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ABSTRACT

Nanowires are one-dimensional (1D) structures with diameter on the nanometer scales with
a high length-to-diameter aspect ratio. Nanowires of various materials including
semiconductors, dielectrics and metals have been intensively researched in the past two
decades for applications to electrical and optical devices. Typically, nanowires are
synthesized using the vapor-liquid-solid (VLS) approach, which allows defect-free 1D
growth despite the lattice mismatch between nanowires and substrates. Lattice mismatch
issue is a serious problem in high-quality thin film growth of many semiconductors and
non-semiconductors. Therefore, nanowires provide promising platforms for the
applications requiring high crystal quality materials.

With the 1D geometry, nanowires are natural optical waveguides for light guiding
and propagation. By introducing feedback mechanisms to nanowire waveguides, such as
the cleaved end facets, the nanowires can work as ultra-small size lasers. Since the first
demonstration of the room-temperature ultraviolet nanowire lasers in 2001, the nanowire
lasers covering from ultraviolet to mid infrared wavelength ranges have been intensively
studied. This dissertation focuses on the optical characterization and laser fabrication of
two nanowire materials: erbium chloride silicate nanowires and composition-graded
CdSSe semiconductor alloy nanowires.

Chapter 1 — 5 of this dissertation presents a comprehensive characterization of a
newly developed erbium compound material, erbium chloride silicate (ECS) in a nanowire
form. Extensive experiments demonstrated the high crystal quality and excellent optical
properties of ECS nanowires. Optical gain higher than 30 dB/cm at 1.53 um wavelength is

demonstrated on single ECS nanowires, which is higher than the gain of any reported
i



erbium materials. An ultra-high Q photonic crystal micro-cavity is designed on a single
ECS nanowire towards the ultra-compact lasers at communication wavelengths. Such ECS
nanowire lasers show the potential applications of on-chip photonics integration.

Chapter 6 — 7 presents the design and demonstration of dynamical color-
controllable lasers on a single CdSSe alloy nanowire. Through the defect-free VLS growth,
engineering of the alloy composition in a single nanowire is achieved. The alloy
composition of CdSxSe1-x uniformly varies along the nanowire axis from x=1 to x=0, giving
the opportunity of multi-color lasing in a monolithic structure. By looping the wide-
bandgap end of the alloy nanowire through nanoscale manipulation, the simultaneous two-
color lasing at green and red colors are demonstrated. The 107 nm wavelength separation
of the two lasing colors is much larger than the gain bandwidth of typical semiconductors.
Since the two-color lasing shares the output port, the color of the total lasing output can be
controlled dynamically between the two fundamental colors by changing the relative output
power of two lasing colors. Such multi-color lasing and continuous color tuning in a wide
spectral range would eventually enable color-by-design lasers to be used for lighting,

display and many other applications.
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CHAPTER 1

ERBIUM CHLORIDE SILICATE NANOWIRES

1.1 Introduction

Photonic integrated circuits (PICs) are becoming important due to the demand for
high-speed, high-efficiency and low-cost optical networks. The exponential growth similar
to “Moore’s law” in microelectronics has been observed in PICs. Silicon is the most
desired platform for PICs because of the low cost and mature processing techniques. The
dense wavelength division multiplexed transmitters and receivers have been demonstrated
on the large-scale silicon-based PICs, but the lack of on-chip and silicon-compatible optical
amplifiers and lasers is the remaining obstacle.

Since the first demonstration of the erbium-doped fiber amplifier in 1987, erbium-
doped materials have played many important roles in optical communications owing to the
broadband amplification around the wavelength of 1.55 um. However, the required fiber
amplifiers are over a meter, due to limited erbium concentration levels of approximately
102° cm3. Such long fibers are unsuited for PIC applications. In the past decade, crystalline
erbium compounds with erbium concentration 100-times higher than the erbium-doped
materials have been researched to achieve higher gain. However, realizing such high gain
in the thin-film or bulk forms of erbium compounds has been fundamentally difficult due
to the low crystal quality and short emission lifetime.

Chapter 1 to Chapter 5 focuses on the characterization of the crystalline and optical
properties of a newly developed erbium compound material, erbium chloride silicate (ECS)

in nanowire form, synthesized on silicon substrate via chemical vapor deposition approach.



Thorough experiments illustrate high quality single-crystal and long emission lifetime of
the ECS nanowires. For assessing the optical gain in ECS nanowires, approaches to
measuring the signal enhancement and absorption coefficient are developed. Optical gain
higher than 30 dB/cm is demonstrated on a single ECS nanowire, the highest of any erbium
materials ever reported. Such high-gain ECS nanowires are expected to have potential
applications in silicon-compatible photonic integration as light sources or amplifiers.
Finally, the simulation and fabrication towards the ECS nanowire laser are
discussed. The high-Q micro-cavities including DFB grating and 1D photonic crystal are
designed on a single ECS nanowire. The refractive index of the ECS nanowire is first
obtained by transmission spectroscopy on the fabricated photonic crystal structure.
Simulation of the 1D photonic crystal micro-cavity shows the prospect of the ultra-compact

lasers based on ECS nanowires.

1.2 Erbium Materials

Erbium (Er) materials, which can be in crystalline or non-crystalline forms
containing the rare earth element Er, have played important roles in optic communication
systems for the gain at the communication wavelengths around 1.5 — 1.6 um. The most
well-known application of Er materials is the erbium-dope fiber amplifier (EDFA) which
was first demonstrated in 1987 [1]. Due to its many important properties such as broadband
gain [2, 3], high speed response [4], low noise[4, 5], immunity to crosstalk [6], and
compatibility to the fiber communication systems, EDFAs have been applied to a broad
range of applications including optical amplifiers [1, 2], lasers [7, 8], sensors [9], quantum

information [10], etc.



Similar to the evolution of the electrical integrated circuits, there is a trend to
integrate the telecommunication systems on single chip for reducing the material costs,
improving the power efficiency and shrinking down the device sizes [11]. Such integrated
photonics require the on-chip amplifiers and lasers at the telecommunication wavelengths
[11, 12]. However, the meters-long Er-doped fibers are not compatible with the on-chip
integration. Therefore, a wide range of Er-materials were developed for the integration
platform, as listed below, including the Er-doped glasses, Er-doped crystalline dielectrics,
Er-doped semiconductors and Er-compound materials.

1. Erbium-doped glasses

Er-doped glasses are the most commonly used Er-materials due to the easy

fabrication, broad-band gain, high stability and compatibility to various substrates

[12, 13]. The host materials are amorphous glasses including silicate [2, 13],

phosphate [14, 15], soda-lime glasses [16], fluoride glasses[14], etc. The erbium-

doped glasses can be fabricated by ion implantation [16], RF-sputtering [15, 17]

and sol-gel method [18]. The Er concentration in Er-doped glasses is typically 1-

10x10%° cm™ (0.1-1 atomic percentage) with optical gain of 1-4 dB/cm [15, 19, 20].

2. Erbium-doped crystalline dielectrics

The Er-atoms can be doped in the crystalline or polycrystalline dielectric hosts

including LiNbO3 [21, 22], KY3F10 [23], (Gd,Lu)203[24], Y203 [24] and YAG[25].

Er-doped crystalline dielectrics are thermal-stable with high peak emission cross-

sections [12], which are good for laser applications. However, due to the crystalline

environment of the Er ions, the gain bandwidth is narrow, limiting the applications



in broadband amplifiers and tunable lasers [12, 24]. The synthesis methods includes
Czochralski pulling [23], Er-diffusion [21] and pulsed laser deposition [24].

3. Erbium-doped semiconductors
The Er-doped semiconductors including Er-doped GaN [26], ZnO [27], InP [28],
CdS [28] and Si [29] are developed for the optoelectronic devices. Especially the
Er-dope silicon allows the integration with silicon photonics. The light emitting
diodes based on Er-doped silicon have been demonstrated [30]. The major issue of
the Er-dope semiconductors is the limitation of the doping density [12].

4. Erbium compounds
Er compounds have come into focus in the last decade for the high-gain amplifiers
and ultra-compact lasers and amplifiers in telecommunication. The Er compounds
are the single-crystalline or polycrystalline compounds with Er-concentration
higher than 10%> cm?, including erbium oxide (Er.0s) [31, 32], erbium silicates
(Er2SiOs, Er:SioO7) [33, 34] and erbium yttrium/ytterbium silicate alloy (EYS,
EYDS) [35-37]. Due to the high Er-concentration, the potential gain of the Er
compounds can be as high as 30 dB/cm [31], much higher than the demonstrated
gain in Er-doped materials. The Er-compounds are typically prepare through RF
magnetron sputtering [32, 33]. Since the lattice match of the Er,Oz and silicon, the

molecule beam epitaxial growth of the Er.O3 thin film on Si(100) was reported [38].

1.3 Erbium Chloride Silicate Nanowires

Due to the development for the integrated photonic circuits, the demand on high-

gain Er materials for miniature amplifiers and lasers at telecommunication wavelengths are

4



raised. The optical gain of the Er-doped materials is theoretically limited in the single digit
dB per centimeter due to the limitation of the Er-concentration in the order of 10%° cm™ (<1
atomic %) [15, 19, 20]. Although the doping density can be higher, the concentration
quenching effect caused by the erbium clustering will significantly reduce the lifetime as
well as the Er population at the excited state, thus making the gain impossible. The
crystalline Er compounds are the potentially high-gain materials attributed to the Er
concentration over 10?2 cm=. The uniform distribution of the Er ions in the crystalline
compounds reduces the possibility of the Er clusters, which is the main cause of the
quenching effect. Thus, the gain performance of the Er compounds should be better than
the Er-doped materials. However, the crystalline quality of the Er-compound thin-film is
relatively low due to the RF sputtering synthesis. The defects and other imperfections of
the crystal structure enhance the possibility of the concentration quenching [12]. Therefore,
the net optical gain has not been demonstrated in the Er compounds with Er-concentration
over 10?2 cm3,

In 2011, a new form of Er-compound material, erbium chloride silicate (ECS)
nanowire was synthesized using chemical vapor deposition (CVD) method by Ning’s
group in Arizona State University [39, 40]. The ECS nanowire is single-crystalline Er
material with Er-concentration of 1.62x10% cm™. Similar to the high Er-concentration Er
compounds, the potentially high gain in ECS nanowire can be expected. Compared to the
sputtered Er compounds, the ECS nanowires have much higher crystal quality attributed to
the CVD growth, significantly restraining the concentration quenching effect. Therefore,

the ultra-high optical gain in ECS nanowire is promising.



In Chapter 1 — 5 of this dissertation, the comprehensive crystalline and optical
characterizations of the ECS nanowires are researched. Via X-ray diffraction analysis,
energy dispersion spectroscopy and transmission electron microscopy, the chemical
formula, atomic structure and Er ion distribution of ECS nanowires are studied. The high-
quality single crystal is demonstrated. The detail optical spectroscopy of the ECS
nanowires shows the strong emission at 1.53 um with lifetime over 0.5 ms, which is close
to the lifetime in the low Er-concentration materials, demonstrating the less concentration
quenching effect in ECS nanowires. Owing to the high erbium density and high crystal
quality, over 30 dB/cm net gain is demonstrated in single ECS nanowire, which is the
highest of the ever demonstrated gain in Er materials. Such high gain in ECS nanowire
enables great potential of the applications in the ultra-compact devices for the integrated
photonic circuits. In the last chapter, the design and fabrication towards the ECS nanowire
laser is presented. The ECS nanowires are believed to be the promising laser sources for

the silicon compatible photonics.

1.4 Energy Levels of Erbium lons

When the erbium atoms are incorporated in dielectric materials, one electron of the
4f shell and two electrons at the 6s shell are removed from the Er atom, forming Er®* ions.
The electron configuration of Er®* ions is [Xe]4f''5s25p%6s?, where [Xe] is the electron
configuration of xenon. The energy levels of 4f shell in the Er®* ions are plotted in Figure
1.1. The energy levels of Er®* ions are irrelevant to the host materials that the Er®* jons are
incorporated in. The energy levels are labels in the form of 25*1L;, where S, L and J are the

spin quantum number, orbit quantum number and total angular momentum gquantum
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number respectively. L=0, 1, 2, 3, 4... correspond to the letters S, P, D, F, G.... Unlike the
semiconductors such as GaAs, ZnO, which have the broadband emission and absorption
band, the emitting and absorbing transitions in Er** ions can only occur between the energy
levels in the 4f shell, which corresponds to different discrete wavelengths. The most
important 4f—4f transition is between the ground state #1152 and the first excited state *l13p,
giving the emission at 1.53 um which is the wavelength important for optical
communication. The first excited state *l1a; is a metastable level with a lifetime much
longer than the other higher energy levels, enabling the population inversion between the
ground state *l1s2 and the first excited state “liz2. Thus, optical gain at 1.53 pm can in

principle be achieved in Er materials.

EG“.,'W
25 I~ 2]:_Ig 2
Fs 1F.
~ 20F 41:‘7’2 BH."»..
o I5F Forn
‘; o1
g 10r T
g L
- sk 1312
[ 1.53 pm
oL : s

Figure 1.1 Energy level diagram of the Er** ions. The radiative transistion from *l13, to
*I15/2 gives the emission at 1.53 pm.

To understand the transition dynamics and the gain model, a simplified 2-level

model including the ground state *l1s/» and the metastable state *l13/. is analyzed, as shown



in Figure 1.2. For gain applications, the Er materials are optically pumped at a wavelength
matching with the transition between the ground state *l1s;> and an excited state, for the
amplification of the probe signal at 1.53 um. Because the lifetime of the higher excited
states is very short, any Er ion at the higher states will immediately decay to the metastable
state. The pumping rate is assumed to be R, = ¢,0,,, where ¢,, is the pumping flux and
o, is the absorption cross section at the pumping wavelength. The concentration of Er ions
at ground state and metastable state are N1 and N2 respectively. The total Er concentration
is N=N1+N,. There are several transitions between these two levels: radiative spontaneous
transition (decay rate WX ) and nonradiative spontaneous transition (decay rate WR),
stimulated absorption (decay rate A;,) and stimulated emission (decay rate A,;). The
spontaneous emission lifetime of the metastable state can be written as T = (WJ\F +
WR)~L. In most cases, the radiative decay is dominant (W2 > W) [41]. The stimulated
absorption and emission rate are A, = ¢s0,ps anNd A, = ps0,.,, respectively, where ¢
is the photon flux of the amplified signal, o, and o,,, are absorption and emission cross
section between the ground state and metastable state respectively. Now the rate equations

of this 2-level model can be written as

dN. N.

_dtl = —Rle + 72 + A21N2 - A12N1 (11)
dN, N,

_dt == Rle - T - A21N2 + AIZNI (12)

In the equilibrium condition, the time differential terms are zero. The population at two

states can be derived as
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The optical gain is the amplification of the probe signal, which is

1 dog
g9(z) = b.(2) ’ ¢;Z(Z) = OemN2 — 0gpsNy (1.5)

Without the pumping, the population at excited state N, is zero. The gain is
negative which means the Er material is absorptive to the probe signal at 1.53 pm. While
increasing the pumping, the population N, increases and the population N; drops.
Population inversion occurs when N,/N; > 0,,s/0.m and this is where optical gain is
achieved. At this condition, the signal at 1.53 pm can be amplified by the Er material,

enabling various applications such as optical amplifiers and lasers.
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Figure 1.2 Energy level diagram and the transitions in 2-level model system. R,, is the
pumping rate. A;, and A,; are the stimulated absorption and emission rates respectively.
WER and WNR are the radiative and non-radiative spontaneous transition rates respectively.



1.5 Upconversion in Erbium Materials

The 2-level model is the ideal analysis of the excitation and signal amplification in
Er materials. In reality, because the lifetimes of the higher excited levels are not zero, more
energy levels should be involved into the system. The non-zero population of the higher
excited states can exhibit emission at wavelengths shorter than 1.53 um. For example,
under 980 nm pumping, the dynamics of Er ions should be studied by a 3-level model
including *l1si2, *l13r2, *l112 States, giving emissions at 980 nm and 1.53 pm.

As described by the atomic energy system, the Er ions can be excited from the
excited states to higher states, resulting in emission at even shorter wavelengths than
pumping light. This kind of transition is called upconversion. There are two mechanisms

of the upconversion in Er materials: excited state absorption and cooperative upconversion.

1.5.1 Excited State Absorption

According to the discussion in Chapter 1.4, the pumping light can be absorbed by
the Er ions when the wavelength matches the transition energy between the 4f levels. If the
ions are excited from the ground state, the absorption is called as ground state absorption
(GSA), as shown in the left part in Figure 1.3. The absorption wavelengths from the ground
state to the first and higher excited states for Er ions are 1480 nm, 980 nm, 800 nm, 667
nm, 532 nm respectively. Absorption can also occur at excited states if there is a population
of carriers at the excited states, which is called excited state absorption (ESA). The ions at
the first excited states “l132 can be excited to *lor2, 2Hi1s2, 2Fs2 and 2Hop2 by the pumping
with wavelengths at 1480 nm, 800 nm, 655 nm, 532 nm respectively, as shown in the right

part in Figure 1.3. The absorption rate of ESA is ¢,,0554N,, Where ¢, is the pumping flux,
10



ogsa IS the absorption cross section of ESA, and N, is the population at the excited state
where absorption started. It is reported that in the Er-doped silicate glasses, the absorption

cross section of ESA is 0.5 — 0.95 times of the absorption cross section of GSA [42].
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Figure 1.3 Energy level diagram showing the ground state absorption (GSA) and excited
state absorption (ESA).

