by more than 70% of the (AR/R)q. in the 10 ps plot. However, the
amplitude change of the TiN in the first initial peak changes less than 10%. TiN does
show this small short timescale peak which can be attributed to Fermi smearing, the
change in the occupation probability of the states. However unlike gold, this is not
the main interaction giving the signal. The main contribution to the signal in TiN is
a combination of other thermal processes, mainly strain in TiN and diffusion to the

substrate.

3.2.3 400 nm pump 800 nm probe

While gold does have interband transitions, these do not occur at the gamma point
and would not be considered semiconductor-like. In the simplified TiN bandstructure,

Figure 2.7, it can be seen that TiN does have the potential for semiconductor-
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like transitions that would create an electron and hole pair. However, this will be
dependent not only on pumping at the right energy, but also on the relative strength
of the electron-hole pair creation vs. the free carrier absorption by the conduction
band crossing the Fermi level. These transitions are governed by the joint density
of states (JDOS). The 400 nm pump should be sufficient to excite electrons to the

upper conduction band.
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Figure 3.4: A representative scan of the high quality TiN using a 400 nm pump and
800 nm probe. Pulsewidths are < 150 fs. The 800 nm is used to generate 400 nm
in a BBO crystal. Neither is recompressed after the generation. Pump fluence is 3.8
pd/cm?; with a 10:1 power ratio between the pump and probe.

From Figure 3.4a it can be seen that the response is very similar to the response
using an 800 nm pump. This would indicate that the free electron absorption over-
whelms the interband transitions between the valence band and the upper conduction

band. These wavelengths were chosen since they had the potential to give very dif-
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ferent responses; however, at both wavelengths, TiN behaves like a Drude metal.

3.3 Two temperature model

Since TiN behaves like a Drude metal at the wavelengths investigated, it is ap-
propriate that the two temperature model is used to fit the dynamics. The two
temperature model (TTM) is the classic model that has been used to fit many metals
including, Au, Au, Cu, Al, W, Ti, and others. The comparison to gold is important
since gold is the plasmonic material we are using as standard, but since gold is a noble
metal it would also have the response closest to the free electron model. Therefore,

it is good to see that “less ideal” metals can also be fit using the TTM.

3.3.1 Background

Start with the well know heat conduction equation:

c%—f = V- (kVT)+ S (3.2)

where C is the volumetric heat capacity [J/m3K], T is the temperature [K], k, the
thermal conductivity [W/mK], and S is the absorbed excitation source [W/m?K]. If
k is assumed to be temperature independent, which is only a good assumption over
small temperature ranges, then the equation simplifies to a parabolic equation.

This equation is the basis of the two temperature model which was proposed by

Anisimov, et al. (1974) .%,

c, 8%;” = (T, = T)) + ko(VPT) + S(1) (3.3)
omt)
G = o(1. - ) (3.4)
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where the first equation describes the heat transfer of the electrons, and the second,
the heat transfer of the lattice. C, and C] are the respective volumetric heat capacities,
k is the thermal conductivity, and S(z,t) is absorbed the energy per volume from an
excitation pulse. G is the electron-phonon coupling constant that governs the transfer
of energy from the electrons to the lattice. C, is a temperature dependent variable
which has different equations for different temperature regimes, however, this work
stays in the linear regime:

C. =~T, (3.5)

where v [J/m?K?] is the electron contribution to the heat capacity. The conduc-
tivity of the lattice is often neglected because this model is typically only used to fit
the decay of metals which occur on a timescale < 5 ps, and the lattice conductivity
has a negligible contribution on that timescale. Refer to® for a review of some of the
different models that have been used to capture this interaction over the last several
decades.

The excitation equation commonly used is:

S(z,t) = =/ 41:2 e ];T; T)Fexp{ - g — 4In2 [(t _T:Tp> ] } (3.6)

R is the sample reflectivity, T is the transmission, F is the fluence, § is the optical

penetration depth, and 7, is the pump pules duration. This source term frequently
does not include T, because often the sample is optically opaque, so it is zero. How-
ever, in transmission setups it is necessary to account for the light passing through
the sample. Adaptations of this source term include adding ballistic motion of the
electrons® and internal thermalization propagation®”. Including the thermalization,
is one approach to accounting for the risetime, which will be discussed in a later

section.
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3.3.2 Model parameters

Using Equations 3.3 and 3.4, a TTM was established in Matlab using PDEPE, a
parabolic differential equation solver. Many TTMs are solved using the finite element
method (FEM). PDEPE is a Matlab function that creates ordinary differential equa-
tions (ODE) in time and uses FEM in one dimensional space. The space dimension,
z, is perpendicular to the thin film surface, allowing the propagation of heat through

the sample.
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Figure 3.5: Matlab TTM (green dashed line) overlaid on a figure from Hohlfeld et al..
Values from Hohlfeld, as well as other estimates from literature were used; except to
achieve a good fit, the incident power used in the model was increased by a factor of
two over what was quoted by Hohlfeld. This is a reasonable factor of error considering
that some of the parameters were not sample specific and general values for gold were
used.

In order to verify the model, parameters from Ref.!® were used in the model and

show up as the green dashed line in Figure 3.5. In order to achieve the fit overlaid on
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Table 3.1: These are parameters used in the TTM model. Some of the values are
wavelength specific, so the values in this table are for an 800 nm pump. Except for
the densities, which are well known, if no reference is shown in the table then those
parameters were measured; if the TiN values are the same, the reference is only listed

for the first column.

Model Parameters | TiN High Quality TiN Low Quality Gold

E[W/mK) 159 15 31568

v [J/m3K? 2749 274 7170
Ci[J/mPK] 3.13 21007 3.13 106 25210070

plkg/m?] 5210 5210 19300

€1pump 117 3.6 2416

€2, pump 4.9 6.9 1.5¢

the figure, the absorbed fluence was increased by a factor of two. However, considering
that many of the other parameters were not sample specific, or not detailed in the
paper but assumed parameters for gold, this is deemed to be a reasonable factor of
error.

In order to give intuition about the effects of certain parameters in the model,
a few plots where specific parameters have been tuned, are shown. In Figure 3.6,
the electron and lattice temperatures are plotted. The value of the electron-phonon
coupling for both was set to the value for gold, G= 2.1x10' [W/m3K], but the other
material parameters, v, C, k, and absorption, are material specific to gold and TiN.

The thermal properties of TiN are significantly different than gold. The heat
capacity for the electrons is an order of magnitude higher in TiN than in gold, while
the thermal conductivity is an order of magnitude smaller. This is apparent in Figure
3.6a; the electrons in gold reach a much higher temperature, due to the lower C..
They also get rid of that heat faster as evidenced by the steeper slope, due to the
increased conductivity. The lattice parameters are also plotted in the left subplot,

but since they have a much smaller change, they are barely visible on this plot. In
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3.6b, T, and T; are plotted for both gold and TiN; in this plot the change in the

temperatures is normalized so that both the T, and 7} are visible.
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Figure 3.6: Results of the two temperature model, assuming the electron-phonon
coupling of gold, G=2.1x10'® [W/m3K], for both TiN and gold. The other parameters
C, k, and absorption are material specific to TiN and gold. For details of parameters
used, see Table 3.1. Left panel: the electron temperatures of TiN (solid lines) and
gold (dashed lines) are the prominent peaks, with the lattice temperatures barely
visible. Right: the same model as the right panel, only the temperatures have been
normalized so that the lattice temperatures are visible and the rise times and delays

can be compared.Fluence= 1 mJ/cm?

3.3.3 Electron-phonon coupling G

The electron-phonon coupling constant is a material parameter that was estab-
lished to quantify the electron-phonon interaction. It is a constant that is associated
with metals, since the TTM was developed for metals. Several measurements have
been made for gold and range from 1.1x10'%- 4x10'® [W/m3K]!. TiN is not a metal,

even though its conductivity is high enough to be used in electronic applications.
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Therefore, this model gives insight into the interaction in TiN, but has limitations

that will be discussed.

1400 : : 1 - ; - z
! 1
p == =Te: gold tx
v |- - - Tk gold 0.9} .'f '
1200 f Lo Te: TiN | K
' v |=——TL TiN 0.8 , \ -
L — \ .
: ' £ 0.7 | : ’
* r— 1 #
1000f . { F , N
! \1. ﬂ D.E B : ‘.“:
a— 1 N | .
o f 5 o | p \
800 . Q@ 0.5} ! %
ﬁ rl > N ! , v
5 ] ! \
rl \" E 0.4F : I., \\
gOOf £ , .
: n ﬂ.3 B I i -
] #
: z I] 2 B I I
a0t | . : y
_II.,,-:‘ e = e o= = 0.1F I| .'!
200 S S — 0 b .
-1 0 1 2 3 4 -1 0 1 2 3 4
Time Delay (ps) Time Delay (ps)

Figure 3.7: Results of the two temperature model, gold G=2.1x10' [W/m?*K] and
TiN G=2.1x10"® [W/m3K]. The other parameters C, k, and absorption are material
specific to TiN and gold. All parameters are the same as in Figure 3.6. Left panel: the
electron temperatures of TiN (solid lines) and gold (dashed lines) are the prominent
peaks, with the lattice temperatures barely visible. Right: the same model as the right
panel, only the temperatures have been normalized so that the lattice temperatures

are visible and the rise times and delays can be compared.

Figure 3.6 showed the effect of the material specific constants of TiN compared
to gold when the electron-phonon coupling is set to be the same for both materials.
Now the effect of G on the model output will be shown in Figure 3.7a. Here the
dramatic effect of changing the G by three orders of magnitude is shown, Grin =
2.1x10'8. The first observation is that the electron temperature does not reach nearly

the temperature of the hot electrons in gold. This can be seen because the lattice is

rising much faster and to a higher temperature, than the gold lattice. Figure 3.7b

clearly shows the difference in the risetimes of the respective lattices temperatures.
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In many ways, this is an obvious result; if the coupling between the electrons and the
phonons is strong, then the energy will quickly be transferred to the lattice. This is
all the energy that was previously going to the hot electrons which can quickly move
through the material. Once the energy is transferred to the lattice it moves slower.
The lower thermal conductivity and the fast transfer of energy from the electrons to
the lattice has a compounding effect to where the TiN electrons do not reach high
temperatures, and the lattice goes to higher temperatures.

The other important effect demonstrated in Figure 3.7b is that the risetime of
the electrons and the risetime of the lattice are very close. The timescale shown here
makes then look almost indistinguishable, but our measurement has the resolution of
~ 0.15 ps, so there should be a measurable effect. Especially since the amplitudes

are very different, as is seen in the first panel.

3.3.4 Inclusion of the lattice and substrate

The plots of the model and the long tail in the TRDT data make it obvious that
the lattice is playing a huge role that cannot be neglected, even on a few ps timescale.
However, at first it was not clear that the lattice was having this effect. Initially,
it was thought that this long decay was very long lived hot electrons in the system.
However, after COMSOL simulations showed that the entire longtime scale could be
fit by a basic heat transfer model with just a delta input of heat, Q, equal to the
absorbed energy of the pulse, it was determined that the substrate was playing a key
role that could not be ignored.