In order to achieve the amplification in the Er materials, we expect more population
to be pumped to the metastable state *l13/2, enabling the population inversion. However, as
shown in Figure 1.3, the ESA at 1480 nm, 800 nm and 655 nm can excites the Er ions from
the #1132 to higher states, which will significantly reduce the population at *l132. Therefore,
ESA negatively effects pumping at those pumping wavelengths. However, the 980 nm
pumping is special, because there is no transition from #l132 matching with the 980 nm
pumping. The ESA of 980 nm excitation only occurs between the states *l112 and *Fzp.
Because of the short lifetime at *l111/, state, the population at *l11, is typically negligible
comparing to the population at #l13. Therefore, the ESA of 980 nm pumping will not

significantly deteriorate the population inversion. This is the reason that the Er lasers and
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amplifiers prefer to use 980 nm lasers as pumping sources. In the following experiments
about the demonstration of the net gain in Chapter 4.2 — 4.4, we also use a 980 nm laser as

the pumping source.

1.5.2 Cooperative Upconversion

Excited state absorption is the interaction between the pumping photon and one Er
ion. The upconversion can also occur between the Er ions. As the Er concentration
increases, the reduced average distance between the Er ions raises the possibility of the
energy transferring from one Er ion to another Er ion. There are several kinds of energy
transfer between Er ions, including resonant energy transfer, sensitized fluorescence, cross-
relaxation, phonon-assisted non-radiative transfer and cooperative frequency upconversion
[41, 43, 44]. The most important energy transfer is the cooperative upconversion which is
also called energy transfer absorption (ETA). The energy transfer diagram of cooperative
upconversion is shown in Figure 1.4. Both donor and acceptor Er ions are at the first excited
state *l13/, at the beginning. Through the cooperative upconversion, the donor ion transfers
its energy to the acceptor ion, then decays to the ground state. The acceptor ion is then
excited to the higher state “lg;,. Since cooperative upconversion involves two ions, the
transition rate has a quadratic dependence on the population at the metastable state, written
as WeycNZ . Weyc is the cooperative upconversion efficiency (CUC). Cooperative
upconversion can be neglected in the low Er concentration materials. However, the
upconversion becomes significant when the Er concentration is higher than 10 cm,

significantly reducing the lifetime of the Er ions. This effect contributes significantly as

12



the concentration quenching. The detailed analysis of the cooperative upconversion and

concentration quenching will be discussed in Chapter 3.5 and 4.4.
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Figure 1.4 Energy diagram showing the first-order and second-order cooperative
upconversion and the corresponding emissions.

Secondary cooperative upconversion can also occur between the donor ion at
metastable state #1132 and the acceptor ion already excited to *lg/, state through the initial
cooperative upconversion. The relaxation of the excited ions gives the emission at 546 nm
(green color) and the following wavelengths, as shown in Figure 1.4. Because the ?Hii2
state is a relatively stable state, the population inversion can be achieved at this state by a
strong upconversion. Green upconversion lasers with pumping at near infrared

wavelengths were demonstrated in several erbium materials [45, 46].
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CHAPTER 2

CRYSTALLINE CHARACTERIZATION OF ECS NANOWIRES

Nanowires refer to the one-dimensional (1D) nanostructure with a nanometer-scale
diameter and high length-to-diameter aspect ratio. Nanowires based on various materials
have been reported, including metals (Ag [47], Au [48]...), semiconductors (ZnO [49],
GaN [50], CdS [51], Si [52]...) and dielectric materials (SiO2 [53], polymers [54]...).
Nanowires have a wide range of applications in optical and electronic devices, chemistry,
biology and many other fields, including field-effect transistors [55], lasers [56, 57], photo-
detectors [58], bio- and chemical- sensors [59, 60], solar cells [61] etc.

The common synthesis technique of nanowires is the chemical vapor deposition
(CVD) approach which is based on the vapor-liquid-solid (VLS) mechanism [62]. The
CVD growth is assisted by metal nanoparticles as the catalyst. The reacted source materials
from the carrier gas (vapor) are absorbed by the melt metal nanoparticles, forming the
catalyst alloy (liquid). The crystal nucleation (solid) occurs when the catalyst is
supersaturated. 1D crystal grown begins at the interface of the catalyst and the substrate to
achieve the minimum free energy of the system. Because the material participates in three
phases: vapor, liquid and solid, it is called VLS mechanism. The nanowires grown through
VLS mechanism are typically single crystal with low defect density due to the 1D growth
behavior. Therefore, the CVD approach provides the opportunity to synthesize high-quality
and single-crystal Er compound nanowires which potentially have high optical gain.

In this chapter, the growth of the ECS nanowires and a thorough analysis of the

crystalline structure are studied. The detail growth procedures are presented in Chapter 2.1.
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The chemical component and the crystal structure is determined by X-ray diffraction (XRD)
in Chapter 2.2. The high-resolution transmission electron microscopy (TEM) analysis in
Chapter 2.3 demonstrate that the ECS nanowires are high-quality single crystal. The
growth direction of the ECS nanowire is determined. In Chapter 2.4, the growth and
characterization of core/shell ECS nanowires with single-crystal silicon in core region and
ECS in shell region are illustrated. Such core/shell nanowires are believed to have

potentials in the electrically driven devices.

2.1 Growth of ECS Nanowires

The CVD approach of the ECS nanowire growth is illustrated in Figure 2.1(a). The growth
is in a closed quartz tube mounted in a tube furnace. 30 mg silicon powder (Alfa Aesar,
99.99%) and 120 mg anhydrous erbium chloride (ErClz) micro beads (Alfa Aesar, 99.99%)
are placed at the middle position of the furnace and the downstream edge of the furnace
respectively. The silicon substrate coated with 12 nm Au film as the catalyst is vertically
mounted on a quartz holder and placed next to the ErCls source. The quartz tube is first
evacuated for 20 minutes and then purged with 5 sccm Argon gas (5% H>) as the carrier
gas. The pressure in the tube chamber is controlled at 5 torr. The furnace temperature is
then increased to 1150 °C with speed of 40 °C/minute. Due to the temperature gradient at
the edge of the furnace, the temperature at the substrate is slightly lower than the
temperature at the center of the furnace, which is 1050 °C. The furnace temperature is kept

at 1150 °C for 3 hour growth, and then naturally cooled down to the room temperature.
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Figure 2.1 Diagram of the chemical vapor deposition growth.

The as-grown nanowire sample is white color, as shown in Figure 2.2(a). The
scanning electron microscopy (SEM) image of the as-grown nanowire (Figure 2.2(b))
shows high density nanowires with random orientation. According to the energy dispersive
spectroscopy (EDS) analysis in Figure 2.2(c), the nanowire contains the elements of erbium,
silicon, chlorine and oxygen. The erbium, chlorine and silicon are from the sources of
silicon powder and erbium chloride. However, the source of the oxygen is not clear. It is
supposed that the oxygen are from the oxidation layer on the silicon substrate and the

sublimation from the quartz tube.
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Figure 2.2 (a) Camera image of the as-grown ECS sample. (b) SEM image of the as-grown
ECS sample. A 90 um-long nanowire is labeled with blue color. The scale bar is 20 pm (c)
EDS of the as-grown ECS sample. (d) A dispersed ECS nanowire with the diameter of 1
um. (¢) SEM image of the dispersed nanowires. The red box indicates the cross section of
the ECS nanowire is rectangular shape.

The length of the nanowires can be controlled by the growth time. However, the
length will not significantly increase when the growth time is over 2.5 hrs. It is possible to
that the long nanowire falls down and breaks when it becomes long, limiting the maximum
growth length. The maximum length of the nanowires is around 100 um. In Figure 2.2(b),
one nanowire with 90 pm in length is marked by the blue color.

The diameter of the nanowire is determined by the size of the Au catalyst. Since
the Au particles were formed from the sputtered Au film during the heating process, the
size of the Au nanoparticles can be mostly controlled by the thickness of the Au film while
some size distribution exists. From the SEM image of the as-grown nanowires, more than
50% of the nanowires have the diameter between 700 nm and 1 um, while the thin
nanowires with diameter around 100 nm also exist. Since we focus on the applications of
the nanowires as the optical waveguides, the large-diameter nanowires are preferred
because they can support the propagation mode at 1.53 pum. Figure 2.2(d) presents a
nanowire with diameter of 1 pm.

Figure 2.2(d) illustrates that the cross section of the nanowire is rectangular shape,
not the hexagonal or circular shape like the typical nanowires [47-51]. For single-crystal
nanowires, the cross-section shape is related to the crystalline structure. Chapter 2.2 and

2.3 will show that these nanowires are orthorhombic crystal and the crystal plane
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perpendicular to the growth direction is close to a square shape. This is the reason why the

cross section of the nanowire is rectangular.

2.2 X-ray Diffraction and Crystalline Structure Analysis

X-ray diffraction (XRD) is a powerful technique to identify the chemical
component and crystal structure of an unknown crystalline material. Each crystal structure
with different crystal symmetry, elements, and atom positions will give a specific XRD
pattern. Thus, the chemical formula of the nanowires can be determined by matching the
observed pattern with the XRD database. Figure 2.3 shows the XRD pattern on the as-
grown nanowires. Because the nanowires are grown in random orientations, the XRD
measurement was performed in powder diffraction mode. The XRD pattern of the
nanowires perfectly matches with the JCPDS (Joint Committee on Powder Diffraction
Standards) card 00-042-0365 published by International Centre for Diffraction Data (ICDD)
[63], shown as the red crosses in Figure 2.3. Thus, the material of the nanowire is
determined as erbium chloride silicate, abbreviated as ECS, with chemical formula:
Ers3(SiO4)2Cl. The clearly separated XRD lines with very narrow linewidth demonstrate the

high crystal quality of the ECS nanowires.
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Figure 2.3 XRD of the ECS nanowires (black curve) and the XRD data from the JCPDS
card 00-042-0365 (red crosses).

According to the JCPDS card, the ECS crystal is an orthorhombic crystal system,
with different lattice constant in all three directions. The crystallographic parameters of
ECS crystal are listed in Table 2.1. The Er concentration in ECS is 1.62x10%? cm™, at least
two orders of magnitude higher than the typical Er-doped materials [15, 16, 64-67]. Such
high Er-concentration is similar to other Er-compounds such as erbium silicate (2.03x10%

cm) and erbium oxide (2.72x10%%cm®) [38, 68].

Table 2.1 List of the crystalline parameters.
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Chemical formula Er3 (S104)2Cl
Crystal system Orthorhombic
Space group Pnma, 62

a(A) 6.8218

b (A) 17.6519

c(A) 6.1601

Alpha (°) 90

Beta (°) 90

Gamma (°) 90

Volume (103 nm?) | 741.79

Z 4

Er concentration 1.62 x 10?2 cm3

Table 2.2 lists the positions of all atoms in a unit cell of an ECS crystal. The relative
atom positions are obtained from Ybs(SiOa4)2Cl (Triytterbium Chloroorthosilicate, YbCS),
a rare-earth chloride silicate with the same crystal structure as ECS [2-2-1][69]. The lattice
constants of ECS and YbCS have less than 1% difference, and the XRD of the two
materials are very similar. As a result we can assume the relative atom positions of ECS
and YbCS are the same. The exact atom positions of ECS crystal are calculated by the
relative atom positions and the lattice constants, as shown in Table 2.2(b). According the
atom positions and symmetry of the ECS crystal, the plot of the ECS crystal in a unit cell
(Figure 2.4) is created by Mercury, a free software developed by Cambridge
Crystallographic Data Centre [70]. The Si, Er, O and CI atoms are plotted as the white,
purple, red and green balls, respectively, and the bonds between the atoms are shown as
the sticks. The view of this plot is in xy-plane with lattice constant a and b. In this view,

the “heavy atoms” such as Er, Si, Cl are stacked in 6 layers vertical to the b (or y) direction.
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These atom layers can be called as (060) planes, where the direction perpendicular to these

planes is in the [060] direction. The average distance between the (060) planes is 0.29 nm.

Table 2.2 (a) List of the relative atom positions of ECS crystal. (b) List of the absolute
atom positions of the ECS crystal.

(a)
Set x v z
Er 8 0.0130(1) 0.0903(1) 0.1276(2)
Er 4 0.2902(1) 0.25 0.8849(2)
Si 8 0.0232(7) 0.0996(3) 0.6213(12)
cl 4 0.0367(10) 0.25 0.2357(11)
o 8 0.0089(17) 0.0319(6) 0.7935(18)
o 8 0.1915(17) 0.0966(7) 0.4470(19)
o 8 0.3284(17) 0.1187(7) 0.0282(20)
(0] 8 0.0356(18) 0.1750(6) 0.7717(20)
(b)
Set  x(A) v (A) z(A)
Er 8 0.0887(52) 1.5941(43) 0.7861(52)
Er 4 1.9797(55) 4.4129(75) 5.4511(96)
Si 8  0.1587(43) 1.7586(59) 3.8273(44)
Cl 4 0.2504(28) 4.4129(75) 1.4520(03)
o] 8 0.0608(3) 0.5641(55) 4.8881(5)
o 8 1.3064(91) 1.7064(09) 2.7536(82)
o 8 2.2403(95) 2.0965(16) 0.1738(38)
(6] 8 0.2429(79) 3.0901(42) 4.7538(72)

® si '

Figure 2.4 Crystal structure of a unit cell of ECS crystal. The white, magenta, red and green
balls indicate the silicon, erbium, oxygen and chlorine atoms. The view of the crystal in
the xy- (or ab-) plane.
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2.3 Transmission Electron Microscopy Analysis

In Chapter 2.2, the crystalline structure of ECS is studied by the XRD analysis.
However, the details of the crystalline characteristics of nanowires such as the growth
direction of the crystal and quality of the single crystal cannot be observed directly from
the XRD measurements. The crystalline characteristics of a single nanowire can be studied
by the high-resolution transmission electron microscopy (HR-TEM) approach. For sample
preparation, the ECS nanowires were picked up by a tapered optical fiber and transferred
on the copper grids with carbon mesh for holding the nanowires. Because the penetrated
electron beam cannot penetrate through a thick nanowire, the diameter of the transferred
nanowires were less than 100 nm. The TEM image is shown in Figure 2.5. Clear stacking
structure along the growth direction of this nanowire can be observed in Figure 2.5(b),
indicating the nanowire is a high-quality single crystal. The average distance between the
atom layers along the growth direction is 0.87 nm, which matches with the plane-to-plane
distance between the atom layers in the [020] direction. The Fourier transform (inset of
Figure 2.5(b)) of the TEM image also supports the [020] growth direction. [020] is the
same orientation as [060] discussed in Chapter 2.2 but with 3-fold distance between the
atom layers. According to the crystal structure analysis in Chapter 2.2, the average distance
between the (060) atom layers is 0.29 nm. Therefore, the distance between (020) layers is
0.87 nm. Because this nanowire is a little bit thick, the TEM image is not clear enough to
distinguish all 6 atom layers in the [060] direction as shown in Figure 2.4. So a more
distinguishable TEM imaging is shown in Figure 2.6. The average distance between the
atom layers is 0.29 nm, which is perfectly matched with the layer distance in [060] direction.

So there is no doubt that the growth of ECS nanowire is along the y direction (with lattice
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constant b). Therefore, the cross section plane perpendicular to the growth direction is the
X-z plane with rectangular grids. This can explain why the cross section of the ECS
nanowires is rectangular, as shown in Figure 2.2(c). Since the difference between the lattice
constants a and c is only 10%, the cross section of the ECS nanowire is close to square

shape.

Figure 2.5 (a) Low resolution TEM image of an ECS nanowire on copper grid. (b) HR-
TEM image showing the [020] growth direction. Inset: Fourier transform of the HR-TEM
image.

Figure 2.6 TEM image of another ECS nanowire showing the [060] growth direction
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2.4 Growth of the Core/shell Structure ECS Nanowires

By lowering the substrate temperature to 600 °C, the ECS nanowires can be grown
in core/shell structure, with single-crystal silicon at the core region and ECS at the shell
region. The TEM and EDS analysis of a single core/shell nanowire dispersed on a copper
grid is shown in Figure 2.7. From the low magnification TEM image in Figure 2.7(a), a
clear contrast between the core region and the shell region can be observed. The EDS
spectrum of the core region (Figure 2.7(b)) shows a much stronger Si signal than the
spectrum of the shell region (Figure 2.7(c)), indicating more silicon element in core region.
The Cu signals on both spectra are from the copper grid. The EDS mapping of the O, Er,
Si, Cl elements are shown in Figure 2.7(d-g). The signal intensities of O, Er and Cl elements
is much stronger in shell region than in core region, while the Si signal almost concentrates
in the core region, indicating the possibility of the silicon core and ECS shell.

The high-resolution TEM image of the core/shell boundary is shown in Figure 2.7(h). It is
clear that the crystal at the two sides of the boundary is quite different. In the shell region
the atoms stacks along the growth direction with the average atom plane distance of 0.29
nm, matching with the [060] direction of ECS. The atomic pattern of the core region is
more complicated because the atoms from both core and shell are imaged in TEM. The
[111] direction of silicon with atom layer distance of 0.31 nm can be distinguished at the
core region. The Fourier transform analysis of the high-resolution TEM image shows a
strong signal at silicon [111] direction with a complicated ECS pattern in the background
(Figure 2.7(i)). Because the ECS shell covers all the direction of the silicon core, the ECS
signal cannot be avoided in this transmission electron microscopy. Therefore, the TEM and

its Fourier transform at core region show the complicated pattern including both ECS and
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Si signals. In contrast, the Fourier transfer of shell region only shows the strong ECS
pattern without any silicon signal (inset of Figure 2.7(i)). The crystal direction of the shell

region is [060].
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Figure 2.7 TEM and EDS analysis of a core/shell nanowire. (a) TEM image in low
resolution. (b,c) The EDS analysis of the shell and core region respectively. (d-g) EDS
mapping of O, Si, Er and Cl elements respectively. (h) High-resolution TEM image at the
white-box region in (a). Dashed line labels the boundary of the core and shell. Left section
is ECS shell. Right section is silicon core. (i) The Fourier transform of the core region in
(h). The crystal planes of the ECS crystal and silicon crystal (with subscript “Si”) are
labeled. Inset: the Fourier transform of the shell region in (h).

The XRD analysis is performed on the core/shell ECS nanowires as shown in
Figure 2.8. Both ECS and silicon patterns can be observed. However, comparing to the

solid ECS nanowires grown at high temperature, the XRD peaks of the core/shell
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nanowires are broader and with a broad background, indicating lower crystal quality in the
core/shell nanowires. This is also supported by the poor optical performance of the
core/shell ECS nanowires including weaker photoluminescence intensity and shorter
photoluminescence lifetime shown in Chapter 3. As a result, the following optical
characterization and laser design will be focused on the solid ECS nanowires grown at high

temperature.
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Figure 2.8 XRD of the core/shell nanowires.

However, core/shell ECS nanowires with silicon core have potential with
electrically driven devices. It is demonstrated that the electron injection and
electroluminescent (EL) is possible in a thin erbium silicate layer [71]. Since the carrier
injection in the coaxial nanowire is more efficient than the injection through a solid
nanowire [72], we believe the core/shell ECS nanowires have more opportunities in the

applications related with EL sources.
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CHAPTER 3

OPTICAL SPECTROSCOPY OF ECS NANOWIRES

The optical spectroscopy plays important roles in analyzing the energy structure, transition
rates, lifetimes and other optical properties of the materials. In this chapter the optical
spectroscopy of the ECS nanowires including the photoluminescence (PL) spectroscopy,
power- and temperature-dependent PL, and time-resolved spectroscopy are studied.
Chapter 3.1 presents the PL emission of the ECS nanowires at all emission bands.
The energy states of Er®* ions and the detailed sub-level splitting in the fundamental and
first excited states are studied. In Chapter 3.2 and 3.3, the power- and temperature-
dependent PL are reported. The four-level rate equations are established to understand the
PL intensity variation with the pumping power and temperature. In Chapter 3.4, the
linewidth of the PL emission at 1.53 um is studied, demonstrating the high crystal quality
of the ECS nanowires. The time-resolved PL spectroscopy and the lifetime analysis is

presented in Chapter 3.5.

3.1 Photoluminescence Spectroscopy of ECS Nanowires

Photoluminescence (PL) is the florescence from a material pumped by light
(typically lasers). The energy and band structure of the material can be analyzed through
the spectroscopy of the florescence. In Chapter 1.4, the energy states of the 4f shell in Er®*
ions is discussed, as illustrated in Figure 1.1. With the optical pumping, the Er ions are first
excited to from the ground state to higher states, then decay to the lower states in radiative

and nonradiative processes. The radiative decay generates the PL emission with the
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wavelength matching with the transition energy between those two states. The
photoluminescence spectrum of the as-grown ECS nanowires are shown in Figure 3.1. The
nanowires were pumped by 800 nm Ti:Sapphire laser (Spectra-Physics, Tsunami). The
emission spectrum was measured by visible/near-IR spectroscopy system (Jobin Yvon,
Triax 320). Figure 3.1 illustrates the photoluminescence spectra of the as-grown ECS
nanowires in the range of 450 nm — 1600 nm. The spectra are normalized in each band.
The emission bands at 525-546 nm, 650 nm, 800 nm, 980 nm and 1531 nm match well
with the transitions from the excited state 2H1/2/*Sar2, *Forz, *lar2, *l11r2 and *lizp2 to the
ground state *l1s/2, as illustrated in the energy-level diagram in Figure 3.2. The 800 nm laser
was used as the pumping source since it matches with the #1152 to *lg/2 transition, which is
known as ground state absorption (GSA). The relaxation from “lg/ to the lower states gives
the PL emission around 800 nm, 980 nm and 1531 nm. Because the pumping wavelength
matches with the transition from #1132 to 2Hi12, the Er ions at the excited state *l132 can be
further pumped to 2Hi1/2, which is known as excited state absorption (ESA). The relaxation
from 2Ha1/2 gives the emission at 546 nm and 650 nm, shorter than the wavelength of the
pumping laser. Those emissions are called upconversion. The detail discussion of the ESA

and upconversion effect can be found in Chapter 1.5 & 4.5.
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Figure 3.1 PL spectra under 800 nm pumping. The spectra are normalized at each emission
band.
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Figure 3.2 Absorption and emission transitions with 800nm laser pumping. The numbers
at each emission transition represent the emission wavelengths, with the unit in nm.

Due to the crystalline E-field surrounding the Er ions, each energy state degenerates
into several sub-levels. This energy splitting is known as Stark effect or Stark splitting. The
maximum number of the split sub-levels of the 25*1L, state is g = J + 1/2 [41]. The group
of those sub-levels is called Stark manifold. Since there is no forbidden rule between any
two sub-levels in different states, between two Stark manifolds with g, and g, sub-levels
there would be at most g; X g, emission lines. Thus, the PL in Figure 3.1 shows the broad
emission bands containing multiple emission peaks.

Because the Stark splitting strongly depends on the electric field surrounding the Er ions,
any defect, imperfection, and thermal vibration of the surrounding crystal can result in the
variation of Stark splitting, which is known as the inhomogeneous broadening of the

emission linewidth. In the amorphous erbium materials such as the Er-doped glasses, the
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emission lines are not distinguishable or only distinguishable at very low temperature due
to the inhomogeneous broadening [41, 73, 74]. In contrast, in single-crystal ECS nanowires
where the Er ions are surrounded with the same E-field environment, clear splitting feature
can be observed from the PL spectrum in all transition bands (Figure 3.1) even at room
temperature. The narrow emission linewidth is a good demonstration that ECS nanowires
are high-quality single crystals.

Figure 3.3 shows the high resolution spectroscopy of a single ECS nanowire at
1.531 pm emission band (*liz2—*l1512). In order to study splitting of the Stark manifold,
this PL spectroscopy was performed at 77K to reduce the linewidth broadening induced by
thermal effect. Clearly separated 23 emission peaks can be observed with the highest peak
at 1531 nm. As the discussion above, the maximum numbers of sub-levels in #1132 and *I1s/2
states are 7 and 8 respectively. Thus, there are at most 56 possible transitions in the 1.531
um emission band. It is reported that in the Er materials with cubic crystalline symmetry,
the numbers of sub-levels in *l132 and #1152 states are 7 and 8 respectively [23, 75]. In the
amorphous Er materials, 4-7 and 5-8 sub-levels were observed in #1132 and *l1s2 states
respectively [73, 76]. In ECS nanowires, 6 sub-levels in #1152 and 7 sub-levels in *112/, are
determined from the high resolution PL spectrum in Figure 3.3. Because the population
follows with Boltzmann’s Law, the highest peak at 1531 nm corresponds to the transition
between the two lowest sub-levels in *l13 and *l1s2. The energy of the other sub-levels
were calculated accordingly, which are illustrated in Figure 3.4. Theoretically there should
be totally 6 x 7 = 42 transitions between the two Stark manifolds. However, due to the
overlap of the emission wavelengths in some transitions, only 23 emission peaks were
observed in the high-resolution PL spectrum. All the transitions are labeled on the spectrum
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in Figure 3.3. The blue and red numbers correspond to the levels in upper (*l132) and lower
(*l1s12) Stark manifolds respectively. Since the crystalline structure of ECS is orthorhombic
with a # b # ¢, a symmetry lower than cubic structure, the numbers of the Stark sub-
levels should be equal to the maximum allowed numbers which are 7 and 8 for *l13, and
*11s1 manifolds respectively [41, 75]. Possibly due to the small population distribution at
sub-levels with high energy and the low response of the spectrometer above 1580 nm, the

transitions involved the two highest sub-levels in #1152, cannot be observed.
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Figure 3.3 High resolution PL spectrum at 1.53um emission band. The numbers of the sub-
levels in each transition are labeled at each emission peak.
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Figure 3.4 Energy diagram of the sub-levels in #1132 and *l1s/2. The numbers at the right
side are the relative energy of the sub-levels with the unit in cm™.

3.2 Power-dependent Photoluminescence Spectroscopy

The PL intensity is proportional to the Er ion population at the excited state and the
radiative life time of that state. It always shows the linear relationship between the PL
intensity and pumping power when the pumping is low. However, as increasing the
pumping power, the population at the excited state is accumulated, increasing the
possibilities of excited state absorption and cooperative upconversion. Therefore, the
linearity of power-dependent PL indicate whether the material is suffering upconversion
or other nonlinear effect. The power-dependent PL study of ECS nanowires is shown in
Figure 3.5. The as-grown ECS nanowires were pumped by 800 nm laser with spot size of

100 pm. The pumping power was increased up to 800 m\W by a continuous variable neutral
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density filter. The integrated PL intensity as a function of pumping power density is plotted
in log-log scale in Figure 3.5. The guiding lines are the linear fittings of both bands. The
PL intensities of both 1.53 pm and 0.98 pum emission have linear relationship with the
pumping power in over three orders of magnitude. When the pumping power density is
above 1 kW/cm?, the 1.53 um emission shows a sub-linear deviation from the linear fitting
(black solid line) due to the population accumulation at excited states which causes the

excited state absorption and the cooperative upconversion.
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Figure 3.5 Power dependent PL emission at 1531 nm (black circles) and 980 nm (red
squares) bands. The solid lines are the linear fittings.
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Figure 3.6 Energy level diagram showing the transitions in 4-level system.

The rate equations of 4-level system are studied to further understand the linear and
non-linear behavior in the power-dependent PL. The energy-level diagram of 4-level
system is shown in Figure 3.6. Level 1 is the fundamental state (*l1s2) and levels 2, 3, 4
refer to the excited states *l1z2, *l11/2, *lo2 respectively. 800 nm laser excites the Er ions
from level 1 to level 4 with the pumping rate of R4, which is equal to the product of the
pumping power density and the absorption cross section of transition 1—4. There are two
dominant decay processes from level 4 to the lower levels: nonradiative process W3 and
radiative process Wa1 (emission wavelength 0.8 um). The radiative decays from level 4 to
level 3 and level 2 are neglected. Similarly the decay from level 3 is dominant by the
nonradiative process W3z, and radiative process Wa1 (emission wavelength 0.98 um). For
the decay from both level 3 and level 4, the nonradiative decay is typically much larger
than the radiative decay (Wa3>>Wa1, W32>>W31). The decay from level 2 to ground level
1 (rate W>1) is also essentially radiative with emission wavelength of 1.53 um
Wy, = WR + WNE ~ WR). The ion populations in level 1, 2, 3, 4 are N1, N2, N3, N4
respectively. The total ion density is N = N; + N, + N5 + N,. Then the rate equations can

be listed as below:
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dN,

W = —Ry4N; + Wy Ny + W31 N3 + W5 N, (3'1)
dN.
d_tz == _W21N2 + W32N3 (32)
dN.
d_t3 = —W3,N3 — W31 N3 + Wy3N, (3'3)
dN, (3-3)

d_t = Ry4Ny — Wy Ny — Wy3N,

To simplify the calculation, the excited state absorption of the 800 nm pumping
from level 2 to higher level is not considered in the rate equations. Under equilibrium
condition, all the time differential terms are equal to zero. The lifetimes of the excited level
2,3, 4arety; = 1/Why, 13 = 1/(Way + Way) = 1/Wap, 7y = 1/ (Wyy + Wys) = 1/Wys.
Typically level 2 is more stable than the higher levels, that is T, > 13,7, [4, 41, 77, 78].
For ECS nanowires, the lifetime of level 2 is typically 0.1-0.5 ms (detailed measurement

can be found in Chapter 3.4). Then the populations in level 2 and level 3 can be obtained:

_ Ri4N
Ny = 1,(Wy3ty) (W3,73) 1+t Rt ¥ Ryt (3.5)
Ny = 73 (Wygry) —e (356)
1+ Ryut

where T = (Wy3T,) (Way13)Ty + (WysTy)T3 + T4 = Ty + T3 + T4 = Ty,
The emission intensities from level 2 to level 1 (1.53 um) and from level 3 to level

1 (0.98 um) are proportional to the population on level 2 and 3:

hc

Iy == WEN, (3.7)
hc

131 = 7 - W3R1N3 (38)
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where WX and WX are the radiative transition rate from level 2 and level 3 to level 1.

Notice that the populations on both level 2 and 3 are proportional to the pumping
rate Ri4 with a non-linear term 1 + R;,7. For the power-dependent measurement shown in
Figure 3.5, Ry, is roughly equal to 0.1 at the maximum pumping which is 10* W/cm?. As
a result, the non-linear term is close to 1 under the low pumping condition, which makes
the linear relationship of emission intensity and pumping power in a wide range.

Besides the non-linear term 1 + R,,7, the ESA of 800 nm pumping laser is another
important factor of the sub-linear behavior at high pumping power. Because the pumping
wavelength matches with the transition from *l13» to 2Hiis2, as shown in Figure 3.2, the
ions at level 2 can be further pumped to the 2Hi1, state and then decay to level 4 and 3.
The ESA is a second-order process since the transition rate is quadratic to the pumping
power. Therefore, with high pumping power, the population of level 2 is significantly
reduced while the population of level 3 is not, resulting in the sub-linear deviation only in

the power-dependent PL of the 1.53 um emission.

3.3 Temperature-dependent Photoluminescence Spectroscopy

In this section, the thermal stability of ECS nanowires is studied. Figure 3.7 shows
the temperature-dependent PL intensity at 1.53 um from 77 K (liquid nitrogen) to 295 K
(room temperature). The as-grown ECS nanowires were put in a cryostat (Janis, ST-500)
for temperature controlling and were pumped with 800 nm laser at a constant power. From
the temperature-dependent PL in Figure 3.7, the quenching of the emission intensity is only
20% from 77 K to 295 K, demonstrating the good thermal stability of the ECS nanowires.

It is reported that the thermal quenching is more than 95% in some Er-doped materials
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especially in the Er-doped semiconductor materials [64, 79, 80], Such large quenching is
due to the Auger effect which transfers energy from Er ions to the carriers [64, 79]. In the
Er-compounds with high crystal quality, the temperature quenching effect is not significant
[33, 34]. The good thermal stability of the ECS nanowires allows the stable performance

as the amplifiers or lasers in a wide temperature range.
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Figure 3.7 Temperature-dependent PL from 77 K to 295 K.

3.4 Emission Linewidth of the ECS Nanowires

The emission linewidth of erbium material is associated with two effects:
homogenous broadening and inhomogeneous broadening. The homogeneous broadening
is generated from the lattice vibration which is related to temperature. The inhomogeneous
broadening is caused by the spatial variation of the Stark splitting. Since the energies of

the split sub-levels are determined by the E-field surrounding the Er ions, any change in
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the crystal structure will result in the variation of the sub-level energies. Therefore, the
inhomogeneous broadening is strongly related to the crystal quality of the erbium materials.
For those amorphous materials such as Er-doped glasses, the emission linewidth is
dominant by the inhomogeneous broadening which is typically larger than 10 nm, making
the emission lines of the sub-levels not distinguishable [14, 16, 41, 65]. For the Er-doped
single-crystalline materials and the Er-compounds, the emission linewidth is dominant by
the homogeneous broadening. The inhomogeneous broadening of those crystalline
materials is mainly from the defects, dislocations and any crystalline imperfection [23, 33,
34, 81]. As aresult, the PL emission linewidth is a good indication of the crystal quality of
our ECS nanowire.

Figure 3.8(a) shows the temperature-dependent PL spectra of a single ECS
nanowire from 77 K to 295 K. The emission lines are clearly separated even at room
temperature. The linewidth of the 1.531 pum peak as a function of temperature is plotted in
Figure 3.8(b). The linewidth is only 2 nm at room temperature. It reduces to 0.7 nm at 77
K due to the reduction of homogeneous broadening. Compared to the linewidth of other
crystalline erbium compounds reported in literature [31, 33, 34, 81], the PL linewidth of
ECS nanowires is much smaller at both room temperature and low temperatures,

demonstrating the high crystalline quality of our ECS nanowires.
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Figure 3.8(a) High resolution PL spectra from 77 K to 295 K. (b) Linewidth of 1531 nm
peak at different temperatures (black circle). Red line: linear fitting of the temperature-
dependent linewidth. Red symbols: PL linewidths of the Er compounds reported in
literature [31, 33, 34, 81].