The COMSOL model did not include any type of interface conductivity at the
thin film/substrate boundary and bulk values of TiN were assumed. The thermal
conductivity of thin films can vary from the bulk by an order of magnitude. Despite
these assumptions, the curvature of the decay fit the data very well, as is seen in

Figure 3.8. Since the AT/T does not directly give an exact temperature rise, the
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amplitudes were normalized to each other. The rise in temperature of the lattice,
(Tnax), predicted by COMSOL was a few °C, which is a reasonable change. What is
so compelling about this fit, is that it captured the long timescale difference between
the two relaxations, based solely on the change in & and C' of the two substrate
materials. Since fused silica has a thermal conductivity that is an order of magnitude

lower than that of sapphire, the heat diffuses slower throughout the material
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Figure 3.8: COMSOL model demonstrating that the long timescale can be fit with a
basic heat transfer equation. The data are normalized with the absolute value taken

so that the red lines showing the COMSOL model of the temperature could be shown
with positive values.

The COMSOL model fit the long lifetimes of the decay, but it could not capture
the < 4 ps timescale. Looking back at Figure 3.2b, the short timescale peak looks
like a spike right after the time zero. The amplitude of the fast peak is significant,
~ 10% of the entire amplitude. This fast peak could not be explained through just
heat transfer in the film and substrate, so it is attributed to the interaction of the
electrons and the lattice. When the TTM is used to fit noble metals, only the electron
temperature is used to fit the data; the lattice only appears in the coupling constant
as a path for heat diffusion. This doesn’t not work when the heat is being efficiently

coupled to the lattice. In order to include the lattice in the two temperature model
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response, we assume the electron and lattice contributions to the optical signal can
be taken as:3%7

AT = AAT, + BAT, (3.7)

As was seen in the COMSOL simulation, at times greater than 4 ps, heat transfer to
the substrate is the dominant effect. The substrate was included in the model as a
composite wall, where T; could propagate into the substrate. The thermal conduc-

tivity of the lattice was obviously not negligible, so the equations used in our model

c, 8%;” — _g(T, = T)) + ko(V°T.) + 5(1) (3.8)
C aglf) = (T, - T)) + k(V°T) (3.9)

The thermal conductivity of the lattice is assumed to be the thermal conductiv-
ity of TiN multiplied by 0.01; this value was chosen since the majority of the heat
transfer should happen through the electrons, but if at least some heat isn’t allowed
to propagate through the lattice, then the model can’t let the heat transfer to the
substrate. Figure 3.9 shows the high quality sample fit with several values of G. While

none fit perfectly, it seems that the G is on the order of 108,

3.3.5 Thermal conductivity and thermal interface conductance

After adding the heat diffusion equation into the model, it was still a struggle
to fit the short and long timscale data for the low quality sample. The data from
the high quality fit well. In the TTM model for TiN, the thermal conductivity had
been assumed from bulk constants in the literature; the room temperature value was
interpolated from the 200° C value and the 650° C®. However, as we have discussed,
TiN has a lot of sample variation and the thickness could contribute to the bulk value

not being a valid.
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Figure 3.9: Pump probe measurements for the high quality film on sapphire with
a two temperature model of a) the short timeframe and b) the long timeframe for
different values of G.

[ronically, pump-probe measurements for timescales > 50 ps, are often used to
measure the thermal conductivity of materials. However, as the sample becomes
very thin, the interface between the film and the substrate has its own conductance,
which is also G [W/m?K]. The thermal conductivity and the interface conductance
cannot be measured simultaneously in a single experiment. For thin films, a reference

measurement has to be made first.

3.3.6 Electron-phonon coupling A\

G is often determined from ultrafast optical experiments. However, the effect of
electron-phonon coupling is also encountered in the phenomenon of superconductivity;
in that literature, the parameter A is usually used. For the sake of clarity, this variable
will be referred to as the superconductivity electron- phonon coupling, or simply A.

It is a dimensionless parameter that is “subject to substantial error” ™. Despite that,
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we can used measurements of A to provide constraints on our value of G.

Though the applications that have been presented so far do not exploit TiN’s
superconductiy, this is one of the main reasons that TiN is a material of interest for
several investigators. Depending on its quality, TiN has a superconducting transition

62,7 " Other superconductors have

temperature (7,.) ~ 5K for a stoichiometric sample
transition temperatures of 20K, while metals like gold and silver do not become
superconducting at any temperature. While all of the experiments and applications
discussed thus far are far above (7.), the electronic properties that make TiN a
superconductor also play a role in the room temperature operation.

This equation is the first order approximation by Allen, et al that connects the

relaxation rate of the electron temperature to A™:

T, 3yMws)
ot hrkgT,

(T, — Te)! (3.10)

7 is the electron constant for the heat capacity and (w;) is the second moment of
the phonon spectrum. The factor A\{ws) is an important value in superconducting
theory and they are often written together as one unit?. In 1990, Brorson applied
this equation to the electron equation in the two temperature model where the heat

conduction term is neglected due to uniform heating in optically thin samples™.

OT(t)
ot

In Allen’s orginal paper and in Brorson’s paper, this equation has the A in the top of the
fraction. However, this makes the units incorrect. Hohlfeld, in the caption of Table 1, moves the A
to the denominator, but doesn’t say anything about it!'. This change makes the equations correct
dimensionally.

2Holhfeld calls this the McMillan factor, and it was McMillan’s theory”® that popularized an
important superconductivity equation that has them together. Other authors seem to shy away
from calling it anything as a unit, but uses the symbols together (A{w2) ) throughout the text.

Ce

=—g(T. = T)) (3.11)
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Table 3.2: TiN material constants used from literature to calculate G.

Constant Value Reference
v [mJ/mol*K?] 2.5-3.6 69,78
A 0.59-0.64 9,77,79,80
0. [K] 487-518 77
(wo) [J?] 4.5x107 - 5.1x10*!  calculated
G [W/m?K] 3.6x10'8-6.5x10"®  calculated

Combining these equations where C, = ~T, gives the relationship:

3y A (wa)
— 12
G hﬂ'k’B (3 )

The only constant that has not already been given is (wy). This parameter is not
readily available in literature, however (w,) can be estimated ~ ©2_ 7". The values
shown in Table 3.2 were used to calculate the range of values for G also shown in the
table. The G for gold was also calculated using this equation and fell within the error

of quoted values.

3.4 Discussion

Thermal conductivities and capacities are available for the substrate, however
the interface thermal conductance G [W/m?K] between the TiN and the substrates,
the exact conductivity of the film, and G the electron phonon-coupling could not all
simultaneously be extracted. Using bulk parameters and G within the range of values
calculated from material constants, the model can fit the high quality TiN in the fast
and long timescales. The low quality film can be fit in the short timescale, but not

the long timescale. We attribute this to two things: (1) the high quality film has a
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conductivity which is closer to the values from literature than the low quality film
and (2) the thermal interface conductance between TiN and sapphire is much higher
than the thermal interface conductance between TiN and fused silica®"®2. From this,
we conclude that the fitting of the TTM and the calculated values show that G is on
the order of magnitude 10'®, which is significantly higher than previously thought.
Also, the electrons in TiN do not rise to the high temperatures seen in gold.

These two conclusions give insight into which applications could benefit from TiN,
and which are not appropriate. Hot electron driven process can be split into two
general categories. First, there are applications where the hot electron lifetimes are
critical (e.g. when the hot electron is acting as a catalyst). With longer lifetimes, the
hot electrons are more likely to contribute to the interaction. The short lifetimes will
cause TiN to be less efficient. However, it has a stronger absorption than gold, so that
could outweigh the inefficiency of the hot electron’s shorter lifetimes. While we are still
calling them “hot electrons” since that makes it an easy comparison to the electron
reactions in gold, the TiN electrons are not nearly as hot, which will also impact some
applications. The second category of applications would be plasmonic applications
which are not dependent on the lifetime. This could be used in photothermalvoltaic
applications, or medical treatments, such as cancer treatments which use localized
heat®. The strong electron-phonon coupling means that the temperature of the TiN
and its surrounds is heated locally, as opposed to being distributed quickly like a

metal; TiN would be a very efficient local heat source.
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CHAPTER IV

Background and motivation for InGaN/GaN

nanostructures

The III-nitrides have become ubiquitous in the modern world, and yet there are
still many opportunities to explore and engineer. These materials have been used
in a variety of optoelectronic applications including lighting, lasers, detectors, single-
photon sources, solar cells, and water oxidation. This chapter will provide a brief
overview of the impact these materials are making in solid-state lighting and then
move into the motivation for InGaN/GaN heterostructures in nanowires. The growth,
photoluminescence, and band-structure will be discussed for selective area growth

InGaN/GaN dot-in-nanowires.

4.1 Solid state lighting and displays

Light-emitting diodes (LEDs) revolutionized the energy consumed in creating
light. Scientific work does not always have an immediate and measurable impact,
but this has not been the case for efficient blue LEDs, which were first demonstrated
by Nakamura in 1993. The Nobel committee stated in 2014 that the LED has the
potential to improve the quality of life for 1.5 billion people who do not have access

to the electric grid. It is also estimated that by switching to LED light sources, by
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2030, the environment will be spared 180 million metric tons of COy pollution in just

the United States, due to energy savings®:.

Despite this dramatic success, there is
still a lot of opportunity to improve solid-state lighting.

The three ways that white light emission LEDs are currently manufactured are
shown in Figure 4.1. The advent of high efficiency InGaN blue and UV LEDs
made white LEDs a reality. Most white LEDs are produced using phosphor down
conversion; this is inherently an inefficient process, with an associated loss of 20-
30%. In this context “white light” references an emission that is broad. However, as
can be seen in Figure 4.1b, the spectra produced by the two phosphor conversion
technologies discussed are weighted quite differently than the top line, which marks
the relative spectrum of sunlight. Most notably, the blue LED has a strong blue
peak that can affect people’s circadian rhythm®. The combined RGB LED does not

have a spectrum shown, since in principle, its emission could be tailored to a specific

spectrum.
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Figure 4.1: (a) Schematic of three white light LEDs designs. The first two designs
use an LED and phosphor -conversion. A blue LED is paired with yellow phosphor
and an ultraviolet LED is paired with red, blue, and green phosphor. The red, green,
and blue LEDs can be combined to emit the light directly. (b) The color rendering
index of the two phosphor- conversion devices. The spectrums are normalized to the
weighting of the spectrum from sunlight.*
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4.2 InGalN LEDs

Using InGaN as the active material in a combined RGB LED is a natural choice
since both GaN and InN have direct bandgaps and the ternary compound can be
tuned across the entire visible spectrum by changing the ratio of the In and Ga
concentrations. In practice, GaN is the foundation for efficient blue LEDS, while
efficient red LEDs are typically phosphide LEDs; this is due to a lower efficiency
of nitride LEDs at longer wavelengths. The lack of efficient green LEDs has been
called the green gap''. This makes the work on the samples studied in this thesis

very exciting, because they emit in the green. While InGaN emission can span the
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Figure 4.2: a)The green gap is used to describe the lack of efficient LEDs in the

green/yellow region of the spectrum®. b)The alloys of the Ill-nitrides have the

capability to span the visible spectrum. The realization of this tunability is limited by
material issues created by alloying materials which have disparate lattice constants!2.