The gain and gain bandwidth is always a trade-off in Er materials. For the non-
crystalline materials, the gain is low because the Er ions distribute in a wide range of the
energy levels. For the crystalline materials, the population of the excited Er ions are
concentrated in certain sub-levels with small distribution of the energy. Therefore, the peak
gain of crystalline material is higher than the amorphous material. However, associated
with the emission linewidth, the gain bandwidth of the crystalline Er material is narrower.

Therefore, the single-crystal ECS nanowires have higher gain but narrower bandwidth,

offering the potential applications in miniature laser sources and narrow-band amplifiers.

3.5 Photoluminescence Lifetime of the ECS Nanowires

When the Er®* ions are excited from the fundamental state *l1s to the excited states *l13p,
*11172, *lora. . ., the ions at higher states quickly decay to the metastable state *l13/2, which has

relatively longer lifetime. As a results, for the amplification purpose, the population
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inversion of the “l132—*115/2 transition depends on the lifetime of the metastable state *113/2.
The fluorescence or PL lifetime of the metastable state can be written as two parts: radiative

lifetime 7,,4 and nonradiative lifetime g, through Equation 3.9:

1 1 1
+— (3.9)

T Trad TNR

where 7,44 = 1/WE, thg = 1/WHR. WL and W]¥R are the radiative and non-radiative
transition rates respectively.

One major non-radiative transition is homogeneous upconversion [44, 82], which
is caused by the interaction between the ions at the metastable state *l132. A donor ion
transfers its energy to an acceptor ion, making one ion go back to ground state *I1s2 and
the other ion be excited to the higher state *lo,. The excited ion quickly decays back to
*11312 so finally there is only one ion at the metastable state. The homogeneous upconversion
rate strongly relies on the distance between the Er ions. When the Er concentration is low,
the Er ions are far away from each other, lowering the energy transfer rate between the
ions. In the low Er-concentration materials, the PL lifetime is dominant by the radiative
lifetime, which is typically 10 ms [83]. However, the gain in those materials is also low.
As increasing the Er concentration, the rapid energy transferring occurs between the
neighboring ions in short distance, which dramatically reduces the PL lifetime. The
increase of the non-radiative transition rate and the decrease of PL lifetime is called
concentration quenching. The PL lifetime 7 and the Er concentration p typically follows

with the equation below [18, 82, 84]:

To

T= m (310)
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where t, is the ideal lifetime when concentration is zero, Q is called quenching
concentration and p is the exponential index. For the typical Er-doped glasses, 7, is 6-14
ms, Q is 10*° — 10%° cm™, and p is 1 — 2 [82, 85]. The optimized Er concentration of such
materials is 10'° — 10%° cm. When the Er concentration is further higher, the Er ions are
uniformly distributed in the host materials and the erbium clusters with locally high Er
concentration are formed. Such Er clusters significantly raise the concentration effect,
resulting the rapidly decay of the lifetime. According to Equation 3.9, the PL lifetime is
less than 0.01 ms when the Er concentration is above 10?2 cm™, which is even comparable
to the lifetime of state *l11,. Therefore, the Er concentration of the doped materials are
limited at 10%° cm which confines the optical gain in such materials. However, for single-
crystal ECS nanowires, the erbium ions are exactly located in their positions in the lattice,
reducing the possibility to form the cluster. Therefore, the concentration quenching effect
can be minimized in ECS nanowires.

Figure 3.9 shows how the PL lifetime is measured. The ECS nanowires were
pumped with pulsed laser (Spectra-Physics SDL-824, 1000 Hz) with wavelength at 667
nm which matches with the transition *l15—*Fo/2. 8% of the laser beam was split to a high
speed silicon detector (Thorlabs, DET10A) as the reference signal. The pumping power is
small enough to avoid the excited state absorption and the cooperative upconversion effects.
The PL emission was collected by an objective and guided to the photomultiplier tube
(PMT) detector (Hamamatsu, H10330A). To select the 1.53 pm emission band, a 1064 nm
long-pass filter is applied before the PMT detector. Both reference and PL signals were

connected to the multichannel scalar (Stanford Research System, SR430) for the time-
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resolved photon counting. Since the lifetime is in microsecond to millisecond scale, the

electric wire decay time can be neglected.
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Figure 3.9 Schematic of the PL lifetime measurement system.

The PL lifetime of the ECS nanowires is 0.54 ms, which is lower than the lifetime
of the Er-doped materials with Er concentration around 10%° cm, as shown in Table 3.1.
It is reasonable since the Er concentration of ECS is at least 2 order of magnitude higher.
But comparing to the lifetime of the erbium compounds with Er concentration at the level
of 1022 cm3, the lifetime of ECS is much longer. This is attributed to the high crystal quality
of ECS nanowires with no clustering of the Er ions, which causes the concentration

quenching.
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Table 3.1 PL lifetime of ECS nanowires and other erbium materials from literature [16,
32, 65, 81, 82, 86-88].

ref Material Crystalline type  Er concentration ~ PL lifetime
(or host) (cm?) (ms)
This work ECS Single crystalline 1.62x1022 0.54
[82] Silica Amorphous 1.4x1020 32
[16] Sodrum-silicate Amorphous 2x1020 7.2
[65] Phosphate Amorphous 1x1020 8.4
[86] Al O Amorphous 2x1020 8.6
[87] EYS Polycrystalline 1x102! 2
[88] EYbS Polycrystalline 1.4x10% 5
[81] ES Single crystalline 2x1022 0.04
[87] EYS Polycrystalline 1.9x102 0.015
[32] Er,0; Polycrystalline 2.7x10%2 0.062

To further demonstrate the influence of the crystal quality to the PL lifetime, we
compared the lifetime of two ECS samples grown at different temperature. As seen from
the XRD analysis in Figure 3.10(b), the XRD lines of the high-temperature sample are clear
and narrow, while the XRD lines of the low-temperature sample are broad and with a high
background, indicating the good crystal quality of the high-temperature sample and bad
crystal quality of the low-temperature sample. The time-resolved PL in Figure 3.10(a)
clearly shows a longer lifetime in the high-temperature sample. The crystalline defects rise
the non-radiative transition rate and the possibly clustering of the erbium ions further
increases the concentration quenching effect. Thus, the low quality sample has shorting PL

lifetime.
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Figure 3.10 (a) Lifetime and (b) XRD of the ECS nanowire grown at low temperature and
high temperature.

44



CHAPTER 4

NET OPTICAL GAIN IN SINGLE ECS NANOWIRE

Since the success of the Er-doped fiber amplifiers and lasers in the last two decades [1, 2],
the Er-doped materials have been extensively studied [3-8, 15, 19]. One important goal of
research is to obtain high gain in Er materials to realize miniaturized laser sources and
amplifiers for the integrated photonic devices. Increasing the doping density is one efficient
way to enhance the gain in Er-doped materials. However, according to the discussion in
Chapter 3.5, when the Er-concentration is higher than 10%° cm™, the concentration
quenching effect will significantly reduce the PL lifetime as well as the optical gain. The
optimized Er-concentration in the Er-doped materials is between 10%° — 10%* cm, with net
gain in single digit dB per centimeter [14, 15, 20, 86]. In order to reduce the concentration
quenching effect in the high Er-concentration materials, the single-crystalline and
polycrystalline Er-compounds such as erbium oxide [32, 38, 89] and erbium silicate [33,
34, 68, 81, 90] are developed. Because the Er ions in Er-compounds are uniformly
incorporated in the crystalline structure, the Er clusters which cause the strong quenching
effect can be minimized. However, due to the difficulty in the growth of high quality Er-
compounds, currently there is no report of the high net gain in such Er-compounds.

ECS contains Er-concentration over 10?2 c¢cm.

In the previous chapters, we
demonstrated that the ECS nanowires are high-quality single-crystalline structure with long
PL lifetime. Therefore, the ECS nanowires are potentially the high gain material. In this

chapter, the methods to study the signal enhancement and absorption coefficient in single

nanowire are developed. More than 30 dB/cm net gain is demonstrated in a single ECS
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nanowire. By simulating a three-level system, the upconversion rate and the population
inversion in the nanowire are studied, demonstrating a higher peak gain in the ECS

nanowire.

4.1 Introduction to Internal Net Gain in Erbium Waveguide

The internal net gain is defined as the amplification of the signal intensity per unit length
of propagation inside an amplifier. The internal net gain is an intrinsic property of the
amplifier without taking into account the coupling efficiency between the amplifier and the
external waveguides, which is not always constant. Therefore, the internal net gain is a

good indication of the amplification capability of the amplifier.
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Figure 4.1 Schematic of the signal amplification in erbium waveguide.

The internal net gain can be determined by the following processes. As shown in
Figure 4.1, the Er waveguide amplifier is injected with an input signal lin and the pumping
P from one end. The signal output lout is collected from the other end. Inside the amplifier,

the signal intensity follows with:

I(z + Az) = (z)e(T9@-ap)dz (4.1)
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I is the confinement factor of the waveguide. a,, is the propagation loss due to the leaking
and scattering in the waveguide. g(z) is the material gain at location z, which is equal to:
9(2) = 0emN3(2) — 0qpsN1(2) (4.2)
Oe.m and o, are the emission and absorption cross sections respectively at the input
wavelength. N2 and N are the population of erbium ions at the excited state and ground
state respectively. The emission and absorption cross sections are roughly equal at 1.531
um [12, 14]. Therefore, the population is inverted, when N, — N; > 0, giving the positive
material gain. The population inversion does not indicate the output signal is amplified due
to the propagation loss inside the amplifier and the coupling loss between the external
waveguide and the amplifier. However, for the material characterization, the material gain
is still an important demonstration of the amplification potential of erbium materials,
especially for the high Er-density materials which have difficulties in the population
inversion due to the concentration effect.
The output signal intensity can be written as:
Iyue(P) = Cliyel (9@-ap)dz — cf ogine(PIL (4.3)
where C is the total coupling efficiency into and out of the waveguide. g;, is the internal

net gain, defined as

1
gint(P) = Zf F(O'emNZ(Z' P) — O-able(Z, P))dZ —ap

1
= zf F((aem + 04ps)N2 (2, P) — aable)dz —a, (4.4)
= 1—‘(O-em + Uabs)N—Z(P) —TogpsN1 — ap

N = N; + N, is the total erbium concentration. N, (P) is the average population along the

waveguide, as a function of the pumping power P. The internal net gain consists of three
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parts: amplification by the pumping (T'(G¢y, + 04ps) N, (P)), material absorption (F'o,,sN)
and propagation loss (a,). The first part is known as signal enhancement (SE), defined as

the ratio of the output signal intensity with to without pumping.

SE = Iout(P) = e(gint(P)_gint(O))L
Loy (0) 45)

— er(o'em+0'abs)N_2(P)L

Without the pumping, the population at the excited state (N>) is equal to zero. We
assume the small signal condition that the input signal is small enough to avoid the
population accumulation at excited state. SE can be easily measured by the amplification
of the output signal from pumping-off to pumping-on. Therefore, SE is also called on-off

gain. The average SE per unit length can be written as:

_ 1 Loyt (P) _ — 46
SE = I X In <Iout(0)> =T(Opm + Taps) N, (P) (4.6)

From Equation 4.4 and 4.6, the internal net gain can be determined through:
Gine = SE = ToapeN — (4.7)

For a good waveguide the propagation loss is typically lower than 1 dB/cm [86]
which is ignorable when the internal gain is large. Therefor the internal net gain is only
related to the SE and the absorption. The following sections will present the measurement
of the SE in a single ECS nanowire and the absorption cross section g, of ECS nanowire.

Finally the net optical gain in a single ECS nanowire is demonstrated.
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4.2 Signal Enhancement in Single ECS Nanowire

The signal enhancement is measured by pump-probe method, as shown in Figure
4.2. The probe signal was generated by a tunable laser in 1528 — 1540 nm. The laser power
was controlled in small-signal condition as descripted in Chapter 4.1. A continuous-wave
980 nm laser diode was used as the pumping source. According to the analysis in Chapter
1.5, 980 nm excitation is the best pumping source due to the least excited state absorption,
which allows the maximum population inversion at the state *l13,. Both pump and probe
lasers were combined through the wavelength-division multiplexing (WDM) and coupled
into a tapered fiber for signal injection. A single ECS nanowire was placed on the silicon
substrate coated with Au film for maximizing the confinement. The signal was coupled
into the nanowire through a tapered fiber. The amplified signal was coupled out through
another tapered fiber which was connected to the spectrometer. The tapered fibers were
fabricated by heat-and-pull approach. The tip size in 1-2 um matches the diameter of the
nanowire. In order to maximize the coupling efficiency between the tapered fibers and the
nanowire, the tapered fibers directly contact the nanowire ends with a small angle to the
substrate, as shown in Figure 4.3(a). Limited by the diameter of the fiber before the tapered
range (125 pm) and the tapering profile, this angle is roughly 5-10°. The total coupling loss
is 10 — 15 dB. The detail information of the fiber-nanowire coupling system can be found

in Appendix A.
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Figure 4.2 Schematic of the pump-probe measurement setup.
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Figure 4.3 (a) Side view of the fiber-nanowire-fiber coupling configuration. (b) Top view
image of the fiber-nanowire-fiber coupling.

In the measurement, 7 dB SE was demonstrated in a 109 pm-long ECS nanowire at
1531 nm, the PL peak wavelength. The average SE per unit length is 644 dB/cm. The SE
as a function of pumping power is plotted in Figure 4.4(a). The pumping power is measured
at the tip of the tapered fiber. It can be seen that the SE is not fully saturated due to the

limitation of the 980 nm pumping power. Therefore, the potential SE in this ECS nanowire
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should be higher than 644 dB/cm. The detail discussion of the peak gain and population
inversion along this nanowire will be presented in Chapter 4.5.

Figure 4.4(b) shows the SE at different wavelengths under the maximum pumping.
The peak SE is at 1531 nm, which is equal to the peak wavelength of the PL spectra. The
shape of the SE spectrum also has good agreement with the emission spectrum shown as

the inset of Figure 4.4(a).
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Figure 4.4 (a) SE per unit length versus the pumping power at 1531 nm. Inset is the
emission spectrum of ECS nanowire. The main peak wavelength is 1531 nm. (b) SE under
the maximum pumping (31.5 mW) at different wavelengths. The dashed line shows the
peak SE at 1531 nm.

Table 4.1 lists the SE of ECS nanowire and other Er materials. It is reasonable that
the ECS has over one order of magnitude higher SE than the other Er materials since the
Er-concentration in ECS is much higher. This is a good indication that the potential gain
in ECS nanowires is much higher, although it is not necessary that the net gain of ECS can

be achieved because the absorption coefficient is still unknown.

Table 4.1 SE of ECS nanowires and other erbium materials [15, 36, 66, 67].
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Ref. Material Crystalline type  Er concentration  Signal Enhancement

(or host) (cm) (dB/cm)
This work ECS Single crystalline 1.62x10%2 644
[15] Phosphate Amorphous 5.3x1020 14
[66] AL O, Polycrystalline 2.7x10%° 14
[36] EYS Polycrystalline 1.7x1020 10
[67] Silicon-rich-Si0, Polycrystalline 1x102° 15

4.3 Absorption Cross Section Measurement of Single ECS Nanowire

Absorption cross section is the ability of an Er ion to absorb the photons, which is equal to
Gups = a/N (4.8)
a is the absorption coefficient of the material and N is the Er concentration. The absorption
coefficient is typically determined from the absorption spectrum, but the difficulty has been
met in single nanowire. Several approaches to measure the absorption coefficient were
attempted. The first method is to measure the transmission spectrum using the
configuration similar to Figure 4.3(a). However, the coupling loss between the fibers and
nanowire varies with the wavelength, introducing a huge error to the absorption spectrum.
The second attempt is to measure the absorption spectra from a thick layer of the ECS
nanowire ensemble by the integrating sphere. This is similar to the absorption measurement
on a thin film. However, only the relative absorption spectra can be obtained due to the
unknown effective thickness of the nanowire layer. The other methods based on scanning
the length of the waveguide such as variable stripe length method [91] are not applicable
to the ECS nanowire waveguide, since those methods require a large variation of the

waveguide length (1-10 mm) but the ECS wires are too short (around 100 um).
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After various considerations, we designed an indirect method to determine the
absorption coefficient at the desired wavelength. As shown in Figure 4.5, an ECS nanowire
is placed at the edge of a quartz substrate with half of the nanowire hanging outside the
substrate. The suspending section surrounded by the air maximizes the confinement factor
and minimizes the propagation loss. 1.531 um pumping laser is delivered to the nanowire
through the suspending end with a commercial lensed fiber (OZ Optics, DTS00800). Due
to the absorption, the intensity of the pumping laser, p, decays along the nanowire
waveguide. The decay function is

p = poe~Ta+ap)x (4.9)
where p, is the power of the pumping laser coupled into the suspending end, « is the
absorption coefficient at 1.531 um, I is the confinement factor and a,, is the propagation
loss. Since the propagation loss is typically smaller than 1 dB/cm [86], it can be neglected
compared to absorption which is the hundreds dB/cm. The green emission is a second-
order upconversion effect including the cooperative upconversion and excited state
absorption as shown in Figure 4.6. The intensity of the green upconversion has the

following relation with the power of 1.531 pm laser,

Igreen < ™ ~ pgre M (4.10)
For the green upconversion which is a second-order effect, the power factor m is
smaller than 3 [81, 89]. Therefore, the absorption coefficient can be derived from the decay

rate of the green upconversion, as @ = @green/(ml).
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Figure 4.5 Configuration of the absorption measurement on single ECS nanowire.
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Figure 4.6 Energy level diagram showing the second-order upconversion and the green
emission.

The measurement was performed under a high-magnification microscope. As
shown in Figure 4.7(a), an ECS nanowire with diameter of 900 nm was placed at the edge
of a quartz substrate. The left segment of nanowire of 40 um in length was suspending

outside the substrate. 1.531 pm pump laser was injected to the nanowire though a lensed
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fiber, with power of 0.1 mW measured at the tip of the lensed fiber. The spatial distribution
of the green upconversion was imaged by a CCD camera, as shown in Figure 4.7(b). The
gamma correction of the CCD camera was set as 1, ensuring the intensity in the recorded
image is proportional to the emission intensity [92]. The intensity of the green
upconversion along the nanowire is plotted in Figure 4.7(c). Clear exponential decay of the
upconversion can be observed at the suspending section of the nanowire. The fitted decay
rate is 1345 dB/cm. Because of the small diameter of the nanowire and the small index
difference between the ECS nanowire and the quartz substrate (necs<1.7, Nquartz=1.55),
there is no guided propagation on the right side of the nanowire. The pump signal as well
as the upconversion quickly decay to zero, enabling a one-way propagation.

The upconversion power factor m was obtained by the power-dependence of the
green upconversion by 1.531 pm pumping, which is shown in Figure 4.8. The measurement
is performed on a short piece of ECS nanowire attached on tapered fiber which delivers
the pump laser. Theoretically, the power factor is 3 when the pumping power is low since
the green emission is the second-order upconversion effect. However in order to observe
the green emission, enough Er ions must be pumped to the excited states, which decreases
the power factor. The power factor is fitted as m = 2.19 at the pumping power 0.1 mW,
which is roughly equal to the injection power in the decay measurement. Therefore,

according to Equation 4.8, the absorption cross section is equal to ¢ = a/N =

agreen/(mFN)-
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Figure 4.7 (a) Microscope top view of the ECS nanowire waveguide. (b) Image of the green
upconversion from the ECS nanowire. (c) The integrated intensity of the green emission
along the waveguide direction (solid black curve) and the exponential decay fitting of the
suspending section (red dashed curve)

The gain confinement factor [93] in a 900 nm-diameter nanowire is I' = 1.04
according to COMSOL simulation [94]. The Er concentration of the ECS is 1.62 X
1022¢m™3. Thus, the absorption cross section is calculated as o, = 8.4 X 10~21cm™2,

which is similar to the reported values of other Er materials listed in Table 4.2.
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Figure 4.8 Power dependence of the green upconversion intensity with 1531 nm laser
pumping.

Table 4.2 Absorption cross sections of ECS nanowires and other erbium materials from
literature [14, 15, 37, 66, 95].

Ref. Material Crystalline type  Er concentration ~ Absorption cross
(or host) (cm>) section (cm-2)
This work ECS Single crystalline 1.62x10%2 8.4x102!
[15] Phosphate Amorphous 5.3x102° 2.2x1072
[14] Silicate Amorphous 3.9-6x10%0 5.8x10-2!
[95] Ge0,-S10, Amorphous 0.1x10%° 7.9x102!
[66] Al O, Amorphous 2.7x10%° 5.8x10-2!
[37] Er/Yb/Y silicate Polycrystalline 2x1070 9.0x10-!

4.4 Net Gain in Single ECS Nanowire

In Chapter 4.2 and 4.3, we measured SE and absorption cross section from a single ECS
nanowire. According to Equation 4.7, the net modal gain would be g,.04a1 = SE —
l'o,psN = 30 dB/cm, much larger than the ever reported net gain in other Er material

platforms, which is listed in Table 4.3.
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Table 4.3 List of the reported net gain from literature [15, 20, 36, 37, 66, 96].

Ref. Material Crystalline type  Er concentration Gain
(or host) (cm™?) (dB/cm)
This work ECS Single crystalline 1.62x1022 30
[15] Phosphate Amorphous 5.3x102° 4.1
[20] Phosphate Amorphous 3.7x10%0 2.1
[66] Al O, Amorphous 2.7x10%0 23
[96] Silicon-rich-SiO2 Amorphous 1.7x1020 2.7
[37] Er/Yb/Y silicate Polycrystalline 2x10%0 1.25
[36] EYS Polycrystalline 1.7x10%0 0.5

Two aspects are attributed to the reason of the large net gain in ECS nanowires.
First is the large Er concentration, which is 1.62 x 10%2¢m™3, at least two orders of
magnitude higher than the Er-doped materials. The high Er concentration provides the
potential of large inverted population at the excited state, which enables the high gain. The
second aspect is the long PL lifetime. Due to the concentration quenching effect, the
lifetime of the Er-doped materials quickly decays when the Er concentration is higher than
1021cm™3 [82], making the population inversion very difficult. This is one reason that why
the net gain in the Er compounds with Er concentration higher than 1022c¢m™3 has not been
reported yet. As the discussion in Chapter 3.5, the high crystal quality of ECS nanowires
reduces the concentration quenching effect, resulting the highest lifetime in the Er materials

with similar Er concentration [16, 65, 86-88].
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4.5 Population Inversion and Cooperative Upconversion Analysis

To study the power-dependent net gain and population inversion of the ECS
nanowire waveguide, a three-level model including the cooperative upconversion is used
to simulate the signal enhancement in single ECS nanowire. As shown in Figure 4.9, three
states *l1s/2, *l1ar2, *l11/2 are involved in this process. The population at these three states are
N1, N2, N3 respectively. 980 nm laser pump excites the Er®* ions from the ground state 115/,
to the second excited state *l112 with pumping rate of R,3 = ¢,0,N;, Where ¢, is the
pumping flux and o, is the absorption cross section at 980 nm. The Er ions at *l11/2 quickly

decays to *l132 with transition rate of W, = N5 /t5. The lifetime 75 is roughly 10 ps [4,
41], much shorter than the lifetime of state *l13/2 (540 ps) . Thus, the Er ions can accumulate
at the metastable state *1132, making the population inversion possible. There are several
transitions from 1132 to *l1s2. One is the spontaneous decay, including radiative and non-
radiative processes. The decay rate is s, = N,/T,, where 7, = 0.54 ms is the lifetime of
the metastable state. Another transition is the stimulated emission, with transition rate
Bst = O5(OemmN, — 04psN1). s is the photon flux of the 1.531 pum probe signal in the
waveguide. a,,, and g, are the emission and absorption cross sections between *l132 and
*11s2. Since the probe signal wavelength at 1.531 pm matches with the transition between
the two lowest levels of the Stark splitting in #l132 and “l152 (see the discussion in Chapter
3.1), according to McCumber theory, the emission cross section and absorption cross
section are almost equal at this wavelength [12, 14, 41, 95, 97], which is 0.84 x
1072%m™2. The first-order cooperative upconversion is considered in this three-level
model. The energy transferring between two ions at the metastable state 1132 makes one

ion be excited to the higher state, the other ion decay to the ground state. Due to the short
59



lifetime of the higher state, the excited ion quickly decays to *l112. Since two ions are
involved, the up- and down- conversion rates are quadratic to the population N2, which is
equal to WeycNZ. Weyc is the cooperative upconversion coefficient. According to the
discussion in Chapter 1.5.1, the excited state absorption can be neglected since the 980 nm

pumping does match the absorption from *l13/2 to any higher state.

Cooperative
Upconversion
A
b
Weue i !
4 \'4
Ly —F ; N;
1 ]
:W32 i
1
4 - 1
Lz - : N,
R |
I3 Bsp Bst : WC UC
i
i
4
Lisp % N,

Figure 4.9 Energy level diagram showing the transitions in 3-level model.

The rate equations of the three-level system are listed below,

le NZ 2
ar —¢p0op N1 + Ps(OemN2 — GapsN1) + . + WeyceN; (4.11)
2

sz NZ N3

i —s(OemNy — OgpsNy) — =+ — — 2Wyc N3 (4.12)
Ty, T3

dN3 N3

_dt = ¢pUpN1 - Z + WCUCNZZ (413)

At steady state condition, the time differential terms dN;/dt are zero. From

Equation 4.13 and 4.14, one can obtain
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N. = N — N, — WeyctsNy (4.15)
1 -_ .
Ppo,T3 + 1

By Equation 4.15 and 4.11, the population N2 can be solved as

- VB2 —
= B + VB —4AC (4.16)
24

where

_ ¢pap + d)so-abs

A d) 015 11 WCUCT3 + WCUC (417)
P-p
¢pap + d)so-abs 1
B = — )
$rots 4 1 + Pps0om + 5 (4.18)

_ qbp“p + bsOqps
hpopTs + 1

C= (4.19)

In the nanowire waveguide, the pumping intensity and probe intensity are not
uniform, due to the gain and absorption. The photon fluxes of pump and probe obey the
following equations,

¢y (z + Az) = ¢y (2)ep(PN1()-aw)oz (4.20)
$s(z+ A7) = ¢y (2)eTsCemMe (@)= Taps 2= )0z (4.21)

For ECS nanowire waveguide, the confinement factor is roughly 1 and the
propagation loss can be neglected according to the discussion in Chapter 4.2 and 4.3.
Therefore, the SE in ECS nanowire can be calculated with the giving pumping flux. In
Chapter 4.2 and 4.3, 7 dB SE and 0.33 dB net gain was demonstrated in a 109 um-long
ECS nanowire. The simulation of the SE versus pumping curve in this nanowire is shown
in Figure 4.10, while the circles are the experimental data from Figure 4.4(a) and the red

curve is the simulation by three-level model.
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The cooperative upconversion coefficient (CUC) is fitted in this simulation, as
Weye = 1.4 X 10718¢em3s~1. The CUCs reported in literature are listed in Table 4.4. The
CUC of ECS nanowire is comparable to the Er materials with Er-concentration around 10?°
cm3, but the CUCs of the Er compounds with Er-concentration above 10?2 cm= are 2 orders
of magnitude higher. This is the reason why the net gain have not been achieved in the high
Er-concentration Er compounds such as erbium silicate. The relatively low CUC in ECS
nanowire is attributed to the high crystal quality. The possibility of the erbium clustering
and crystal imperfection is reduced, significantly decreasing the concentration quenching

effect.
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Figure 4.10 Fitting of SE with the 3-level model.
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Table 4.4 List of the reported cooperative upconversion coefficient [15, 16, 36, 66, 89,
96, 98].

Ref. Material Crystalline type  Er concentration ~ Upconversion rate
(or host) (cm3) (cmsh)
This work ECS Single crystalline 1.62x10?? 1.4x10-18
[15] Phosphate Amorphous 5.3x1020 2x10-18
[66] Al 04 Amorphous 2.7x10%0 4.1x10-18
[16] Sodium-silicate Amorphous 1.7x1020 3.2x10°18
[36] EYS Polycrystalline 1.7x1020 0.8x10°18
[96] Silicon-rich-Si0O, Polycrystalline 1.7x1020 2.1x10-18
[98] Er-Si-O Polycrystalline 1x10% 3.5x10°16
[89] Erbium silicate Polycrystalline 2.7x10% 5x10°16

In the SE measurement, the 980 nm pumping was injected from the input end of
the ECS nanowire. Due to the absorption, the pumping flux as well as the population
inversion decay along the nanowire. Therefore, the peak gain happens at the input end of
the nanowire, which should be higher than the average gain 30 dB/cm. To investigate the
peak gain on the nanowire, it is necessary to calculate the spatial distribution of the

population inversion. According to Equation 4.2, the material gain is equal to g = o0,,, N X

N2—0ghs/0emN1

v . Because at the signal wavelength 1.531 pm, the absorption and emission

cross sections are roughly equal [12, 14], the degree of population inversion can be defined
as D = (N, — N;)/N. Then the expression of net gain is simplified as g = 0,,,ND .
Without the pumping, all Er ions are at the ground state, giving D = —1. As the pumping
is applied, D increases as well as the material absorbing decreases. The transparent point

or the inversion pointis at D = 0, where the material is transparent to the probe wavelength
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without absorption and amplification. With further pumping, D is positive and the net gain
is achieved. The material is fully inverted when D = +1.

The spatial distribution of the population inversion along the 109 um ECS nanowire
in Chapter 4.2 is simulated, as shown in Figure 4.11. The pumping power is assumed as
31.5 mW, which is the highest power during the experiment. The peak population inversion
is 0.15 at the injection end and the population inversion decays along the nanowire to
almost zero. Clearly this nanowire was not pumped enough. Although the population
inversion cannot reach +1 due to the upconversion effect, the potential average gain of ECS
nanowire can be much higher than only 30 dB/cm with higher pumping. This can also be
concluded from the fitting of the power-dependent SE in Figure 4.10, that the SE is not
saturated with the pump power. Therefore by further increasing the pumping power, higher
net gain can be achieved. The currently demonstrated 30 dB/cm net gain is limited by the
output power of our 980 nm laser and the pumping efficiency.

In Figure 4.11, the peak population inversion is D=0.15, corresponding to the peak
net gain of 92 dB/cm. This is another evidence of the high potential gain in ECS nanowires.
We believe that with higher 980 nm pumping power and more uniform pumping profile

the ECS nanowire can achieve even higher net gain than the 30 dB/cm.
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Figure 4.11 Population inversion along the ECS nanowire in the SE measurement with
pumping power of 31.5 mW.
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CHAPTER 5

DESIGN AND FABRICATION TOWARDS ECS NANOWIRE LASER

The photonic integrated circuit (PIC) is the device which integrates multiple photonic
components including light sources, waveguides, modulators, sensors on a single chip
[129]. Instead of the electrons in electric integrated circuit, the signals are processed by
optical rays in PICs. The potential applications of PICs include photonic sensing, signal
processing, imaging, on-chip spectroscopy, optical storage and logic [11]. The silicon-on-
insulator (SOI) is one of the preferred platforms for PICs since the silicon processing
techniques can be applied for the large scale integration [99]. One obstacle in the
development of silicon-based PICs is the fabrication of the compact and silicon-compatible
lasers at telecommunication wavelength. Since silicon is an indirect band gap
semiconductor, it is hard to fabricate the silicon lasers using the traditional semiconductor
laser techniques. The milestone of silicon laser is in 2005. H. Rong et. at. demonstrated the
first silicon Raman laser under continuous-wave operation [100]. However, the gain in
silicon Raman laser is low so it needs intensive optical pumping. The silicon-compatible
lasers with higher power efficiency are still in demand. Recently the development of wafer-
bonding technique provides the opportunity to fabricate electrical-driven I11-V
semiconductor lasers on silicon wafer [99, 101]. The processing includes the release of the
I11-V epitaxial layer, wafer-transferring and wafer-bonding techniques. The 111-V epitaxial
layer can be transferred to the silicon substrate for further laser processing. Nevertheless,
the cost of the wafer-transferring and coupling efficiency from IlI-V lasers to silicon

waveguides are still the issues.
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Since the success of the first erbium-doped fiber lasers (EDFLs) in 1986 [7], the
erbium-doped waveguide lasers (EDWLs) have been intensively studied as the low-cost
and robust laser sources at 1.55 um for PICs [12, 13, 102, 103]. However, according to the
discussion in Chapter 1.1 and 4.4, the optical gain of erbium-doped materials is limited to
several dB per centimeter due to the concentration quenching effect. As a result, long
waveguides are required, making the device size larger. To further shrink down the laser
size, the high-gain Er materials are in demand. In Chapter 4, the optical gain of ECS
nanowires is demonstrated as 30 dB/cm, which is one order of magnitude higher than the
reported gain in Er-doped materials. The one-dimensional (1D) nanowires are naturally
waveguides which are compatible to on-chip integration. In addition, the ECS nanowires
are potentially silicon-compatible because of the nanowires are grown on silicon substrate.
Although in current stage the locations and orientations of the as-grown ECS nanowires
are random, in principle the position of the nanowires can be controlled by pattern the Au
catalyst on the silicon. Therefore, the ECS nanowire is a good candidate for the
miniaturized lasers in silicon-based PICs.

Nanowire is a natural laser resonator confined by the end-facet. Lasing have been
demonstrated on various semiconductor nanowires such as ZnO, GaN, CdS nanowires [56,
57, 104-107]. However, the optical gain in ECS nanowires is only 30 dB/cm, much lower
the gain in semiconductors which is over 10° cm™. The low gain in ECS is not enough to
compensate the mirror loss of the end-facets. A simple estimation shows that for a 100 um-
long ECS nanowire, the minimum threshold gain is 1200 dB/cm, which is impossible for
ECS nanowires. To reduce the lasing threshold, it is necessary to fabricate a high quality
factor (Q factor) resonator on the nanowire. There are several resonator designs for Er-
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doped thin film, including distributed feedback grating, distributed Bragg reflector, ring
cavity, micro-disk cavity and photonic crystal micro-cavity [38, 108-111]. Considering the
1D nanowire structure and the fabrication difficulties, two designs are discussed in this
chapter towards a single ECS nanowire laser, including distributed feedback laser (Chapter

5.1) and 1D photonic crystal micro-cavity laser (Chapter 5.2 & 5.3).

5.1 Design and Fabrication of Distributed Feedback Laser on ECS Nanowire

The distributed feedback (DFB) laser is a laser containing periodic grating structure
on the whole active region [112]. The periodic grating, which is called DFB grating, is a
perfect reflector at certain wavelengths, forming the optical stop band (band gap). In the
stop band, the DFB grating is total reflective. In the DFB laser, a phase shifter is typically
inserted in the middle of the grating to create a high-Q mode in the band gap, allowing the
single mode operation with ultra-low threshold. So it is possible to achieve lasing on the
low gain materials [22, 113, 114].