visible wavelengths (1.65 eV- 3.26 eV), this is not a trivial thing in practice; lattice
mismatch, strain, and dislocations prevent a straightforward continuum of In (Ga
1.xN alloys. The sweeping of the energy gap between GaN and InN is shown on the
y-axis in Figure 4.2, with the lattice constant for the alloys shown on the x-axis. The

InGaN structures discussed have a wurtzite crystal structure, shown as the solid line.
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4.2.1 Quantum efficiency

One of the main reasons that LEDs have become universal is their efficiency
in converting electricity to light. There are three main recombination processes;
the first is a radiative recombination where an electron- hole pair recombine and
emit a photon. However, not all energy that is input can be extracted as light;
two non-radiative recombination processes limit the efficiency. Shockley-Read- Hall
(SRH) recombinations are defect-related recombinations, where the electron or hole
is trapped in a localized state in the bandgap, which is created by a defect in the
crystal structure. The electron, or hole, eventually relaxes through phonon mediation.
Auger recombination involves three carriers, where one of the carriers in an electron-
hole pair gives its energy to excite another carrier. With two electrons and one hole
(eeh), the first electron excites the second electron to a higher conduction band when
it recombines with the hole. Likewise, with two holes and one electron (hhe), the first
hole recombines with the electron and the second hole is excited lower in the valence

band. The ABC model is used to characterize the internal quantum efficiency (IQE),

NIQE-
B Bn?
Qe = An + Bn? 4+ Cn3

(4.1)

The recombination processes, SHR, radiative, and Auger, are represented by A, B,
and C, respectively. The processes are each multiplied by the carrier concentration,
n, to the power of the number of carriers involved in the interaction. The radiative
recombination, Bn?, is divided by all of the recombination processes. Understanding
SHR and Auger recombination, with the goal of reducing them to improve efficiency,
has been the focus much research. The role of Auger recombination in our samples

will be discussed in a later chapter.
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4.2.2 LED structure

In Figure 4.3, the active region is depicted by light and dark layers sandwiched
between a n-GalN layer and a p-GaN layer. A positive bias, denoted by the arrow,
sends electrons into the depletion regime where they recombine to emit a photon, with
an energy hv. Non-radiative effects have been discussed as material-related effects
that reduce emission. Other obstacles include device-related effects such as carrier

injection efficiency, electron leakage, and the quantum-confined Stark effect.

Bandgap 1 !!

I

[0001] \

Leakage
/i\ electrons

000008 9 o

e e

-
-

"u__]h-lule wave function L
- -

- -
i

Figure 4.3: Schematic of a multi-quantum well (MQW) InGaN/GaN LED grown on
the c-plane. The active region is flanked by n-GaN and p-GaN. The arrow depicts
the applied electrical bias. A p-type electron blocking layer is on the right to deter
electron leakage. The wurzite crystal structure has a strong quantum-confined Stark
Effect which leads to the displaced electron and hole wave functions!? .

4.2.3 Quantum-confined Stark effect

The growth plane directly influences the properties of InGaN. The most common
type is c-plane (0001) growth, which is grown vertically with respect to a c-plane

GaN base. This is also called the polar plane and exhibits the strongest piezoelectric
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polarization due to charges at the interface. Due to the strong piezoelectric field
(PZE), the wave functions of the electrons and holes can be separated in space. This
separation is one of the main restraints on radiative recombination and is known as
the quantum-confined Stark Effect (QCSE) This is illustrated in Figure 4.3 where
the PZE field modifies the bands from being flat to creating a lower electron potential
on the right and a lower hole potential on the left. This causes a spatial separation
of carriers across the quantum well. The overlap of the electron wave function and
hole wave function will increase their probability of radiative recombination. In the
diagram, the c-plane (0001) is along the horizontal axis.

Quantum wells can be formed in the radial direction of a nanowire, which is the
non-polar plane of a wurzite crystal nanowire grown on a c-plane substrate. These
heterostructures have a significantly lower QCSE, but these devices have suffered from
other issues that limit their performance. Currently, they have an IQE of 20-40%,

which is significantly lower than their c-plane counterparts®®.

4.2.4 Density of states

A quantum heterostructure is the general term that refers to the cladding of
one type of semiconductor material by a larger bandgap material with a dimension
that is small enough to create quantum confinement. If the interface between the
materials is flat (2D) this forms a quantum well. If there is strong confinement in
more than one direction, then you have quantum wires, or quantum dots (QDs). The
word heterostructure encompasses quantum wells (2D), wires(1D), and dots(0D). In
an InGaN/GaN heterostructure, InGaN is the material that is clad by GaN. The
cladding material has the larger bandgap. As can be seen in Figure 4.4, the level of
confinement determines the density of states (DOS) for the system.

Due to the increased confinement, quantum dots (QD) have greater overlap of the

electron and hole wave functions. They also have increased strain relaxation, because
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Figure 4.4: The density of states (DOS) as the degrees of freedom are decreased.'*

their formation is dependent on atoms seeking to create a structure with the lowest
strain. For these reasons, QDs are explored for their potential high IQE. However,
their active area is small, so the throughput is also small. Current LEDs are typically
quantum wells (QW) or multi-quantum wells (MQW) because they have a larger

active region, and thus a higher output power.

4.2.5 Nanowires

Currently, most LEDs are planar MQW structures, however they suffer from a
large density of defects. IIl-nitride nanowires can be nearly defect-free with a sig-
nificantly reduced PZE field 8. The wires can be grown on a variety of substrates,
including silicon and sapphire, with minimal threading defects. These substrates are
much cheaper than GaN. The lateral structure allows for strain relaxation due to the
high surface to volume ratio. This is very important because it reduces the QCSE

leading to a higher efficiency.
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4.3 Phosphor-free solid state lighting using InGaN/GaN

nanowires

Since InGaN LEDs with emission in red, green, and blue have all been demon-
strated, the next step is to incorporate them together on a single chip; they can be
arranged side by side in a pixel-like grouping. Since they require different growth
conditions, this is a multistep process. Monolithically grown nanowires with InGaN
dots representing full spectrum control, were demonstrated by Wang et al.'>. First,
a nanowire set with blue emission is grown; then it is protected in order to grow the
next set. This approach has the advantages of offering complete color control, but it
is a multistep process.

Other designs incorporate emission from the entire spectrum in single wires. White
light emission was demonstrated in InGaN/GaN disk-in-nanowires 687, The different
emission wavelengths were achieved by varying the temperature while the InGaN
disks were being formed. As the temperature is raises, the indium incorporation also
increases leading to a red shift in the emission. Another similar dot-in-wire structure
used a tunnel junction, and was able to run the white LED from an AC source .

A third strategy is a single step process for monolithically grown single InGaN/GaN
dot-in-nanowire LEDs capable of creating an RGB pixel with only 3 nanowires!”. The
wires are grown using selective area growth, which determines the diameter of the
wires. The diameter of the wire determines the diffusion of In, and therefore the
spectral emission. Sekiguchi et al. demonstrated this technique in 2010%°. Ra et al.
was the first to achieve emission in the entire spectral range with a single growth
step!”. These wires will be discussed further in the next section, as samples grown

with a similar structure are the focus of the next two chapters.
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Figure 4.5: Three processes to create monolithically integrated white LEDS. (a) the
multistep process of growing nanowire sets with emission in the blue, the red and
the green'®. (b) Axial growth of disks- in- nanowires which have a broad emission
created by changing the temperature during the growth to form disks with emission
peaks across the visible spectrum!®. (c) Selective- area growth nanowires that are
monolithically integrated and grown in a single step process. The diameters of the
wire dictate the emission peak!”.
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4.4 InGalN Dot-in-nanowire samples

The samples explored in this thesis were grown using similar growth parameters
as those in Ref!>!7. The samples investigated in this thesis were grown by the same

grower, Dr. Ra in the Zetian Mi research group.

4.4.1 Selective area growth nanowires

The growth techniques and parameters for InGaN NWs vary considerably, and so
do the resulting samples. In contrast to self-organized wires, which form randomly on
the substrate at a nucleation site, selective area growth utilizes a set pattern etched
into a mask. For our samples, e-beam lithography was used to etch a pattern in a
thin layer of Ti. The wires were then grown in a molecular beam epitaxy (MBE)
system. As can be seen in the SEM images, the NWs are quite uniform and can be

grown with a variety of diameters.
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Figure 4.6: SEM images of the selective area growth nanowires with approximate
diameters of 195 nm, 300 nm, and 700 nm, from left to right. Images captured by
Yong-Ho Ra.

The indium concentration in the ternary composition is what determines the
bandgap, and hence the wavelength output of the LED. In self-assembled growth the
diffusion of In is mainly controlled through the substrate temperature; the nanowires

with blue emission and a lower In concentration are grown at a higher temperature,
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and as the temperature is lowered, the emission of the nanowires shifts to red. With
the selective area growth, there are two different parameters which can be controlled:
the diameter of the nanowire and the spacing between the nanowires. The temper-
ature is still key to the growth, but since the nanowires are all grown at the same

time, it is not a control used to shift the emission.

4.4.2 Top-down methods

Samples with similar characteristics have been demonstrated using top-down meth-
ods of creating nanocolumns or nanopillars by etching a planar multi-quantum well
1890 This process also uses a mask and has complete control over the diameters
and spacing to the columns. They can be patterned to have diameters of 110 nm
and larger. For comparison, the selective area growth samples investigated here have
diameters ranging from 195-700 nm.

Just like in bottom-up growth, the nanocolumn demonstrates an increased PL
efficiency when compared to the planar structure. This is credited to a decreased
QCSE, as the strain is relaxed, and an increased confinement. Both top-down and
bottom-up processes have their advantages and they provide an important point of

comparison for the other. The PL emission of these structures will be compared to

the PL of the InGaN dot-in-nanowire samples in the next chapter.

4.4.3 Dot-in-nanowires

A schematic of the growth is shown in Figure 4.8; the substrate is a commercially
available GaN-on-sapphire substrate. The GaN selective area wires are then grown.
Then the heterostructure is created with fifteen layers of InGaN/GaN. This is an
important point of discussion, because as the schematic is drawn, it appears that
there is only one dimension of confinement, the vertical direction, and that would

create quantum wells, also sometimes referred to as disks. However, studies into the
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Figure 4.7: Flowchart showing processing steps for the fabrication of InGaN/GaN
MQW-based NP LED array structure using the top-down method *®.

growth formation have revealed that quantum disks actually form multiple dot-like
structures within each “layer” of InGaN 787, These dots have also been referred to
in literature as In-rich clusters and quasi-quantum dots?.

Figure 4.9a shows the high-angle annular dark-field (HAADF) atomic-number
contrast images. It is clear that the indium, which shows up as the light color in
the image, does not extend to the full width of the wire, but instead is in a small
area that does not come close to extending to the NW surface. This is also visible
in Figure 4.9b, which is an elemental map from electron energy- loss spectroscopy
(EELS). The red arrows show the direction of growth. For the two smaller diameter
wires, the growth is axial, along the c-plane. As the wire diameters increase, the
dots begin to form on the semi-polar planes. As was discussed, this should lead to a

reduction of the QCSE shift due to polarization fields for the larger diameter wires.