The DFB laser based on single ECS nanowire is illustrated in Figure 5.1(a). 2N-
periods DFB grating with period of 4 is etched on the top of the ECS nanowire. The
thickness of the grating is much smaller than the diameter of the ECS nanowire to reduce
the scattering loss. A phase shifter with the length equal to the period of the grating is
designed in the middle of the DFB grating. When the wave-vector of the propagating mode
in the nanowire waveguide matches with the period of the grating, the grating present
strong reflectivity to this mode, as Bragg condition,

B A
Zneff

(5.1)
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where A is the wavelength and n. is the effective index of this mode. The optical mode
can be well confined in the cavity in the middle of the DFB grating. Q-factor is mainly
dependent on the strength of the reflectors, which is sensitive to the length of the DFB

gratings.

(a) A Phase Shifter
(!
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30 -

Figure 5.1 (a) Diagram of the DFB grating. (b,c) SEM image of the fabricated DFB grating
on ECS nanowire.

The DFB structure is fabricated by focused ion beam (FIB) etching, as illustrated
in Figure 5.1(b-c). The focused gallium ion beam physically hits the surface of the ECS
nanowire and removes the materials at the etching region. Because the ECS nanowire is
silicate material which is not well conductive, electrons can be charged on the surface of

ECS nanowire, making the etching profile a sine wave shape rather than the sharp steps.
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The side walls of the ECS nanowire are also slightly etched because the charged electrons

attract the gallium ions to hit on the side walls.

Although the DFB laser is theoretically a high-Q cavity, practically there are several

critical problems, making the ECS nanowire laser difficult.

1)

2)

3)

The DFB grating is a weak-confinement structure, requiring a long length to
enhance the grating strength. According to the simulation using transfer matrix
method [112, 115], in order to achieve Q>10% the length of the DFB grating is
required as 70 — 100 um, which is close to the maximum length of the ECS
nanowires.

The long ECS nanowires are typically in tapered shape. Since the propagation
constant of the mode is related to the diameter of the waveguide, it is difficult to
design the period of the grating to match the propagation constant along all the
grating region. Any mismatch will significantly reduce the Q.

Since the DFB grating must be long, the etching error is critical. However, the
electron charging effect is serious during the FIB process, making the precise
control of the lateral etching profile difficult. Any imperfection on the grating in
such long length will completely ruin the laser.

So according to the reasons above, the DFB grating is not a good choice for the

design of ECS nanowire laser. The key issue is that each period of the DFB grating is a

weak reflector. Only when there is a large number of periods, the grating can be a good

reflector. However, the imperfection of the ECS nanowire limits the fabrication region

shorter than 50 um. So we must design stronger reflectors with limited length to achieve

the ECS nanowire laser.
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5.2 Design and Fabrication of 1D Photonic Crystal on ECS Nanowire

Photonic crystal (PhC) refers to the structure with periodic dielectric constant
distribution in certain directions. PhC is typically a thin film (2D) or a linear waveguide
(1D) inserted with periodic air-holes or dielectric rods [116-125]. Similar to the DFB
gratings, the uniform PhC grating represent the total reflective behavior when the
wavelength matches with the Bloch mode, which is 4 = A/2n,¢. Due to the large index
contrast between the air-holes and the dielectric waveguide, the strength of the PhC as a
total reflector is much stronger than the DFB grating. Therefore, it is possible to design an
ultra-high Q micro-cavity with 1D PhC [118-122]. The 1D PhC micro-cavity with Q factor
over 10° was demonstrated on a silicon nanobeam with total length less than 15 pm [122].

In Chapter 5.2.1, the fabrication of periodic 1D PhC on the ECS nanowire is
presented. The refractive index of ECS material is first-time determined through the
transmission spectroscopy. In Chapter 5.2.2, the 1D PhC micro-cavity with Q factor over
10° is designed by 3D finite-difference time-domain (FDTD) simulation. Such high-Q

micro-cavity is expected to eventually achieve the ECS nanowire laser.

5.2.1 Fabrication of Uniform 1D PhC

The fabrication of uniform 1D PhC grating on single ECS nanowire is shown in
Figure 5.2. An ECS nanowire of 590 nm in side length of cross section was transferred on
a silicon wafer for FIB etching. In order to demonstrate the 1D PhC fabrication and
determine the refractive index of this ECS material, we first etched a uniform hole array of

14 periods on a single ECS nanowire, as shown in Figure 5.2. The diameter of the air holes
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and the period are 240 nm and 700 nm respectively. The total length of the fabricated 1D
PhC structure is 9 um. After the FIB etching, the nanowire was transferred on another
silicon wafer with pre-etched trenches of 1 um in depth, such that the segment with PhC

structure is suspended in air with both ends placed on silicon, as shown in Figure 5.3.

(a) (b)

00000000

d

© '

Figure 5.2 (a,b) Illustration of the 1D PhC structure in angled view and top view. (c,d)
SEM images of the 14-period PhC grating in single ECS nanowire.
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Figure 5.3 Configuration of the transmission spectroscopy setup.
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To determine the stop band of this 1D PhC reflector, the transmission spectroscopy
was performed, as shown in Figure 5.3. The input source was a bundle of three tunable
lasers covering the wavelengths from 1350nm to 1630 nm. The input laser was coupled to
the nanowire through a tapered fiber with tip size around 1 um. The polarization of the
input signal was precisely controlled by a motorized fiber polarization controller (Agilent,
11896A). The transmitted signal was connected to the power detector through another
tapered fiber. The detail information of the fiber-nanowire coupling system can be found
in Appendix A.

The etched ECS nanowire was transferred to a silicon substrate pre-etched with 1
um-depth trench as shown in Figure 5.4(a, b). The PhC segment of the nanowire was
suspended in air while the two ends were placed on the silicon. The suspended PhC region
IS in the symmetric refractive-index environment, which can maximize the strength of the
PhC reflector. The silicon substrate was pre-sputtered with 30 nm Au film before the

nanowire transferring for preventing the signal leaking from nanowire to silicon substrate.
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Figure 5.4 (a) Illustration of the fiber-nanowire-fiber coupling system. (b) Photo image of
the coupling system from the top view. (c,d) FDTD simulation of the E-field pattern under
TE- and TM- polarization injection. (e,f) Real-color image of the upconversion along the
nanowire in (b) under TE- and TM- polarization injection at 1531 nm.

The polarization of the input laser was controlled in horizontal (TE) and vertical
(TM) polarization, as shown in Figure 5.4(a). The strength of the PhC reflector is sensitive
to the polarization of the signal. The reflectivity of the PhC grating reaches the maximum
and minimum when the input signal is in TE and TM polarization respectively. As a result,
for the wavelength at the center of the stop band, the transmitted signal in TE polarization
is much weaker than the signal in TM polarization. The 3D FDTD simulations of the signal
distribution along the nanowire in TE and TM polarization are shown in Figure 5.4(c, d)
respectively. Clearly in TE polarization the signal decay much quicker than the TM

polarization situation.
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Experimentally, it is difficult to calibrate the polarization at the output of the
tapered fiber because the polarization is always shifting with even a slight change of the
fiber curvature. So the TE and TM polarization was determined by the minimum and
maximum transmission at the center wavelength of the stop band, as the discussion above.
Figure 5.4(e, f) shows the upconversion images under TE and TM injection at 1531 nm
which is close to the center wavelength of the stop band. Clearly the green upconversion
decays much quicker in TE polarization than in TM polarization, which agrees with the
FDTD simulation in Figure 5.4(c, d).

It is important to point out that the green upconversion at the PhC region does not
show significant degradation, indicating that the emission efficiency of ECS nanowire is
not significantly degraded after the ion beam etching, unlike semiconductors and organic
materials which are sensitive to ion damaging and impurity injection. This is critical for
the laser fabrication.

The transmission spectra under TE and TM polarization is shown in Figure 5.5.
Clear stop-band behavior with more than 12 dB suppression was observed at 1.525 um for
the TE polarization, while the suppression is much lower in the TM polarization. The
FDTD simulation of the transmission spectra in TE and TM polarization is shown as the
dashed lines in Figure 5.5. The simulated transmission spectra are well matched with the
experimental results. The refractive index of ECS material is fitted as n=1.64, which is

close to the reported value of erbium silicate thin film [12, 81].
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Figure 5.5 Experimental (solid) and simulated transmission spectra unter TE- (red) and
TM- (blue) polarization injection. The refractive index of the FDTD simulation is set as
n=1.64.

5.2.2 Design of 1D PhC Micro-cavity

Based on the refractive index of the ECS nanowire, we can design the ultra-high Q
PhC micro-cavity at the desired wavelength. To understand the design of the 1D PhC
micro-cavity, we consider the micro-cavity is confined by two PhC gratings with uniform
hole size as the Bragg mirrors (see Figure 5.6). Although the PhC gratings can be treated
as the total reflector, there is still considerable scattering loss from cavity to PhC grating
due to the mismatch of the impedance between the waveguide mode in cavity and Bloch
mode in PhC gratings [121, 126, 127]. One effective way to reduce the scattering loss is

tapering both hole size and hole spacing towards the cavity [118-121, 126]. It is
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demonstrated that the 4 — 7 periods of linear tapering profile can significantly reduce the
loss and enhance the Q factor [118-121]. The quadratic tapering profile is reported to have
better performance than the linear tapering profile [122, 127]. But for simplifying the
calculation, the following PhC micro-cavity design still uses the linear tapering profile. To
further minimize the cavity loss, the cavity length is also optimized. It is reported that the
optimized cavity length which is the distance between the two PhC gratings should be zero

[121, 122].

a Cavity L

Bragg mirror

Figure 5.6 Micro-cavity confined by a pair of uniform 1D PhC grating.

Because the refractive index of ECS nanowire (n=1.64) is much lower than the
index of silicon (n=3.4), the strength of PhC reflector in ECS nanowire is much lower than
in silicon waveguides. To avoid elongating the total length of the PhC grating, the common
method to design the high Q cavity in low index materials is using the elliptical holes
instead of the circular holes, since the elliptical shape of the air-hole can increase the filling
factor of the holes, which enhances the strength of the grating [111, 128].

According to the above discussion, the high Q PhC micro-cavity is designed as shown in
Figure 5.7 with the following criteria [118-122]:

1. The micro-cavity is confined by a pair of PhC gratings
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2. Each PhC grating contains ng,444 period of grids with uniform period as the Bragg
reflector and n,,., period of grids with linearly tapered period towards the micro-
cavity.

3. The wave vector of the Bloch mode in the most inner period matches with the wave
vector of the cavity mode.

4. An elliptical nanohole with fixed aspect ratio is etched in the center of the each grid.
The major axis of the elliptical hole is perpendicular to the grating direction.

5. The minor radius of the nanohole is proportional to the width of each grid, which
iIsr; = ya;, y is constant. So the size of the nanoholes also tapers towards to the
micro-cavity.

6. The cavity length which is the distance between the two most inner grids is

AL = 0.

JL
Bragg mirror Taper region

Figure 5.7 Design of the 1D PhC micro-cavity with tapered grating.

The 1D PhC micro-cavity laser is designed according to the above criteria on the
ECS nanowire with diameter of 1 um. The parameters of PhC grating are shown in Table
5.1. The total length of the PhC structure is 24 um. The 3D FDTD simulation of the

fundamental mode is shown in Figure 5.8. The Q factor is 1.2 X 10° at 1.531 pum and the
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mode volume is V = 2.08 (A/n)3. The Q factor is one order of magnitude higher than the
required Q for the ECS nanowire laser with 30 dB/cm net gain. Therefore, even considering
some fabrication imperfection of the PhC structure, it is still possible to achieve lasing on
a single ECS nanowire. In addition, the lasing mode in the PhC micro-cavity is mostly
confined in the middle region of the PhC. For the laser operation, only a small region
(<5um) needs to be pumped over the transparent threshold. Therefore, it is easier to achieve
population inversion as well as net gain in such small cavity than pumping the whole

nanowire such as the DFB laser.

Table 5.1 Structure parameters of the designed 1D PhC micro-cavity on an ECS nanowire
with diameter of 1 um. The Q factor of the fundamental mode in this micro-cavity is
1.2x10°.

puameters V| porimeters VoG

Width 1000 nm Height 1000 nm
a 637 nm r 185 nm
a; 621 nm ¥, 180 nm
a, 605 nm " 175 nm
a, 589 nm r; 171 nm
a, 573 nm ry 166 nm
as 557 nm rs 162 nm
as 541 nm g 157 nm
AL 0 nm AR 2
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Figure 5.8 E-field (Ey) profile of the fundamental mode in the micro-cavity designed in
Table 5.1. The scale bar is 2 um.

The FIB fabrication of the PhC micro-cavity is still under optimization. One
fabrication example of the micro-cavity structure is shown in Figure 5.9. We believe the

ultra-high Q micro-cavity towards the laser can eventually be fabricated on the ECS

nanowires.

Figure 5.9 SEM images of the fabricated 1D PhC micro-cavity on an ECS nanowire with
diameter of 1.1 pm.

5.3 Conclusions

Erbium chloride silicate, a new Er-compound material in 1D nanowire form, has

been thoroughly studied in this part. The ECS nanowires are grown on silicon substrate via

80



CVD approach. The XRD characterization illustrates that the ECS nanowires have
orthorhombic crystalline structure with Er concentration of 1.62 x 1022 cm, which is 100-
times higher than the Er-doped materials. Attributed to the VLS growth mechanism, the
ECS nanowires are high-quality single crystal with growth direction in [060] which is
demonstrated by TEM analysis. Such high crystal quality significantly decreases the
possibility of the Er clustering, reducing the concentration quenching effect. The time-
resolved PL measurement illustrates the lifetime of ECS nanowires as 0.54 ms, which is
much longer than the Er materials with Er concentration over 1022 cm™. The long lifetime
of ECS nanowires enables enough population inversion for achieving the optical gain.
The internal net gain of an optical amplifier can be calibrated by the pumping-
induced signal enhancement and the zero-pumping absorption in the amplifier. However,
neither SE nor absorption is easy to be measured since many traditional testing techniques
are not applicable to the nanowires. In this work, the fiber-nanowire-fiber coupling
technique is developed for measuring the SE, that 644 dB/cm SE is demonstrated in a single
ECS nanowire. Such SE is one order of magnitude higher than reported values in Er-doped
materials. The absorption coefficient is obtained from the decay rate of the green
upconversion and the power-dependent relationship between the pumping and the green
emission. The absorption cross section is calculated as 8.4 x 10%! cm™, which is at the
similar level as the Er-doped materials. By combining the experimental results of SE and
absorption, 30 dB/cm net gain is demonstrated in a single ECS nanowire, higher than ever
reported gain of Er materials. Even higher peak gain is illustrated by analyzing the spatial

distribution of the population inversion on the nanowire.
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Besides the gain measurements, other optical properties of the ECS nanowires are
analyzed, including high-resolution PL spectroscopy, power- and temperature- dependent
PL spectroscopy, and emission linewidth analysis. The detailed energy splitting due to the
Stark effect is determined by the high-resolution PL spectrum. The temperature-dependent
PL measurement illustrates the thermal stability of the ECS nanowires in a wide
temperature range. The temperature-dependent emission linewidth is also studied. The
narrow linewidth at both low temperature and room temperature demonstrate the high
crystal quality of ECS nanowires.

Because of high optical gain and silicon-based synthesis process, ECS nanowires
are expected to be potential laser sources for silicon-based photonic integrated circuits. In
this work, simulation and fabrication towards a single ECS nanowire laser are researched.
In order to achieve the lasing, the optical mode must be confined in a low-threshold cavity.
Therefore, two on-nanowire high-Q structures are proposed: the DFB grating and the 1D
PhC micro-cavity. Simulation illustrates that the DFB grating is a weak-confinement
structure, thus requiring a long nanowire for lasing. Due to the growth and etching
imperfections in such long nanowire, the DFB laser on single ECS nanowire is difficult.
Nevertheless, the 1D PhC micro-cavity is demonstrated as a feasible high-Q structure due
to its strong confinement. The transmission spectroscopy of the ECS nanowire etched with
uniform 1D PhC grating demonstrates the strong grating reflection, low scattering loss, and
feasibility of the FIB fabrication. The exact refractive index of ECS is first determined by
FDTD simulation of the transmission spectra. Finally, an ultra-high Q PhC micro-cavity is

designed based on the optical and structural properties of the ECS nanowire. The total
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length of the PhC is smaller than 25 pm, showing the prospect of the ultra-compact and

silicon-compatible laser devices for photonic integrated circuits.
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CHAPTER 6

DESIGN OF A TWO-COLOR AND COLOR-CONTROLLABLE LASER

6.1 Introduction

Multi-color laser sources are important in many aspects of technology and daily life
especially color display [129] and general lighting [130]. One important advantage of
multi-color lasers for color display is the larger available color range, or color gamut,
compared to the existing display technologies based on incoherent sources, such as cathode
ray tubes, cold cathode fluorescent lamps and RGB light emitting diodes (LED). The large
spectral linewidth of incoherent light sources degrades the color purity and leads to a small
color gamut [131, 132]. As coherent light sources, multi-color lasers render high purity
monochromic colors and thus extend the color range significantly. More saturated and
vivid colors can be achieved with the extended color gamut. For lighting or illumination
applications, multi-color lasers offer much higher power efficiency [133-135] than
incoherent LED and fluorescent sources. The recent research [130] shows that the
combination of four separate lasers with specifically selected wavelengths can achieve high
color rendering ability [129, 136] as white LEDs or fluorescent lamps. The high color
rendering indicates that various objects under the multi-color laser illumination reveal the
similar colors as when they are under natural light illumination such as sunshine. Therefore,
the laser illumination is a practical and power saving technique.