4.4.4 Substrate

The nanowires can be grown on a variety of surfaces; however, the growth param-
eters must be optimized for each substrate material. Ideally, the optical pump-probe

measurements would be done in transmission simply because it avoids the possible
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Figure 4.8: Schematic of the dot-in-nanowire growth created by Yong-Ho Ra

interference of multiple reflections. The sample growth process was initially opti-
mized on single polished sapphire. For this work, double polished sapphire substrates
were requested in order to perform transmission experiments. This would seem like
a trivial exchange, since the growth surface is the same, but the temperature of the
growth in the MBE is monitored by a laser incident on the backside of the substrate.
When the double polished sapphire was used, it changed the calibration necessary
for the temperature sensor. Due to this, the double polished sapphire samples never
achieved the same emission efficiency as the samples in the previous work '>'7 and
exhibited considerably broader PL spectra. However, they still are good samples that
are representative of this type of growth, even if their emission is lower.

Two samples will be explored in this work. The first are patterns grown on a
double polished substrate. These samples showed a fairly broad photoluminescence
(PL) when compared to previous single polished sapphire growths. The transient

absorption measurements on the first sample were taken in transmission. The second
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Figure 4.9: (a) A STEM-HAADF image for InGaN/GaN dot-in-nanowire structures
with different diameters grown on GaN template on sapphire substrate along the
< 1120 > zone-axis. The active region of nanowires with diameters of ~320 nm,
“420 nm, “500 nm, and 595 nm are labeled as A, B, C, and D, respectively. (b)
High-resolution STEM-EELS maps of the In-distribution of active regions A, B, C,
and D normalized to the sample thickness. Line profiles were integrated along areas
as marked by the dashed red line in each active region. (c) Elemental profiles of
relative In- content derived from EELS analysis along line 1 in active region A, line
2 in active region B, line 3 in active region C, and line 4 in active region D, showing
higher In-content in smaller diameter wires.!”
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sample is on a single polished sapphire substrate and so the transient absorption
measurements were collected in reflection. The PL of the two samples, and their

implications, will be discussed in the next chapter.
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CHAPTER V

Photoluminescence of InGaN/GaN

dot-in-nanowires

From the structural characterization presented in the previous chapter, is is ap-
parent that the InGaN nanostructures considered here cannot be thought of as simple
QWs of QDs. Instead, the structures consist of nonuniform QD regions embedded in
the NWs. As a result, the PL emission does not have the simple spectra expected for
idealized QWs or QDs. In order to explain the PL of our samples, a framework of

recent literature will first be discussed.

5.1 Phase separation

In 2005, Park et al. demonstrated that self-assembled QDs would form on a
roughened GaN substrate due to an increased phase separation of the InGaN layer®.
This was due to the indium forming clusters to reduce the strain due to the lattice
mismatch between the GaN substrate and the InGaN layer. This is the same effect
that creates QDs in the dot-in-nanowire structure instead of disks.

The PL from the phase separated structures typically shows multiple peaks; an
example is shown in, Figure 5.1. The lowest energy peak is attributed to emission

from the dot and the higher energy peaks are due to a surrounding matrix of InGaN
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with lower indium concentrations that the QD. Both of these are redshifted from the
PL that would be emitted by the InGaN if it formed a uniform flat layer. This is
not surprising since the flat layer would have the indium distributed in a lower con-
centration. A multi-peak PL has been reported for top-down MQW InGaN nanowire

structures '*% and InGaN MQWs on a planar surface 8729,

Room temperature InGaN on flat GaN
+ PL spectra == [nGaN on rough GaN

422 nm In-rich
l InGaM QDs

511 nm

-

[ nGaNmatrix & ]
L 432 nm = % ]

~:."Ei:a»"f::"

Normalized PL Intensity (a.u.)

400 440 480 520 560 600
Wavelength (nm)
Figure 5.1: The room temperature PL of a flat InGaN film, peaked at 422nm, and the
two peaks from phase separated InGaN dots which formed on a roughened surface.

The higher energy peak is due to the lower In-concentration InGaN matrix. The

higher energy peak is from the strain relaxed In-rich QDs. A CW source was used

for excitation!?.

5.1.1 Temperature dependence

The relative strengths of the peaks will shift with temperature and excitation
intensity, as can be seen in Figure 5.2. The PL measurements are for InGaN MQWs
on a sapphire substrate. The peaks due to the QDs and the matrix are designated

Pp and Py, respectively. At low temperature, the Py peak is large because the

29



M (meV)

PL intensity (arb. units)

M S T {1 P R S,
20 22 24 26 28 0,001 (18] 10
Photon Energy (eV) Power (mW) |

Figure 5.2: (a) the temperature dependent PL from MOCVD grown InGaN/GaN
MQWs. The peak from the dot emission is labelled Pp. The peak from the matrix
emission is labelled Py (b) the emitted energy of the peak and FWHM, for both
the dot and the matrix as a function of the incident power. The PL intensity for the

dot and matrix peaks as a function of incident power. The source was a CW 405 nm

laser with a spotsize of 170 um?°.

electrons are all trapped in the matrix states and radiatively recombine before they
can relax into the deep QD potential well. As the temperature rises, the electrons
relax into the dot states via phonon interactions, so the PL shifts to the dot peak. As
the temperature rises past 100K, nonradiative processes begin to dominate and both

peaks are severely suppressed?’.

5.1.2 Intensity dependence

The PL spectra from ref.?° shown in Figure 5.2b were taken with a CW source
at 150K, to reduce the non-radiative processes that suppress the PL at room tem-

perature. With increasing intensity, both Py; AND Py are blueshifted in wavelength.
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This is due to the screening of the PZE as the number of carriers increases. They
both also start to saturate at increased powers; the dots saturate first as the dot

states fill, and the QD DOS is lower than the DOS of the surrounding matrix.

5.2 PL from broadband emitters

Shimosako et al. investigated the localized states for selective area nanowires
grown using the process described earlier that was developed by Sekiguchi?'. This
is the same process of growth for our samples. Shimosako specified that two types
of growth are possible; one with a conical tip on the end of the nanowire, as seen
in Figure 4.9, and one that has a flat top. The conical cap shows emission at two
PL peaks, one attributed to the well-like regions, and one attributed to the dot-like
structures; the flat top only shows emission from the well-like structures. Shimosako
does not specify the reason behind this. The PL in Figure 5.3 is due to nanowires
only exhibiting the well-like emission with a pulsed source. The structure includes
InGaN/GaN MQWs as well as a InGaN/GaN superlattice.

The PL from the Shimosako samples looks distinct from the other samples refer-
enced so far. One key difference is that the emission is at a much lower energy than
other nanocolumns or films cited; the emission extends to orange wavelengths. Also,
the peak emission at room temperature does not shift with increasing incident power
(instead of power, the vertical lines are designated by the number of carriers). The
FWHM is also broader than that from a QD. This supports the idea that the PL
shown is not due to dot-like states, but instead MQWs. Shimosako refers to them as
localized states; instead of having a defined peak, the emission is very braod, so the
electrons are captured by the localized fluctuations of In concentration/ The PL is

even broader than the matrix states discussed in the last section.
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Figure 5.3: The carrier density dependence of the PL spectra for flat top selective
area growth InGaN/GaN MQWs under pulse excitation at 77K and RT. The vertical
axis is plotted on a logarithmic scale?!.

5.3 Photoluminescence for InGalN/GaN dot-in-nanowires

In our work, PL was collected using both CW and pulsed sources. The CW
source was a 405 nm diode laser. The CW PL measurement was collected at McGill
University, while the time-integrated pulsed PL was collected at the University of
Michigan; this is important because the absolute value of the measurements cannot
be compared between the CW and pulsed since the excitation densities were different.
However, the shapes of the spectra as well as the relative emissions between the

samples are important points of comparison. The PL emission for pulsed excitation
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is shown in counts per second on the left axis, and the CW PL is shown in arbitrary
units on the right axis. The pulsed source is the 400 nm second harmonic generation
(SHG) from the RegA (250 kHz) and unless otherwise specified the incident intensity
is 36 uJ/cm?. If we assume that the nanowires absorb 1% of the incident light, then

the approximate carrier density generated is 7x10'! photons/cm? per pulse.

5.3.1 Summary of sample parameters

e Selective area growth: a mask and e-beam lithography were used to predeter-

mine the size of the wires. In SEM photos, the wires are very uniform.

e Single growth: the two samples, one on single polished sapphire and one on
double polished sapphire, each had different patterns of nanowire diameter sizes

that were grown simultaneously under the same conditions.

e Dot-in- nanowires: the MBE growth conditions were such that dot-like indium
structures were formed in the green emitting sample, the other white light
sample shows an inhomogeneous PL, so it is unclear if there are dots, but they

are washed out by other factors.

e Ensembles: In order to have a strong signal for transient pump-probe measure-
ments, many emitters were required. Each pattern has more than 10° wires, and
each wire has many dots. This changes the nanowire growth, so they may not
be directly comparable to the single wires studied by HAADF!7. The indium
diffusion into an individual wire be influenced by the presence of the neighbor-
ing wires and the ensemble will have variations. Both of these will lead to a

broadened PL.
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5.4 White light nanowire sample

Figure 5.4 shows the pulsed and CW PL for patterns of wires with diameters
195 nm, 300 nm, and 700 nm, respectively. The first observation from the PL is that
emission from all three samples is broad, which is not what you would expect from
a quantum dot. From a single dot, the DOS dictates that there should be a distinct
transition, leading to a delta-like emission. However, this is only true for a single dot.
For a broad PL spectrum there are two possible explanations. First, it is possible
that this sample growth is not as dot-like as the growths analyzed by HAADF, and
instead they have a wider emission since the DOS has spread to something more
like what would be expected from a well. The other explanation is that the broader
PL is due to the large ensemble of dots; each dot can individually have emission
at a narrower wavelength, but this narrow-emission behavior is washed out by the
inhomogeneity of the ensemble. While there are many dots involved, it is most likely
that the broad emission is due to QW-like states. The emission is very similar to
that of the selective area growth nanocolumns in the previous section. The emission
could also be broadened by localization of states caused by defects. Therefore, since
this sample doesn’t seem to display QD-like behavior, this sample will be called the
white light (WL) nanowire (NW) sample

The second observation is that the pulsed PL has a strong oscillation in the spec-
tra. Similar oscillations have been seen due to Fabry-Perot effects in InGaN/GaN

91 However, this should not be the case in this instance, since the

heterostructures
oscillations don’t appear under CW excitation, and the period is not consistent with
the length of the structure. At this time, we don’t have a good explanation for the
structure on the spectra.

Typically in multi-quantum wells (MQWs), the pulsed PL is blueshifted when
compared with the CW PL, often by 10 nm or more?. This shift is attributed

to the screening of the PZE field in conjunction with the QCSE. The expectation
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Figure 5.4: PL spectra of the WL NWs sample, with selective area grown nanowires
with diameters of 195 nm, 300 nm, and 700 nm. The spectra were collected with
pulsed excitation (left axis) and CW excitation (right axis). The relative amplitudes

between the pulsed and CW intensities are not comparable, because different detec-
tion systems were used.
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is that the shift would be smaller in the case of a QD, since the confinement in
three dimensions maintains a larger wave function overlap, as compared to single-
dimension confinement in wells. Even though the PL from the CW and pulsed sources
overlaps very well, this cannot be directly ascribed to QD behavior, since the PL is
much broader than the PL of QDs. Instead, we ascribe the lack of a blueshift to
inhomogenous broadening which can be caused by defects. The lack of shift is even
more surprising considering that the emission is in the 490-650nm range where the
PZE field would be greater. As was discussed earlier, it is particularly difficult to get
strong emission at green and yellow wavelengths, because the higher In concentration
leads to strain which increases the PZE.

When comparing the three samples with different diameters, a spectral shift is
expected. The diameter should influence the indium concentration of the growth,
however the mechanisms are still being studied. Ra et al. showed that for a sin-
gle wire growth with a dot-in-wire structure, the spectrum should be blueshifted as
the diameter increased!”. This was attributed to the longer diffusion length of Ga
compared to In, leading to a lower concentration of In. This same shift was demon-
strated for arrays. However, ensembles of InGaN nanowires also grown by selective
area growth were shown to exhibit a redshift as the nanowire diameters increased®? .
The sample measured in Figure 5.4 has ensembles of selective area growth dot-in-
nanowires with diameters of 195 nm, 300 nm, and 700 nm. However there is not
a notable shift in the spectrum. This emission peak and FWHM are similar to PL
of the nanocolumns in Ref?!, which also had a well-like response from the InGaN
matrix. Their explanation is that the PL measured is originating from the well-like
structures of the matrix; this would account for the broad spectrum, but it does not
account for the lack of a spectral shift.

The peak at 492 nm in Figure 5.4 is visible, not distinct from the rest of the

spectrum. However, as shown in Figure 5.5 increasing the incident power shows
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that the peak does not scale with the rest of the spectrum. The entire spectrum
is not shifting to wavelengths that are not present at lower powers, but the relative
weighting of the emission changes. The maximum intensity of the PL at 494 nm
and 566 nm both show saturation at higher powers, but the 566 nm saturates much
faster. This saturation is expected as it occurs for all LED structures. It is termed

the efficiency droop and has been the focus of many research projects.
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Figure 5.5: (a)The power dependent spectra for the WL NWs sample with a pulsed
excitation. (b) The power dependent peaks at 492 nm and 566 nm.

5.5 Green dot-in-nanowire sample

From the PL, it is immediately obvious that this sample is quite different from
the WL NW sample. The emission is much narrower with a FWHM of 15-20 nm for
the CW spectra. This sample was grown to emit around 500 nm; two patterns were
used to create wires with approximate diameters of 225 nm and 235 nm. The PL for

the green dot-in-nanowire sample was taken under the same conditions as the PL for

the WL NWs sample.
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Figure 5.6: PL spectra of the green dot-in-nanowire sample, with selective area grown
nanowires with diameters of 225 nm and 235 nm. The spectra were collected with
pulsed excitation (left axis) and CW excitation (right axis). The relative amplitudes
between the pulsed and CW intensities are not comparable, because different detec-
tion systems were used, and the excitation densities were different.

At first glance it may seem like the whole spectrum for the pulsed excitation is
severely blueshifted with a peak at approximately 466 nm. However, this shift is
too large to be accounted for by the PZE field. There are two separate peaks with
separate origins; the 494 nm peak is the PL emission that is only slightly blueshifted
from the 500 nm response, while the 466 nm peak is due to the InGaN matrix. It is
interesting to note that the relative amplitude between the two samples is matched
for the pulsed PL at 494 nm and the CW, but then switched for the 466 nm peak. It
is important to remember that the scaling of the pulsed PL and the CW PL have no
relationship; they are normalized for this plot.

A 450 nm long pass filter was used to filter out the 400 nm pump from the

spectrometer; this was not a precautionary choice. Without it, even in reflection,
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the 400 nm light is strong enough to overpower the signal by an order of magnitude.
However, this should not impact the shape of the spectrum since at 452 nm (the
second data point in the scan), the filter is still passing 80% of the light, but the

signal is near zero.
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Figure 5.7: (a)The power dependent spectra for the green dot-in-nanowire sample
with 225 nm diameter nanowires for a pulsed excitation. (b) The power dependent
peaks at 466 nm and 494 nm

Power scaling measurements were also taken for these two samples, with both
similarities and differences when compared to the WL NWs. There is clear saturation
for both peaks as the power is increased. The initial scaling appears to be linear with
saturation beginning to occur around 1mW. The saturation is very similar to what
was observed with the WL NWs.

Scans were taken with a maximum incident power of 5 mW, 180 uJ/cm?. After
the maximum intensity of 5 mW, the power was then decreased and a recoverable
bleaching effect was observed. The count rate at 1mW, was significantly lower than it
had been before increasing the power. However, after an hour without any pumping,

it had regained the original signal.
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Figure 5.8: (a)The power dependent spectra for the single polished sapphire sample
with 235 nm diameter nanowires for a pulsed excitation. (b) The power dependent
peaks at 466 nm and 494 nm

5.6 Discussion

The high concentration of carriers produced by the pulsed source revealed the
matrix states in the green dot-in-nanowire sample. This can be illustrated by Figure
5.9. There are two possible causes, or they could both contribute to the effect. The
first reason is that in the pulsed case, the PZE may be screened. The carriers in the
matrix wells recombine and emit at 466 nm, instead of scattering to the dot states.
The dot states are already well overlapped, so they only exhibit a small shift due
to screening. The second possibility is that the QD states are filled and reaching
saturation due to the large number of carriers.

In the room temperature CW case, Figure 5.9b, the electrons in the matrix states
have enough energy that they quickly relax to the QD states. This process is so
efficient, that only the QD emission is detectable. This supports the assertion that

the green emitter does have dot-in-nanowires.
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Figure 5.9: Diagram of the bandstructure and recombination processes for the dot
and matrix states (a) without and (b) with the piezoelectric field'®.
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CHAPTER VI

Electron capture and relaxation in InGaN/GalN

dot-in-nanowires

Tunability across the entire visible spectrum has made InGaN/GaN heterostruc-
tures an essential component to applications in light emitting diodes (LEDs), lasers,
displays, and sensing. Significant progress has been made in controlling the light
emission through size and structure, including the use of quantum wells, quantum
dots, and core-shell structures. As was discussed in Chapter 4, the InGaN selective
area grown dot-in-nanowires have very exciting potential applications.

While these devices are bright and have good electrical properties, characterization
of the carrier dynamics will help understand and optimize the device physics. The
capture time and relaxation times are two key parameters for calculations of IQE
droop”. Ozgur et al. used TRDT measurements to compared the capture and
relaxation of electrons in an InGaN epilayer and an InGaN MQW:; the relaxation
in the MQW was much faster because the QWs captured electrons and removed
them from the InGaN barrier faster than the recombination time?®. The competing
radiative and non-radiative lifetimes will determine the overall efficiency of LEDs and
information about state lifetimes and relaxation processes can be useful for informing
future laser devices. In this chapter, we present pump-probe measurements on the

double polished sapphire substrate and the single polished sapphire substrate, each
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with dot-in-nanowire patterns, with varied diameter and spacing.

6.1 Transient pump- probe measurements for semiconduc-

tors

Chapter 1 gave a brief overview of the differences in relaxation dynamics for metals
and semiconductors. This was predicated on the idea that metals typically show Fermi
smearing in response to excitation. In contrast, semiconductors have a bandgap that
separates the conduction band from the valence band with the Fermi level in between.
If the pump has sufficient energy to generate electron- hole pairs, then these will
populate specific electronic states determined by the band structure and the DOS. The
following derivation was adapted from Ref.?3 As a result of pumping, the absorption
coefficient will change and can be equated to the change in the population of the

electronic states.
a(hw,t) = ag(hw)[1 — fe(Ee,t) — fa(En,t)] (6.1)
Pump-probe measures the difference in the transmission with the pump
T = exp — a(hw,t)L (6.2)
and the steady state transmission without the pump.
T = exp — ap(hw)L (6.3)
When combined the AT/T can be expressed as

S = comlaoL(f. ~ fi)] -1 (6.4
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The DOS of holes is much larger than the DOS of the electrons so the probability
function f h, will be much smaller than the electron probability function. The hole’s
capture time is three orders of magnitude faster than the electrons®. In addition,

the pump source is keep to a low enough fluence that agL f. is much less than 1.

AT (hw, t)

7~ oLf(B.,1) (6.5)

From this equation we can see that the transmission is directly proportional to f. as

a function of time.

6.2 Experimental setup

This experimental setup, shown in Figure reffig:NWSetup shares many key com-
ponents with the transmission set-up for TiN shown in Figure reffig:Pumpprobesetup,
however it also has some differences to discuss. For the double polished substrate,
measurements were taken in transmission, but the single polished substrate requires
signal collected in reflection. When combining or splitting the beams, the dashed
mirror lines represent dichroic mirrors; however the dashed line before the lens and
sample is a pellicle used to split off a percentage of the signal for measurement. This
does mean that a significant portion of the signal is lost as it continues down the
pump path and the overall power available for the pump is lower (45% is reflected
off the pellicle on the first pass and does not reach the sample), but this allows for
collinear normal incidence measurements. The reflection mode is shown, but the
transmission would simply take the signal going into the beam pump and direct it

into the monochromator.

6.2.1 400 nm pump

Using 400 nm as the pump wavelength is convenient because it is:
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Figure 6.1: The experimental set-up for 400 nm pump and white light probe. This is
also the setup used for the pulsed PL experiments.
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e above the InGaN bandgap. The exact bandgap is a function of the confinement
of the dots, as well as their indium concentration. This is not fully known
for the samples studied, but their PL emissions show that the band edge is
approximately 490 nm in the double polished sapphire sample(DPPS) and 495

nm for the single polished sapphire sample (SPSS).

e below the GaN bandgap. Just being below the GaN bandgap is not sufficient
to avoid seeing a response from photoexcited carriers. Signals due to the AC
Stark effect have been observed even 159 meV below the excitonic resonance
at room temperature?®. The excitation for GaN is 365 nm, but hot electron
effects could persist for excitation up to 382 nm. Even when accounting for
the FWHM of the pump, there should be no response from the GaN. Also, the

strongest effects would still be higher energy than our detection range.

e casy to generate from a high power short pulsed 800 nm fundamental beam
using second harmonic generation (SHG). Using a beta barium borate (BBO)
crystal allows us to easily generate 30 mW of 400 nm light, measured after two
color filters (BG 39) used to block unconverted 800 nm pump. The dichroic
mirror that combines the pump and the probe paths is a 425 nm short pass, so
it also acts as a filter. These filters are important because the fundamental beam
is still quite strong after the generation. No two photon effects were observed
in an initial trial, but blocking the residual 800 nm removes the possibility of

parasitic effects.