While the importance of multi-color lasers and dynamical color control have been
well-recognized for a long time, the realization of such sources in monolithic structures has

been challenging due to several technology issues. Different from the multi-mode lasers,
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which limit the wavelength separation in the gain bandwidth of a semiconductor [137], the
multi-color lasers require the gain materials emitting wide-range wavelengths, such as
semiconductor alloys of different alloy compositions [138, 139]. Thus, the integration or
monolithic growth of multiple gain materials are necessary. Due to the large lattice
mismatch, it is challenge for the epitaxial growth of the semiconductors with different
bandgap on one substrate. Another challenge is the laser cavity design. When multiple gain
materials are involved in a monolithic integrated structure, the light emitted by the wide-
gap materials will be absorbed by the narrow-gap materials. Therefore, lasing can only be
achieved in the longer wavelength of the structures. Innovative ideas and designs are
needed to achieve multi-color lasing.

In the past decades, various small-size multi-color light sources based on nanowires
[140, 141], quantum dots [142-144], and microfluidic droplet dye-lasers [145-147] have
been demonstrated. However, in most of these designs, the multi-color lasers were obtained
by combining several single-wavelength lasers with additional waveguides to guide and
mix the multicolor emissions [141, 145-147], which inevitably increases the dimension of
devices and the cost of technology. Recently, spontaneous emission of the colors covering
the entire visible range was demonstrated from different sections of a single ZnCdSSe alloy
nanowire [148]. In 2012, two-color lasing from a single nanosheet was demonstrated [149].
Multi-color emission and lasing were also demonstrated on a single substrate where
different nanowires with different alloy compositions graded along the substrate show
different emission colors [138, 139, 150, 151]. However, despite such progresses, multi-

color lasing with dynamical color control is still challenging.
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In this work, these challenges are resolved by using a novel combination of gain
materials and cavity design to demonstrate simultaneous lasing at green and red colors
from a single CdSSe alloy nanowire. The CdSSe alloy nanowire has purposely engineered
alloy composition variation along the axial direction of the nanowire [152]. The
continuously tuned alloy composition along the nanowire allows the bandgap variation in
a wide range, which makes the lasing at two distinct colors possible. In addition, the high
quality of semiconductor crystal along all the alloy nanowire can be achieved due to the
gradual composition change. By looping the wide-gap end of the nanowire, two weakly
coupled cavities are created. Then, the green and red lasing modes are separated in two
cavities respectively. The absorption of the short wavelength light in the narrow-gap
section is minimized, which enables modes at both colors to lase simultaneously. Therefore,
the fundamental challenges of material and cavity structure are solved at the same time.
The two-color lasing with wavelength separation of 107 nm was demonstrated, which is
much larger than the gain spectra of typical semiconductor materials [153-157]. Since the
two-color lasing shares the output port, the color of the total laser output can be controlled
dynamically between the two fundamental colors by changing the relative pumping power
of the two segments, which leads to the laser generation of any color between the two
fundamental colors according to the color map of International Commission on

[llumination (CIE).

6.2 Composition-graded CdSSe Alloy Nanowires

The composition-graded CdSSe alloy nanowires are grown by Nanophotonics

group in State Key Laboratory of Modern Optical Instrumentation at Zhejiang University,
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China. The growth of such nanowires is reported in [152]. The alloy nanowires were grown
on silicon substrate through a two-step CVD approach. In the first step, only CdS source
was placed in the heating zone of the tube furnace for the initial CdS nanowire growth.
After 40 minutes, the CdSe source was slowly introduced to the heating zone. Meanwhile,
the temperature of the furnace was slowly reduced with a rate of 0.5 °C/min from 830 °C
to 800 °C and kept at 800 °C for one hour growth.

The length of the alloy nanowires can be up to 200 um. The diameter is typically
between 200 nm and 300 nm. The cadmium composition of CdSxSei1x alloy varies
continuously from x=1 to x=0 along the nanowire, corresponding to the emission
wavelengths from 505 nm (green) to 710 nm (red). In the sample received from our
collaborator, the composition range of most alloy nanowires is a little bit smaller, giving
the emission wavelength from 505 nm to 650 nm. Figure 6.1 shows an example of the
composition-graded CdSSe alloy nanowire. The real-color PL imaging was performed and
illustrated in Figure 6.1(a). The nanowire was pumped by a 405 nm continuous-wave (CW)
laser. The emission color continuously varies from green to red along the axial direction of
the nanowire. Figure 6.1(b) shows the spatially resolved PL spectra through scanning a
localized pumping along the nanowire. The pumping beam is focused to the spot size
around 10 — 15 pum. The emission wavelengths continuously varies from 540 nm to 610
nm. Because the large pumping spot size and continuously changing of the composition on
the nanowire, at each pumping position, more than a single composition was pumped.
Therefore, the PL emission linewidth is more than 30 nm which is wider than the linewidth
of a single composition CdSSe alloy (around 10 — 20 nm), and the wavelength range is
narrower than we expected.
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Figure 6.1 (a) Real color PL image of a CdSSe alloy nanowire. Scale bar is 20 um. (b) PL
spectra from this nanowire with localized pumping at 7 points along the nanowire. The
pumping spot size is around 10 — 15 pum.

6.3 Looped Alloy Nanowire for Color-controllable Lasing

Although the alloy nanowire contains the gain materials with a wide range of
bandgap energy, it is not possible to directly achieve the multi-color lasing in such
nanowire without any manipulation. As shown in Figure 6.2(a), because the wide-gap
(CdS-rich) segment is transparent to the red light emitted by the CdSe-rich part, red
emission can easily reach the threshold and start lasing. However, the short wavelength
(green) emission from the CdS-rich section will experience a strong absorption in the
narrow-gap (CdSe-rich) section. Thus, green lasing becomes nearly impossible without an
extremely long segment. In order to achieve simultaneous lasing at both long and short
wavelengths, light emitted from the wide-gap region needs to be well-confined within its

own segment. Therefore, an individual cavity is necessary for separating the green
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emission from the narrow-gap materials. One convenient, but critical method to create
distinct cavities in a single nanowire structure is to loop the wide-gap section, which forms
a relatively isolated cavity for the green emission as illustrated by Figure 6.2(b). The
junction coupling efficiency of such a ring cavity is very high [158-160], providing strong
feedback for the green lasing. The lasing mode of green emission is isolated in the ring
cavity, which avoids the strong absorption in the straight part with narrow-gap materials.
As a result, the green modes oscillating in the ring cavity have enough gain and low loss
to achieve lasing. At the same time, the red emission from the narrow-gap section can still
propagate in the entire nanowire with a cavity defined by two end-facets.

The unique feature of this looped-cavity design allows the dynamical tuning of the
output color. Figure 6.2(c) shows the concept of color-tunable lasing in the looped CdSSe
alloy nanowire. The excitation laser output is split into two beams to pump the green looped
section and red straight section separately, which allows the control of the relative lasing
intensities from each section by changing its corresponding pumping strength. As a result,
the overall laser output from the looped nanowire would continuously change color from

green to red corresponding to the change in relative mixture of the two fundamental colors.
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Figure 6.2 (a) Sketch of straight CdSSe alloy nanowire, which supports only red lasing.
The color variation along the wire represents the continuously changing composition. (b)
Sketch of the looped nanowire, which supports both green and red lasing. (c) Design of the
color-tunable laser using this looped nanowire by changing the relative strengths of
pumping of the two segments, indicated by the two blue arrows. The total output color at
the loop junction can change from red to green continuously.

6.4 Optical Modes in Straight and Looped Nanowire

To further explain the modal confinement and feedback mechanism in looped alloy
nanowire, the mode analysis for both straight and looped nanowires were performed using
COMSOL software [94]. The mode simulation in a straight wire is shown in Figure 6.3.
To simply the simulation, it is assumed that the alloy nanowire consists of two equal length
of pure-CdS and pure-CdSe sections. The total length of this nanowire is 10 um and the
width is 250 nm. The refractive indices of CdS and CdSe are 2.60 and 2.56 respectively. A
typical example of the mode pattern in the straight nanowire is shown in Figure 6.3(b). The

mode is propagating along the length direction of the nanowire. Since the difference
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between the refractive indices of CdS and CdSe is small, the E-field of the mode is almost

uniformly distributed in the entire nanowire.

(a)

(®) |

e
™

Figure 6.3 (a) Schematic of the straight nanowire structure, where green and red colors
indicate the wide-gap (CdS or CdS-rich) and narrow-gap (CdSe or CdSe-rich) sections
respectively. (b) E-field pattern of the optical mode in straight nanowire.

Since the CdS section is nearly transparent to the red emission from CdSe section,
in order to achieve the red color lasing, the threshold gain in CdSe only needs to
compensate the mirror loss from the two ends of the nanowire which is around 1000 cm
according to the length of the CdSe gain region. Therefore, the red color lasing is possible
in the mode shown in Figure 6.3(b). However, the green emission from CdS section meets
a huge absorption when it propagates to the CdSe section, which is a narrow-gap material.

The lasing condition of the green emission is expressed as Equation 6.1.

1
I (L1getn — La@cgse) = am (6.1)
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L1, L2, L are the length of CdS section, the length of CdSe section and total length
respectively. gin, acase and a,, are threshold gain, absorption loss in CdSe section and
total mirror loss respectively. In order to achieve net average gain on the entire nanowire,
the left part in Equation 6.1 must be positive. The maximum gain of CdS under reasonable
pumping is typically 2000 cm™*, however, the absorption of the CdSe section is over 20000
cm-1 (the gain and absorption calculation can be found in Chapter 6.5). Therefore, the
length of the CdS section must be at least 10 times longer than the CdSe for achieving the
green lasing in a straight alloy nanowire. This is impossible in a uniformly composition-
graded alloy nanowire. Even the alloy nanowires with much longer CdS section can be
grown, the green lasing is extremely inefficient because of the huge absorption. The detail
discussion of the average gain in a straight alloy nanowire with uniform composition
grading can be found in Chapter 6.5.

In order to achieve efficient lasing at green wavelengths, it is desired to isolate the
green mode in the wide-gap (CdS or CdS-rich) section, with minimal leakage into the
narrow-gap (CdSe or CdSe-rich) section to minimize absorption. One effective method is
to loop the wide-gap end, forming a ring feedback for the green mode. Figure 6.4 shows
the simulation of the optical modes in a looped nanowire with a straight narrow-gap (red)
section and a looped wide-gap (green) section. The diameter of this nanowire is assumed
as 250 nm. The length of the narrow-gap section and the diameter of the looped circle are
4 um and 8 pum respectively. No gain or absorption is assumed in the cavity, since the

purpose is to study the pure cavity modes.
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(a)

Figure 6.4 (a) Schematic of looped nanowire. Red and green colors indicate the wide-gap
and narrow-gap sections respectively. (b,c) E-field pattern of the loop-straight (LS) mode
and loop (L) mode respectively.

Figure 6.4(b & c) shows two types of modes: 1) loop-straight (LS) mode: a mode
in the entire nanowire including looped and straight section, and 2) loop (L) mode: a mode
only in the looped section. Similar to the mode in straight nanowire, the LS mode is mainly
confined by the two ends of the nanowire. The mode is relatively uniform in the entire
length of the nanowire. There is a weak coupling in the ring cavity so the mode intensity
in the ring is slightly stronger than the mode intensity in straight section. Therefore,
according to the discussion for the straight nanowire, LS mode can only support the red

lasing, since green light suffers huge absorption in the narrow-gap section.
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In contrast, L mode is mainly confined in looped section, with minimal leakage to
the straight section. Since the gain material in looped section is isolated with the lossy
narrow-gap material in the straight section, the green lasing is achievable in L mode. The
major loss for the green light is the leaking and scattering loss at the junction of the ring
cavity. It is demonstrated that the coupling efficiency at the junction of the looped nanowire
ring is very high when the looped end is parallel to the straight end with a short overlap
section [158-160]. For the L mode shown in Figure 6.4(c), the simulated Q factor is over
10* when neglecting the absorption loss in straight section. In reality, it is difficult to
manipulate a perfect junction for the ring cavity. Therefore, the threshold gain of the green
lasing is not as low as expected due to the imperfect junction. According to the
experimental results, the actual threshold of the green lasing is at the similar level of the
threshold of red lasing.

Therefore, the simultaneous green and red lasing is achievable in the looped
structure while the green and red lasing are confined in L and LS modes respectively. To
further demonstrate the possibility of the simultaneous two-color lasing in this looped
nanowire structure, a detail analysis of the average gain in both modes were performed in
Chapter 6.5.

It is also interesting to see how the lasing modes emit out from such a structure. In
Figure 6.4(b), the red lasing mode emits from both ends of the nanowire, one at the straight
section and the other at the junction of the looped cavity. In Figure 6.4(c), the green lasing
mode only emits from the end at the looping junction. Although the L mode is weakly
coupled to the straight section, due to the strong absorption at the narrow-gap section, the
green lasing is impossible to emit from the straight end of the nanowire. Therefore, only
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the red lasing can be observed at the straight end of the nanowire, while both red and green

lasing can be observed at the junction of the looped cavity.

6.5 Optical Gain in Straight and Looped Nanowire

In the previous section, we have demonstrated that the straight nanowire can only
support red lasing mode while the looped nanowire can support both green and red lasing
in L and LS modes respectively. The threshold gain in both structures were discussed with
the simplified assumption that the alloy nanowire consists of two sections with wide-gap
material and narrow-gap material respectively. In order to understand the lasing in the
continuously composition-graded alloy nanowire in both straight and looped structures, the
analysis of the optical gain was performed.

When a light at the wavelength A propagates in the nanowire waveguide, the

amplification of the light intensity follows with

dl
== D6@A.DIM (6.2)

where I(1) is the intensity at the position | on the nanowire, T is the confinement factor,
and G (4, 1) is the material gain for wavelength A at position I. Thus, the total amplification

in a round of propagation follows with

) _

L
o fo C G, Ddl (6.3)

Since the alloy composition changes along our alloy nanowires, the effective gain is
defined to represent the gain capability in the composition-graded alloy nanowire. The

expression is
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L
Gorr(A) = % f TG4, Ddl (6.4)
0

L is the total length of the nanowire waveguide. At the lasing condition, the effective gain
must overcome the total loss, including the propagation loss and mirror loss.

The gain spectra of CdSxSe1x alloy are calculated by the approach in [137]. The
parameters of CdS and CdSe for the gain calculation are shown in Table 6.1. Those
parameters of CdSSe alloy is obtained through linear interpolation according to Vegard’s
law. The bowing factor is assumed as zero. A carrier density of 1.5 X% 10%cm™3 is
assumed in the calculation. The gain spectra of pure CdS and pure CdSe materials are
shown as the black and red dashed lines in Figure 6.5. The peak gain of CdS and CdSe is
above 3000 cm™ and the peak wavelengths are 500 nm and 680 nm respectively. Notice
that at the green wavelengths around 500 nm, CdS material provides positive gain but the
absorption of CdSe material is over 10* cm™. Meanwhile, at red wavelengths between 650
nm and 700 nm, there are positive gain in CdSe while there is almost no gain and no loss

in CdS.

Table 6.1 Parameters for gain spectra calculation [153, 161].

Effective Effective Refractive Bandgap Split-off energy

e mass heavy h" mass index (eV) (eV)
cds 0.21 0.7 2.60 2.44 0.079
CdSe 0.13 0.45 2.56 1.74 0.42

In order to simulate the effective gain of the composition-grated nanowire, we
assume the CdSxSei1x alloy composition of the nanowire is uniformly graded from pure

CdS (x=1) to pure CdSe (x=0). The total length of the alloy nanowire is assumed as 200
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um. According to Equation 6.4, the effective gain spectrum of a straight alloy nanowire is
calculated and shown as the orange curve in Figure 6.5. Due to the huge absorption of the
narrow-gap materials at green wavelengths, there is no positive gain below 600 nm. The
peak wavelength of the effective gain is around 640 nm. Therefore, the green color lasing

is not supported in such straight alloy nanowire.
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Figure 6.5 Calculated optical gain spectra. Black and red dashed-dot curves are the gain
spectra of single-composition CdS and CdSe materials respectively. Orange and green
solid curves are the average gain spectra of the straight nanowire and the L mode in looped
nanowire structure respective.

When the alloy nanowire is looped at the green end, L mode and LS mode can be
formed, as the discussion in Chapter 6.4. The LS mode is similar to the mode in the straight
nanowire, that the mode profile is nearly uniform along the nanowire. Thus, the LS mode
has similar gain spectra as the straight nanowire, supporting only red color lasing. L mode

is concentrated in the looped cavity, thus the effective gain spectrum can be calculated by
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integrating the gain in the looped section according to Equation 6.4. As shown in Figure
6.5, the gain spectrum of L mode (green curve) is positive at green wavelengths between
510 nm and 530 nm. This is because the absorptive material at the straight section is
isolated from the looped cavity. The peak gain wavelength of L mode is at 520 nm.