Since the BBO crystal used follows Type I generation, the 400 nm beam polar-
ization is rotated 90 degrees with respect to the fundamental. In the previous set-up,
using an 800 nm source, a HWP was used to ensure that the pump and probe had or-
thogonal polarizations; it is no longer needed in the setup. A polarizing beam-splitter

(PBS) is placed before the monochromator to block residual pump. Technically, the
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monochromator should be able to filter out this based on wavelength, but since the
measured signal is so small compared to the pump, this does help prevent background

noise. A representative spectrum for the 400 nm pump is shown in Figure 6.2.
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Figure 6.2: (a) spectrum of the second harmonic 400nm pump (b) spectrum of the
white light probe after passing through a 450nm longpass filter and 650nm shortpass
filter

6.2.2 White light probe

A small percentage of the fundamental 800nm beam is split off to create a white
light (WL) probe. The 800nm is focused into a sapphire crystal and through combined
self-phase modulation and self-focussing, generates a spectrum of light spanning from
400nm to 800nm. The generation is far from uniform and creates fluctuating intensity
levels across the spectrum. The spectrum measured directly is shown in Figure 6.2b.

This spectrum is collected after a 450nm long pass and a 650nm short pass filter, as
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it is in the setup. It is not pictured in the set-up schematic, but there is also an iris
immediately after the lens and before the sapphire; this iris is closed down if needed
to create a stable WL continuum. This is recognized when there is a red corona
around a WL spot. This is an important marker of stability because WL generation
is dependent on many factors and easily will begin fluctuating or flickering if not
set-up correctly. Both the WL and the SHG are very dependent on the pulse width
and therefore the position of the compressor for the RegA.

Bandpass filters are placed on the WL path after the sapphire, to restrict this
to the probe spectrum being investigated. In this case the filters only pass 450nm-
650nm. This is in part because the intensity of the WL spectrum is much stronger at
wavelengths longer than 650nm as the wavelength shifts towards the 800nm funda-
mental beam, and this would just put unnecessary heat into the sample. The intensity
of the WL incident on the sample is set using a power meter, though this is only an
estimate since the power meter is wavelength sensitive and the intensity of spectrum
is varied. This is not very critical though since the power of the probe should be
low enough so that it is not “pumping” the sample itself, but is only measuring it.
Also, the critical information is the overall reflected power, R, of each wavelength,
which is measured by the photodiode after the monochromator and recorded for each
wavelength that will be used for a temporal AR scan. While the WL spectrum is
peaked at 500nm, there is enough power in the entire spectrum to take differential
reflectivity and transmission measurements, but the as the probe power is lower, the
signal-to noise ratio is also decreased.

The samples also have spectral dependent reflection and transmission; Figure 6.3
shows the normalized spectra from the WL reflected from a mirror, the WL reflected
by the SPSS, and the WL transmitted through the DPSS. While these do mimic the
characteristics of the PL generated by the individual sample, the actual PL influence

should be minimized since there is no pumping. The reflected and transmitted spectra
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have been normalized to the WL spectrum.
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Figure 6.3: The transmission spectrum of the white light nanowire sample and the
reflection spectrum for the green dot-in-nanowire sample are plotted normalized to
the spectrum of the white light probe.

6.2.3 Monochromator

During these experiments the entire WL continuum is incident on the sample,
but the monochromator selects out the wavelength measured as the probe. For the
majority of these experiments, the slitwidths of the monochromator were set to a
resolution of 2.5nm. This is fairly wide and allows for more signal. Even the fine

wavelength scans are stepped at 5nms, so this is very reasonable.
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6.3 Time-resolved differential transmission of white light

InGalN/GaN nanowires

The PL of these three samples is plotted in Figure 5.4; the WL NW emission
ranged from 490 to 650 nm, so this is the range that we initial took data in for the
TRDT measurements. The WL probe is by no means constant in this regime; how-
ever, it is strong enough to have a reasonable signal to noise. The TRDT data for the
three NW patterns, with probe wavelengths of 500nm, 550nm, and 600nm are shown
in Figure 6.4. It might appear that the shape of the WL probe spectrum influences
the amplitude of the signal, because the signal decreases with longer probe wave-
lengths for most cases. However, it is important to remember that the y-axis is the
differential transmission divided by the transmission at that wavelength. Therefore,
the amplitudes are real and not an artifact of the probe spectrum.

The most important observation about these scans is the fast decay. Regardless
of the pump wavelength, the signal decays in nearly captured in a 15ps plot window.
This means that the response being measured does not correspond to radiative re-
combinations. Typical radiative states are 500ps to several nanoseconds. The fourth
panel of Figure 6.4 shows a slightly closer look at the risetime of the peaks with a
500nm probe. The risetimes in AT /T represent the capture rate; 0.33ps and 0.42ps

are very fast. The implications of this will be discussed shortly.

6.3.1 Capture times

The first feature in the dynamics that will be discussed is the risetime, which shows
the carrier capture time at the probe wavelength. The capture is a complex process
that is not fully understood and has yet to be studied in different heterostructures
or alloy concentrations in the InGaN dot-in-nanowire system. Electron capture can

occur through electron-electron scattering, relaxation through localization caused by
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Figure 6.4: The TRDT scans for three diameter patterns on the white light nanowire
sample at three different probe wavelengths, (a) 500 nm, (b) 550 nm, and (c) 600 nm.
Quadrant (d) shows a close up of the risetime with the 500nm probe. The pump is
400nm and the fluence = 30 pJ/cm?.

defects, and phonon emission®%. Fast capture to radiative states is desirable to
make efficient devices?. Even though the probe photon energy is far below the pump
energy, the rise time of the DT signal is fast (0.33- 0.42ps). Here the capture time is
defined as the time it takes the normalized signal to go from 10% to 90%.

Typically in the radiative recombination process, the pump energy excites elec-
trons above the bandgap, and they relax to the gamma point where the electron

and hole recombine. Figure 6.5 shows the phonon scattering processes that will take
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Figure 6.5: Schematic of a semiconductor conduction band. Phonon scattering events
are shown as arrows. The solid line arrows are acoustic phonons with small energy
transfer. The dashed arrows are optical phonons with much larger energy transfer??.

an electron that is energized above the bandgap to the lowest state in theconduc-
tion band where it can radiatively recombine. The phonon allows for conservation of
momentum, but this constraint can be relaxed when there is a high degree of disor-
der. Since phonon-mediated relaxation from the bands into the emitting states is not
expected to be this fast, the risetime provides strong evidence that disorder (likely
due to In composition fluctuations) relaxes k-selection and results in direct optical
excitation of the emitting states even though the pump is nonresonant.

Capture times for InGaN/ GaN MQWs have been studied, but they vary and are
dependent on temperature, carrier density, and size of the QWs?*%7. In GaN QW
lasers, the capture time of 1.2 ps was shown to vary significantly with injected carrier
density and the PZE%. Capture times in InGaN/ GaN MQWs with a CW PL of
400nm were shown to be 0.4-0.8 ps?*. However, it should be noted that the fast
capture times observed in this system were for a degenerate 390 nm pump/probe,

which is very close to the PL. The longer capture times were for a 260 nm pump
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/390 nm probe. There is at 100-200 nm difference in the pump and probe for the
capture times we measured, which is a difference of approximately 600 meV. This is
much larger than the energy of the LO phonon, which is approximately 90 meV %,
so multiple phonon scattering events would need to occur. However, in GaN the
electron- LO scattering rate is an order of magnitude larger than in GaAs; GaN is
a polar system, so the carrier interaction with LO phonons dominates the carrier
relaxation?. Another InGaN/ GaN MQWs with a CW PL of 400nm was shown to
have carrier capture times of 0.31 -0.54 ps?’. Longer capture times, 3.3-2.0 ps have
been demonstrated in single GaN/InGaN nonpolar MQW core-shell NWs?¢. They
claim that the longer capture time is governed by carrier-carrier scattering, not Auger
scattering. Auger is not a direct measure of disorder, or localization, but disorder

does enhance Auger recombination %

6.3.2 Relaxation lifetimes

Second, the observed relaxation times are much faster than would be expected for
a radiative lifetime (due to the high PL efficiency); the decay times range from 3-5 ps
for the initial decay and 20-60 ps for the longer decay component. This is much faster

101 Tf the decay were simply a fast

than lifetimes observed for InGaN quantum wells
non-radiative process, then the PL emission would be very low. In contrast to the
samples in Ra et al. 17, the quantum dots for this sample appear to exhibit disorder
that leads to localization of states below the gap. This conclusion is supported by
the inhomogenous broadening seen in the PL, approximately 100 nm for this sample,

twice the FWHM of the dot-in-nanowire samples presented by Ra. The TRDT can

be fit well with a bi-exponential decay.

y = al exp(—t/71) 4+ a2 exp(—t/72) (6.6)

83



Table 6.1: The lifetimes of the white light selective area growth nanowire samples,
with different patterned diameters. Tau 1 is the fast decays and tau 2 is the slower
decay. Al and A2 are their respective amplitude ratios shown as a percentage.

Sample | Probe tau 1 (ps) | tau 2 (ps) | Al | A2 | max AT/T
diameter | (nm)
500probe | 2.62 25.50 0.96 | 0.04 | 3.72E-02
d=~195 | 550probe | 5.34 34.93 0.98 | 0.02 | 1.64E-02
600probe | 3.13 14.25 0.67 | 0.33 | 7.80E-03
500probe | 2.44 37.73 0.97 | 0.03 | 2.72E-02
d=~300 | 550probe | 1.02 5.39 0.42 | 0.58 | 2.58E-02
600probe | 1.47 10.07 0.64 | 0.36 | 1.35E-02
00 500probe | 5.29 100.57 0.82 | 0.18 | 1.01E-02
550probe | 2.72 22.08 0.43 | 0.57 | 1.56E-02

The fitted values are shown in Table 6.1. In the table A1 and A2 are the percentages
of the relative amplitudes al and a2. It has been shown in InGaN quantum wells that
localization should lead to an increase of radiative recombination, but a stronger in-
crease in Auger recombination !°%; this would lead to fast nonradiative recombination
and a suppression of PL. Hence the observed dynamics in our samples indicates the
possibility of rapid redistribution of carriers among localized states into dark states

(i.e. states not coupled to the probe field).

6.3.3 Power dependence

Power scaling can show whether a sample is being damaged, if there is saturation,
or if two-photon or Auger effects are occurring. Here the 550nm probe is kept at
300 mW, with a 1/e 2 spotsize radius of 55 um. The pump ranges from 0.5mW to
3 mW with 1/e 2 spotsize radius of 79 um. The fluence ranges from 10 pJ/cm? to
61 uJ/cm?. This is a fairly lower fluence for a 250kHz system. This power scaling

was collected for one of the patterns on the WL nanowire sample. The diameters are
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Figure 6.6: TRDT power scan. The nanowire pattern measured here, is one of the
patterns on the white light nanowire sample, but is not the same diameter as the
other patterns discussed so far. Thus it is not conclusive that this is the same scaling
to be expected form the other patterns, but it is reasonable.

300nm, but this is a different pattern than the dynamics just discussed. The power
scaling can potentially be different for each pattern set, so this is just discussed as an
indication that most likely the other TRDT scans are in a linear regime. The power
dependence within the scan range appears fairly linear, but a large scan range would
be necessary to confirm. The most important conclusion is that there is not obvious
damage or strong nonlinear effects over the fluence range relavant to this study (a

more complete power dependence would be of interest for future work).
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6.4  Time-resolved differential reflection of the green In-

GaN/Gan dot-in-nanowires

As was established in the last chapter, the green InGaN/GaN dot- in- nanowire
sample has a CW PL with a FWHM of 15-20nm, centered at 500nm. In the TRDR

measurements, the same WL pump and 400nm probe are used.

6.4.1 Capture times

As we discussed for the WL NW sample, the capture time can serve as an indicator
of disorder in the system. From the narrow PL, it is expected that the green sample is
more ordered than the WL sample. This is supported by the longer risetimes shown in
Figure 6.7. The peaks are normalized so the risetime is visible, and only the stronger
peaks are plotted in this graph. It is not that longer risetimes are better or even
desirable, but in this case, they are an indication that electrons are being captured
by the QDs which would take a finite time.

A selection of representative temporal scans for different probe wavelengths are
plotted in Figure 6.8. This shows the relative amplitude of the different peaks. The
scans have been shifted vertically, but that is the only post processing. The pump
fluence is low, approximately 54 pJ/cm?.

The first thing that is striking about this plot is the shift in time as the probe
wavelength is changed. There are two possible reasons for the temporal shifts that
will be discussed. The first is that this shift is due to a time delay for electrons
relaxing into lower energy states. The second is that there is an artifact due to probe
chirp. Several papers have been published that used a WL probe and show this shift
in the data?1%3. The ones cited here use a D,O cell to generate a probe continuum
that will generate as much chirp as sapphire, or any WL continuum source. They

discuss the generation of the WL probe, but do not comment on whether it is chirped,
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Figure 6.7: The initial peak of the TRDR data for the green dot-in-nanowire samples
with 225nm diameters. The 10% - 90% risetime is displayed for each probe wave-
length. These peaks are normalized and some wavelengths that showed very little
signal are not shown in this plot, but are included in the next figure.

or whether the shifts in the data are real.

However, WL will inherently have a positive chirp, meaning that the longer wave-
lengths come first in time, and the short wavelengths come later. The relative time
delay with respect for wavelength for a WL continuum generated in sapphire is shown
in Figure 6.9. Two sources show a 2ps delay for WL sources between the wavelengths
of 450 and 540nm; the exact chirp can be shifted for different parameters, but this is
a reasonable estimate 3104,

This may seem counter-intuitive, because we stated that the red wavelengths are

arriving before the blue, in time, but the TRDT data is showing the response to the

blue probe wavelengths before the red. This is a function of the pump-probe system.
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Figure 6.8: TRDR data for the green dot-in-nanowire samples with 225nm diameters.
The scans are displaced vertically by 0.2. The shift in the timezero with probe
wavelength is an artifact of the chirped WL probe.

Referring to Figure 6.1, the probe path stays stationary, and the delay is created by
the pump path changing with the delay stage. The delay stage moving up vertically
corresponds to the delay time on the x-axis of the TRDT data. So by moving the
stage up and “forward in delay time”, the optical path of the pump is shortened.
Therefore, the probe wavelengths that see an interaction at that delay are actually
ahead in time of the blue wavelengths. Thus, the shift seen in Figure 6.8, would
correspond to a positively chirped probe.

Unfortunately, the chirp in the WL is not a trivial thing to remove. For nearly
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Figure 6.9: Plot of relative time delay vs the peak wavelength of the gated spectra of
chirped WL from a sapphire crystal?®. This shows that indeed the chirp of the WL
can be on the order of what is seen in our TRDT measurements.

monochromatic sources, the chirp can be compensated using a pair of prisms; however,
prisms cannot perfectly counterbalance the chirp of white light. Instead this would
have to be done using post-processing in conjunction with calibrating the chirp of the
WL, One source did calibrate the timing shift of the WL and the data showed
little to no shifting of the spectra with time!%. Therefore, it is reasonable to conclude
that the shifts seen in the data are due to the probe chirp and not an actual feature
of the system. However, the relative time-zeros of the peaks were not shifted since

the actual WL chirp was not monitored.

6.4.2 Relaxation lifetimes

Long scans were taken to capture the lifetimes of the states. A representative
scan is shown in Figure 6.10. These scans were taken with an excitation fluence of 62
pd/em?.

As can be seen, the bi-exponential decay captures the dynamics very well; the
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Figure 6.10: A representative plot of the TRDR with a bi-exponential fit.

values are shown in Table 6.2, with a fast initial decay of approximately 27 ps and
a second longer lifetime approximately 330-830 ps. Scans were taken at probe wave-
lengths of 440 nm to 520 nm in increments of 10 nm; most had a very low signal.
The amplitude of the shorter lifetime constant is double that of the contribution from
the longer lifetime as is visually seen in 6.10. The largest change in reflection in the
transient scans occurs at a probe wavelength of 490 nm, but as the spectral scans

show, the peak is actually at approximately 495.

6.4.3 Spectral scans

Spectral scans that are stepped in time are plotted in Figure 6.11. These scans
do not capture the fast time component. For that, please reference Figure 6.8. Each
of these scans are taken with a monochromator and a motorized stage, so it would

be very time consuming to take high resolution spectral and high resolution temporal
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Table 6.2: The lifetimes of the green dot-in-nanowires samples, with two patterned
diameters. Tau 1 is the fast decays and tau 2 is the slower decay. Al and A2 are
their respective amplitude ratios shown as a percentage.

Probe | (1) | Al | (m) A2

Wire diameter ~235nm
490nm | 31 ps | 62% | 354 ps | 38%
500nm | 23 ps | 67% | 705 ps | 33%

Wire diameter ~255nm
490nm | 35 ps | 63% | 328 ps | 37%
500nm | 27 ps | 72% | 531 ps | 28%
510nm | 23 ps | 86% | 829 ps | 14%

scans. The purpose of this scan is to evaluate the peak location, and FWHM of the
TRDR response. The peak is located at 495 nm, and it does not shift at longer
times. The FWHM is comparable to the emission of the PL. It is common in pump-
probe experiments to see a blueshift on the response due to the screening of the PZE
feld 25107

While the spectral scan peak at 495 nm is shifted from the CW PL, it matches
the response seen in the pulsed PL, which supports the fact that the shift is due to
the PZE field. Figure 6.12 shows the CW PL, pulsed PL, and differential reflection
spectrum. The magnitude of the blueshift, should correspond to the extent that
the PZE field is causing a change in the system. This shift is smaller than what
has been observed previously for InGaN blue MQWs (approximately a 12nm shift).
The smaller 5nm blueshift in the green dot-in-nanowire sample could be due to the

enhanced confinement of the QDs when compared with the QWs.
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Figure 6.11: Spectra captured at different delay times. There is a response from the
matrix states, but it is on a short timescale and is not captured.

6.5 Comparison to other current literature

It is important to put these experiments in context with other work in recent
literature. Fan et al. measured the capture time of a blue InGaN MQW as a function
of the pump fluence?*. The fluences used in this work remained under 100 pJ/cm?.
The capture times for the WL NWs (330 fs -420 fs) was significantly faster than what
is seen in Figure 6.13 in the low fluence regime. The green dot-in-nanowire samples
showed similar or longer capture times (570 fs-1200 fs). This fits with the idea that
disorder is causing fast capture times in the WL NWs, while the confinement in the
green dot-in-nanowire samples would cause their risetimes to be slower than that of

a QW. Many factors affect the capture rate, so it is difficult to compare data sets in

92



—&— ARIR
- Pulsed PL| 7108

CWP

Normalized A R/R

Normalized Intensity (a.u.)

02 . . . . . . . . .
450 460 470 480 490 500 510 520 530 540 550

Wavelength(nm)

Figure 6.12: The differential reflection spectrum for a 1 ps delay is overlaid with
the CW PL and the pulsed PL. The differential transmission spectral response cor-
responds to the pulsed PL. There is a response of the matrix states, but due to the
probe chirp it does not show up in the differential reflection plotted, since this was
chosen at the maximum of the QD response.

more than just a qualitative way. The probe wavelength for the data in Figure 6.13
is not explicitly stated, but the capture rate is a function of the state’s energy; the
blue probe will have a faster risetime than the red probe2®. This is true for both of
our samples. Ozgur and Everitt credit this to the carriers scattering into lower energy
states?®.

The capture and relaxation rates have also been shown to be dependent on the
pump power. Ozgur and Everitt explored the spontaneous emission (SPE) regime
and the stimulated emission (SE) regime for a blue InGaN MQW sample?®. As the

pump power is raised and the number of carriers is increased, just like in a laser,
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Figure 6.13: (Capture time for an InGaN MQW at 300 K with 260 nm pumping
versus excitation energy density. The top axis gives the initial density in the barriers

averaged over the MQW region. The inset compares the DT signals at 5 and 300 K
for an excitation energy density of 140 pJ/cm??4.

the radiative recombination of one electron-hole pair can stimulate the recombination
of other pairs. They found the threshold fluence to be 100 pJ/cm? in their system.
Figure 6.14 shows the TRDT data for below the SE threshold (a) and above the SE
threshold (b). The pump is at 385nm and the PL is centered at 410 nm and 408
nm, respectively. The system is a 1kHz rep rate, so the 100 pJ/cm? fluence actually
carries 250 times as many photons per pulse as the same fluence from our system.
The PL changes shape and they observe a much faster 7; in the SE regime. Under
the conditions of SE, an initial decay time of <10 ps was observed, while below the
SE threshold this time increased to 13.5 ps. The explanation is that the GaN 3D
states are supplying carriers to the 2D QW states that are undergoing SE. Carrier
recombination was observed to have a lifetime of < Ins. In our work, the fluences
were kept low, <65 pJ/cm?, so it has been assumed that this is within the SPE
regime. However, the threshold for QDs would ideally be lower than for QWs. The

WL NWs showed a linear response in this regime; however, measurements on the
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Figure 6.14: (a) Spectrally resolved TRDT for at barrier energy excitations at various
delays for an excitation energy density of 300 pJ/cm?. Pulsed absorption shows a
clear absorption edge at 3.23 eV, and the shaded regions indicate the states between
the barrier and the GaN band edges. (b) TRDT data for at-barrier excitation with a
lower excitation density of 60 uJ/cm?. The vertical bars on the sides indicate a DT
magnitude of 0.2,

green dot-in-nanowire sample needs to be further developed. The fluence dependence
and establishment of the SE regime will be discussed as future work.

Other relevant published lifetimes include the data from single InGaN/GaN MQW
NWs. These wires were grown radially, so the growth plane is the non-polar m-
plane, which should lead to a lower PZE field. The work described here was done by
Boubanga-Tombet et al.?¢.

The risetime getting shorter as the fluence increases is a function of the increased
carrier-carrier scattering. It is not discussed in the paper, but the distinct change in

slope around 100 ;J/cm? mimics the onset of SE described by Ozgur et al.?.
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Figure 6.15: (a) Pump fluence-dependent differential transmission in the single MQW
NW for pump and probe wavelengths of 266 and 400 nm, respectively. The solid
lines represent double exponential fits to the data. The inset shows the pump
fluence-dependent rise time, 7., extracted from these fits. (b) Pump fluence and
probe wavelength-dependent relaxation time constants 7y (open shapes) and 7, (solid
shapes), extracted from (a).%.

The 7 and 75 in Figure 6.15b are smaller than the decays measured for the green
dot-in-nanowire sample. This makes intuitive sense because QDs should have a longer
lifetime than QWs. A single exciton in a QD has a radiative lifetime two orders of
magnitude longer than a well'®®. However, the lifetimes are dependent on my factors,

so this is not conclusive, but evidential.

6.6 Discussion

Table 6.3 shows a comparison of the key timescales for this work and other systems
from literature. The lifetimes of the green sample are on the order of magnitude or
longer than the other samples in the table, while the WL sample has lifetimes which

are comparable or shorter.

6.6.1 White light samples

Four key data points indicate that the WL NW sample does not have QDs but

instead is has more QW-like features, and most likely has a significant amount of
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Table 6.3: Key lifetimes of the samples explored in this work, and other recent lit-
erature. Not all of the risetimes were measured in the same way, some fit with an
exponential, others were a 10% - 90% measurement. Also, the values are very probe
wavelength and intensity dependent, so this table only quotes ranges and should be
used as a qualitative comparison.

Sample Risetime 75 Ty Reference
Green dot-in-nanowire | 0.57-1.2 ps | 20- 30 ps 330- 830 ps | This work
WL nanowires 0.33-0.42 ps | 1-6 ps 5- 100 ps This work
InGaN/GaN MQW 0.25- 0.6 ps | - - 24

Ing 0sGag.goN/GaN - 2.6- 13.5 ps | 660 ps 25

MQW

Ing 10GaggsN/GaN - 1- 9 ps 5- 30 ps 26

MQW

InGaN/GaN MQW 0.5ps 6 ps 8

disorder.

1. Broad PL: The PL ranges from 490 to 650 nm, as was shown in Figure 5.4.
As was discussed, this is very broad and most likely not from QDs but an

inhomogenous mixture of alloy concentrations and structures.

2. Fast risetimes: The risetimes are not unreasonable for InGaN MQWs, but they

nearly twice as fast as the green dot-in-nanowire samples.

3. Short lifetimes: The lifetimes are more than an order of magnitude shorter
than those from the green dot-in-nanowire samples. They are reasonable for

QW lifetimes.

4. Low CW PL signal when compared with the green dot-in-nanowire sample
and other QD samples. This is not quantified precisely, but is a qualitative
description by Yong-Ho. The CW PL of the WL sample and the green sample

were taken under different conditions, so they are not directly comparable.
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6.6.2 Green QD samples

To the best of our knowledge, no time-resolved pump probe experiments have
been published for samples with emission in the green (500 nm). A time-resolved
PL study on green self-asembled QDs was published by Weng et al.'%. The papers
for time-resolved pump probe measurements used as a comparison in Table 6.3 all
have an emission peak centered at 400-415 nm. The indium concentrations range
from InggsGagoeN to Ing12GagssN2%26. The exact In concentration in our sample is
unknown since the emission is dependent on the In concentration and the size of the
dot; regardless, the longer wavelength emission in the desired green gap makes the

characterization of this sample exciting. We attribute the measured lifetimes to:

1. fast (tauy): decay into non-radiative states (e.g. trap states). We attribute the
fact that this is slower than the WL sample and other samples in the table to

a higher PL quantum efficiency.

2. slow (taus): recombination (mostly radiative) The next chapter will present a

summary of the work as well as discuss future directions.
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CHAPTER VII

Conclusions and future work

In this thesis, transient pump-probe measurements were used to investigate the

electron capture and relaxation processes of TiN and InGaN/GaN dot-in-nanowires.

7.1 TiN electron dynamics

This work discussed TiN as a material of interest for its potential plasmonic ap-
plications; its dielectric functions’, €; and €y, resemble those of gold. TiN would
be an attractive alternative to gold due to its higher melting point, higher damage
threshold, low cost, and CMOS compatibility. Size and shape are particularly impor-
tant for plasmonics, and TiN is easy to make in a thin film, patterned structure, or
nanoparticles.

While TiN has many advantages, it is a complex system to characterize. The
bandstructure looks like a mix between a metal and a semiconductor. The orbitals
of the valance electrons from the Ti atoms and the N atoms mix; the complicated
electronic bonding system includes metallic, covalent, and ionic bonds®®. In addition,

the sample variation is large, and often not well characterized in the literature.

7.1.1 Conclusions

Current state of knowledge before this work:
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e TiN is an exciting material for potential plasmonic applications, such as hot

carrier driven devices and thermalphotvoltaics.

e The fast time scale (less than 5 ps) electron relaxation processes had not been

explored.

e The electron- phonon coupling, G, associated with the hot carrier cooling, was

not present in the literature, either calculated or experimental.

e The electron- phonon coupling, A, associated with superconductivity, had been
measured through low temperature specific heat measurements for different TiN

samples.

e The initial expectation was that the electron- phonon coupling would be similar
to gold, or an order of magnitude lower since the carrier concentration in TiN
is typically an order of magnitude lower. It was thought that the long-lived hot

electrons would be useful in hot electron driven devices and processes.
Conclusions from this work:

e TiN still has exciting potential applications in plasmonics, but the substrate
is going to play a very important role. Previous papers made devices that
directly compared the responses of TiN and gold without accounting for the
substrate. The heat transferred to TiN is not dissipated quickly and transfers
in the substrate. This is manifested in very large and long-lived differential

signals.
e TiN is a great candidate for plasmonic photothermal applications.

e The electron relaxation is very different than gold, which has a relaxation in a
few ps. This is due to 1) gold having a thermal conductivity that is an order

of magnitude larger than TiN and 2) gold having an electron-phonon coupling
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three orders of magnitude lower than TiN. The hot electrons in gold reach much

higher temperatures and do not transfer as much heat into the substrate.

The electron- phonon coupling is very strong in TiN, G = 10'8 [W/m3K]. This
is supported by calculations of G from other material parameters as well as a
fitting with the two temperature model. Only an order of magnitude is claimed

due to the large variation in published material constants for TiN.

The two temperature model is used to support the conclusions from the cal-
culations, but cannot be calculated exactly since it is very dependent on the
thermal conductivity of the material. Due to the large variation in TiN sam-
ples, without the measuring thermal conductivity directly for this sample, the
value used is only an estimate. Also, the conductivity will change for very thin
samples (30nm) and values for thin films were not explicitly available in the

literature.

Pump —probe is sometimes used to measure the thermal conductivities of ma-
terials, but the sample used in this work was too thin to not show a substrate
effect. Other experiments would be required to carefully subtract out the sub-

strate effect.

Future work

While it would be very interesting to see the electron dynamics of TiN nanoparti-

cles, due to the complexity of modelling this material for a thin film, that experiment

would not be useful without very careful characterization of the TiN material. In

order for TiN to expand its prevalence in optoelectronics, the composition of the

material has to be understood. More work is needed in characterizing the growth

process of the material since samples are extremely varied.

A new interesting direction in TiN studies is the recently demonstrated semicon-
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ducting titanium nitride structure, TizgN,, that was reported in February 2018 and is

claimed to have a bandgap of 0.8 - 0.9 eV 110,

7.2 InGaN/GaN dot-in-nanowire electron dynamics

This work examined two selective area growth InGaN/GaN nanowire samples.
The first sample, WL NW sample, showed a lot of disorder, but had a broad emission
at green-orange wavelengths, which is a spectral region of interest due to a lack of
efficient emitters. The second sample, the green dot-in-nanowire sample demonstrated
QD properties and also emits at a wavelength important for applications. This was

the first reported TRDT measurement on a green InGaN/GaN QD.

7.2.1 Conclusions

Current state of knowledge before this work:

e HADDF and EELS maps showed dot formation in single wire selective-area

growth NWs. PL emission was consistent with QD behavior

e TRDT and TRDR experiments on InGaN/GaN QW and MQW heterostruc-
tures showed the capture rate and relaxation dynamics of these systems. Both
probe wavelength and carrier density measurements were demonstrated. The
risetime of the TRDT signal was shown to increase as the probe wavelength was
shifted red. This was attributed to the carriers scattering into the lower energy

states at longer delay times.

e The LO phonon in InGaN has an energy of 90 meV and the electron- LO

scattering rate is an order of magnitude larger than the scattering rate in GaAs.

e High carrier density experiments, intensity > 100 pJ/cm?, show stimulated
emission. The carrier-carrier scattering is dominant as carriers are moved from

the 3D barrier states into the 2D QWs.
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Conclusions from this work:

e Pulsed excitation PL experiments show a strong peak at 466 nm with a smaller
peak at 494 nm. The 466 nm peak is from the recombination of the InGaN
matrix states. When dots are formed in a self-assembled way on a roughened
surface they form phase separated inhomogenous InGaN alloys outside of the
dots called the matrix. These states are not visible in the CW PL so this is a

carrier density effect.

e The blueshift in the QD emission with pulsed excitation vs CW was 5-6 nm,
which is smaller than shifts seen in other systems (10-13 nm). This is attributed

to the reduced PZE in the QDs.

e Time-resolved study of the room temperature ultrafast carrier dynamics of green
InGaN/GaN dot-in-nanowires showed that the risetime shifted from 0.57-1.2 ps
for a 490 nm probe-510 nm probe, respectively. This shows the carrier scattering

into lower energy states at longer delay times.

e A small TRDT signal was observed at 450 nm (this is not a precise wavelength
this set of time-resolved scans was only taken at 10 nm intervals) which is the

signal from the matrix states.

e Initial characterization of the TRDR signal at the QD peak shows two decay
times. The fast time decay, 71 ~ 20-35 ps, is attributed to electrons relaxing

into dark states

e The second longer lifetime, 75 =~ 330- 830 ps, is attributed to the lifetime of the

radiative states.

The physics from each of these experiments is summarized in Table 7.1. Wave-
length dependence was shown for these interactions, but more intensity dependence

experiments are required. The temperature column is also currently empty.
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Table 7.1: Summary of the physics that can be explored using TRDT and PL mea-
surements. The Green QD and WL NW sample are in the column where either
spectral scans or power scans have been done on that sample. Further tests will be
required to expand the range of some of the scans. The temperature column is left
blank as those are a different set of experiments for the next researcher.

Physics Experiments/ data  Density Dependence Temperature

(Power and Wavelength) Dependence

Capture Risetime Green QDNW
Polarization fields, Fast decay (1) Green QD WL NW
Carrier scattering  Pulsed PL

Lifetime, Slow decay (2) Green QD WL NW
Trap states Pulsed PL

Exciton, CW and Pulsed PL.  Green QD WL NW

Band edge States  dR spectrum

Biexiton Power scaling WL NW

7.2.2 Future work

The next step in the InGaN/GaN dot-in-nanowires is to continue the systematic
study of how growth conditions, geometry, and other characteristics affect the lifetime
and emission of the carriers. More intensity /carrier density dependent measurements
are needed to characterize the scattering processes and the threshold of the stimu-
lated emission regime. Temperature dependent studies would also realize valuable
information about the scattering dynamics and the response of the phase separated
matrix. Based on previous research, we would expect that the matrix would have a
very strong effect at low temperature where the electrons cannot scatter to the QDs.

The next exciting step in this work will be to use a 3 pulse pump-probe experiment
to characterize the gain. This experiment will lay the foundation for establishing QD
laser.

The scattering rates and other parameters measured here are critical to under-
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standing the processes which contribute to radiative and non-radiative states. This
information is key to creating future efficient LEDs, single source emitters, QD lasers

and many other exciting devices. I am excited to see where the field goes next.
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