Therefore, by this gain analysis, we demonstrated that the L mode and LS mode in
the looped alloy nanowire support green and red lasing respectively. If the alloy
composition is uniformly graded in the nanowire, the peak gain wavelengths of L and LS
modes are 520 nm and 640 nm respectively, with separation of 120 nm.

Theoretically, the maximum wavelength separation in CdSSe alloy is over 200 nm.
Such separation can be achieved if the alloy nanowire consists two sections with pure CdS
and CdSe material respectively. By looping the CdS section, the green lasing at 505 nm
can be achieved in the looped cavity and red lasing at 710 nm can be achieved at the loop-

straight cavity. This requires a special bandgap engineering of the alloy nanowire.
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CHAPTER 7

TWO-COLOR AND DYNAMICAL COLOR-TUNABLE LASER

In Chapter 6, the design of the looped nanowire and the feasibility of the two-color lasing
in a monolithic alloy nanowire were discussed. In this chapter, the experimental
demonstration of such two-color laser is presented. The comparison of the lasing modes in
an alloy nanowire before the looping and after the looping is shown in Chapter 7.1 and
Chapter 7.2. As we expected, only the red color lasing can be observed in the straight alloy
nanowire. After looping the green end of the nanowire, simultaneous green and red lasing
are demonstrated. In Chapter 7.3, an intentionally release of the looped nanowire further
demonstrates the feedback in the looped cavity. Finally, the dynamical tuning of the output

lasing color is demonstrated in Chapter 7.4.

7.1 Single-color Lasing in Straight Nanowire

According to the optical mode and gain analysis in Chapter 6.4 and 6.5, the straight
alloy nanowire generally only supports the red color lasing. The green lasing is achievable
only when the length of the wide-gap section is much longer than the narrow-gap section.
Since the CdSSe alloy nanowire used in this work is continuously composition-graded with
relatively uniform grading rate, only the red lasing is expected in the straight nanowire.

Optical characterization of the straight CdSSe alloy nanowire is shown in Figure
7.1. A nanowire with length of 200 um and diameter of 400 nm was placed on a glass
substrate, as shown in Figure 7.1(a). By a 405 nm CW laser pumping, the real color PL

image in Figure 7.1(b) shows a continuous color changing from red to green. For test the
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lasing, a 355 nm YAG laser (9 ns, 10 Hz) was used as the pumping source. The excitation
laser spot is roughly 250 um in diameter so it uniformly covers the entire nanowire. The
detail information of the measurement setup can be found in Appendix C. The emission
spectra under different pumping power is shown in Figure 7.1(c). Clear lasing peak at 637
nm (red color) can be observed with increasing the pumping power. Due to the low
collection efficiency at the green end, the green emission in the spontaneous spectra is
weaker than the red emission. The integrated intensity of the lasing peak as a function of
the pumping power is plotted in Figure 7.1(d), illustrating a clear lasing threshold with

peak pumping power density at 6.7 KW/cm?2,
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Figure 7.1 Single-color lasing in straight alloy nanowire. (a) Dark-field image of the
straight alloy nanowire. (b) The real color PL image of the straight nanowire under CW
pumping. Scale bars in A and B are 30 um. (¢) Emission spectra under a single excitation
pulse with increasing peak power density. (d) The integrated intensity of the lasing peak at
637 nm as a function of the pumping power density.
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7.2 Two-color Lasing in Looped Nanowire

By looping the wide-gap (green) end of the alloy nanowire, a separate ring cavity
is formed for the green lasing mode. According to the discussion in Chapter 6.4 and 6.5,
the simultaneous green and red lasing are prospected in the looped nanowire structure while
the junction of the looping gives both green and red lasing output. Figure 7.2 illustrates the
two-color lasing result after looping the green end of the same nanowire as in Figure 7.1.
A tapered fiber was used to manipulate and loop the green end of the wire into a 15 um
diameter circle, as shown in Figure 7.2(a). The detail information of the micro-
manipulating process can be found in Appendix B. Figure 7.2(b) shows the real color image
of the dual-color lasing emission under uniform excitation on the entire structure. The
yellow bright spot at the junction of the loop (labeled by green arrow) indicates the
simultaneous output of the green and red lasing, since the color mixture of green and red
lasing appears as yellowish. In addition, there is a red scattering spot (labeled by red arrow)
on the straight section of this nanowire. This emission spot is the scattering of a small
particle attached on the nanowire. The small particle can be seen from the SEM image in
Figure 7.4. Because the green mode is expected to be confined in the ring cavity, the green
lasing has minimal leaking at the straight section. Therefore, the particle scattering at the
straight section shows a red color, demonstrating the propagation of red lasing mode in the
straight section and the confinement of the green lasing mode in the looped section.
Contrary to the only red lasing in straight nanowire, the lasing spectra in the looped
nanowire in Figure 7.2(c) exhibits significant green and red lasing peaks at 530 nm and

637 nm respectively. The red lasing wavelength is consistent with that before looping.
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Figure 7.2 Two-color lasing in looped nanowire structure. This nanowire is the same one
used in Figure 7.1. (a) Dark-field image of the looped nanowire. Labels a and b indicate
the junction of looping and the narrow-gap end of the nanowire, respectively. Scale bar is
30 um. (b) Real color image under two-color lasing operation. The image area corresponds
to the red dashed box in (a). Scale bar is 15 um. Green arrow indicates the junction of the
loop, corresponding to the position a in (a). Red arrow points to a scattering center on the
nanowire body. (c) Emission spectra under a single excitation pulse with increasing peak
power density.

Figure 7.3(a) illustrates the output intensities of the two lasing peaks as a function
of total pumping power density. Clear threshold behavior for both lasing can be observed.
The threshold power density of red and green lasing are 6.9 kW/cm? and 8.7 kW/cm?
respectively. The clear threshold is also evidenced by the well-known “S”-shaped curve
when the laser intensity is plotted against pumping intensity on log-log scales, as shown in
Figure 7.3(b). The slopes of the transition regions (mid sections) for green and red lasing
modes are 3.0 and 2.7, respectively. The S-shape curves were fitted by multimode lasing
model proposed in [162]. The best fitted total spontaneous emission factors are 0.075 and

0.09 for green and red lasing modes, respectively.
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Figure 7.3 The integrated intensity of the lasing peaks at 530 nm (green) and 637 nm (red)
as the function of pumping power density. (a) Linear scale plot. The solid guiding lines
indicate clear threshold behavior. (b) Log-log scale plot. The solid curves represent the
fitting results using multimode lasing model [162].

The wavelength separation of green and red lasing modes is 107 nm, much larger
than the gain bandwidth of the typical I1-VI semiconductors of a single composition [153-
157]. The lasing wavelength separation is determined by the composition distribution on
the alloy nanowire. According to the discussion in Chapter 6.5, the peak wavelength of the
average gain in the looped section is longer than the emission wavelength of the material
at wide-gap end, due to the continuously graded composition in the nanowire. Similarly,
the peak wavelength of the average gain of the loop-straight mode is shorter than the
emission wavelength of the material at narrow-gap end. Therefore, the lasing wavelength
separation is smaller than the emission wavelength separation of the materials at two ends
in the continuously composition-graded alloy nanowire. If the nanowire consists of two
sections with pure CdS and pure CdSe material, as the structure shown in Figure 6.4(a),

the green and red lasing wavelength will be around 505 nm and 710 nm respectively,
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resulting the maximum wavelength separation over 200 nm. However, this requires a

special bandgap engineering on the alloy nanowire.

Acc.V Spot Magn Det WD
15.00kV 3.0 500x SE 9.8 ASU

Figure 7.4 SEM image of the looped nanowire which showed two-color lasing. Inset on
the top left: zoom-in of the looped part. Lower right inset: zoom-in feature of a small
particle attached to the nanowire, which causes the red scattering point in Figure 7.2(b).

A confocal PL measurement was studied for analyzing the lasing output in this
looped nanowire, as shown in Figure 7.5. By inserting a pinhole into the confocal image
plane of the microscopy system, the emission collection area is limited to a spot less than
5 um. The detail information of the confocal system is presented in Appendix C The
localized collection was performed at the looping junction and the narrow-gap end of the
nanowire, which correspond to position a and b in Figure 7.2(a) respectively. The pumping
power is higher than the thresholds of green and red lasing to ensure the simultaneous two-

color lasing. The spectrum at the junction shows both green and red lasing peaks, in
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contrast with the spectrum at CdSe-rich end which only exhibits the longer wavelength
lasing. This result is consistent with the discussion in Chapter 6.4. Because of the spatial
filtering effect of the confocal system, the green lasing peaks are more distinguishable than
those obtained with a large collection area in Figure 7.2(c). The linewidth of a single lasing

peak at 526 nm is 0.9 nm, close to the resolution limitation of the spectrometer.
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Figure 7.5 Confocal PL measurement at the position a and b in the looped nanowire shown

in Figure 7.2(a). Position a and b correspond to the looping junction and narrow-gap end
of the nanowire respectively. The nanowire is under two-color lasing operation.

7.3 Further Demonstration of Feedback in Looped Cavity

Figure 7.6 presents the two-color lasing from another looped alloy CdSSe nanowire.
The total length of this nanowire is 130 pm and the diameter of the looped ring is 16 pm.
The PL imaging under low pumping power (Figure 7.6(b)) illustrates the alloy composition
distribution along this nanowire. The colors from green to orange correspond to the

spontaneous emission from various parts. Because the Se composition in the CdSe-rich
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section of this nanowire is lower than the one in Figure 7.2, the PL wavelength span of this
wire is somewhat smaller. The blue color in the PL image is the scattered excitation laser
light which is not completely.

The laser spectrum in Figure 7.6(d) presents simultaneous two lasing peaks at 546
nm (green) and 582 nm (orange). Because shorter composition span range, the wavelength
separation of this looped nanowire is smaller than the one in the previous chapters. Figure
7.6(c) shows the real color image when the pumping power is above the lasing threshold.
According to the discussion above, both the long (orange) and short (green) wavelength
lasing modes emit at the junction while only orange mode emits at the end-face of the right
narrow-gap section. Therefore, an intermediate lasing color between green and orange is
observed at the junction point and the output color at the narrow-gap end remains as orange,

as shown in Figure 7.6(c).
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Figure 7.6 Two-color lasing from another looped nanowire. (a) The dark-field image of the
looped nanowire. (b) Real-color PL image with CW excitation. The blue color around the
circle is the scattering of the pump laser. (c) Real-color image under two-color lasing
operation. The two bright spots showing yellow-green and orange colors can be observed
at the looping junction and narrow-gap end respectively Scale bars in (a), (b), and (c) are
20 pm. (d) Spectrum of two-color lasing.

In order to further demonstrate the important role of the looped feedback in two-
color lasing, we intentionally opened the loop at the junction point of the looped structure
as shown in Figure 7.7. Although some of the green emission can be coupled from the
wide-gap end to the nanowire body through free space, the coupling efficiency is much
lower than fully looped situation in Figure 7.6. As the expectation, the partially looped
structure in Fig. 7.7(a) cannot provide enough feedback, resulting the despair of the green

lasing peak, as illustrated in Figure 7.6(d). The red lasing modes remain practically the
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same as before, indicating that the feedback of the loop junction has little influence on the
red lasing modes. With the comparison of lasing spectra in looped and loosed structures, it
is clear that the feedback in the looped section is the key to achieve green mode lasing, and

thus simultaneous two-color lasing.
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Figure 7.7 (a) Dark-field image of the nanowire in Figure 7.6. The loop was opened slightly
so the ring cavity does not exist in this structure. (b) Lasing spectrum.

7.4 Dynamic Tuning of Output Laser Color

One unique property of the looped nanowire design is the common output position
for two-color lasing, as the analysis in Chapter 6.4. Unlike the regular RGB lasers which
combine the three laser devices [129, 163] and some other multicolor lasers [141, 145], our
two-color laser does not require external guiding to mix the multi-color lasing beams. Such

unique feature allows us to achieve color-tunable output via pumping the straight and
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looped segments separately, as indicated in Figure 6.2(c). A beam splitter was used to split
the excitation laser into two beams for pumping the straight section and looped section
separately. The detail information of the two-beam pumping setup can be found in
Appendix D. The spot shape, pumping position and pumping power of the two excitation
beams can be controlled individually and precisely in this two-beam excitation setup.
Figure 7.8(A) shows the dark-field image of a looped nanowire. Two excitation
beams are focused to less than 40 pm spot size to the looped and straight sections
respectively. By adjusting the intensities of two pumping beams, the output color at the
junction was tuned from green (B1) to yellow-green (B2) to yellow (B3) to orange (B4).
Figure 7.8(C1-C4) show the lasing spectra corresponding to B1-B4. In C1 and C4, only
one of the two excitation beams was used for excitation while the other one is blocked.
Therefore only one lasing color is observed at either 530 nm (green) or 588 nm (orange).
In C2 and C3, the relative intensity of the green and orange lasing is controlled at 6:4 and
3:7, respectively. The mixed colors are represented as the intermediate colors between
green and orange, which are close to yellowish green (B2) and yellow (B3). In Figure

7.8(D), the chromaticity of C1-C4 spectra are marked on CIE 1931 color space by *, A,

e and m respectively. The mono-wavelength lasing of C1 and C4 are located at the curved
edge of the color space. C2 and C3 can be considered as the linear combination of two
equivalent wavelengths, and the corresponding chromaticity are marked on the dashed line
in Figure 7.8(D). The calculated colors in Figure 7.8(D) match perfectly with the colors in
real color images shown in Figure 7.8(B1-B4), further demonstrating the monochromic
property and color tunability of this looped nanowire laser. Additionally, any color on the

dashed line can be obtained from this nanowire by precise control of the relative power of
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the pumping beams. Such continuously controllable colors are critically important for

many applications such as color-by-design for lighting and color display.
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Figure 7.8 Dynamical lasing color tuning in the looped nanowire. (A) Dark field image of
the looped nanowire. The scale bar is 10 um. (B1-B4) Real color images of the lasing under
different pumping for the two cavities. The images were taken from the red box in (A). The
bright spots correspond the position at the junction of the loop. The insets are the zoom-in
images of the junction lasing spots. (C1-C4) Normalized lasing spectra under different
controlled pumping intensities, collected simultaneously with the images of C1-C4. (D)
The calculated colors from the spectra in C1-C4 plotted on CIE1931 color space. Star (%),

triangular (A), circle (@) and square (H) labels correspond to C1-C4, respectively.

7.5 Conclusions

In Chapter 6 & 7, a novel design of the two-color laser based on composition-
graded CdSSe alloy nanowire was demonstrated. The composition of CdSSe alloy
continuously varies along the nanowire axis from pure CdS to pure CdSe. Analytical

studies of the optical modes and net gain support that by looping the wide-gap end of the
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nanowire, the green and red lasing modes can be separated in the looped and straight
sections respectively. Therefore, the net gain at both green and red wavelengths is
achievable. Experimentally, the simultaneous green and red color lasing was demonstrated
with 107 nm wavelength separation, which is much larger than the gain bandwidth of a
single-composition semiconductor. In addition, the dynamic control of the combined lasing
colors from green to red was demonstrated. Any intermediate color between the two lasing
wavelengths is feasible by adjusting the excitation power at the two cavities. The looped
nanowire design is the first demonstration showing the simultaneous two-color lasing and
tunable lasing colors in an extremely wide wavelength range in a monolithic nanowire.
The wide-range flexible lasing colors and the active color tunability in such a small device
reveal great potential in the applications to the tunable laser sources in photonic integrated
circuits, on-chip laser display and other situation where the dynamical color control is

needed.
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APPENDIX A

FIBER-NANOWIRE COUPLING SYSTEM
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For signal enhancement measurement in Chapter 4.2 and transmission spectroscopy
in Chapter 5.2, the coupling of laser signal into or out of the nanowire waveguide is
necessary. One common tool to couple the laser light into optical waveguides is the lensed
fibers. The diameter of the tapered fiber uniformly tapers from 125 um to several microns
at the tip. Most commercial lensed fibers contain a manufactured tip with a sharp tapering
from 125 um diameter to several microns. The taper shape is well designed as a lens, so
the output light from the lensed fiber can be focused to a spot of 1 — 2 um. The working
distance, which is the distance between the waist of the focusing spot and the tip of the
fiber, is typically 10 — 20 um. Thus, it is possible to couple the signal to the waveguides
with submicron cross-sections, as shown in Figure A.1(a). However, it is difficult to do the
coupling from the lensed fiber to a nanowire on substrate, since in most of the cases the
end facets of the nanowire cannot stick out from the substrate. Due to the large tip size and
large taper angle of the commercial lensed fiber, there has to be a long distance between
the fiber and the nanowire, resulting the extremely low coupling efficiency, as shown in

Figure A.1(b).
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Figure A.1 (a) Coupling between the commercial lensed fiber and optical waveguide. The
diameter of the lensed fiber is 125 um. The included angle 6 of the fiber is around 90°. The
spot diameter is 2 um and the working distance is 10 — 20 pm. (b) An example of the
coupling between commercial lensed fiber and nanowire. Due to the large taper size, the
distance between the fiber tip and the nanowire has to be much large than the working
distance.

In order to enable the high efficient coupling between fiber and nanowire, we
manufactured the tapered fibers with much smaller tip, as illustrated in Figure A.2. The
tapered fiber is fabricated by heating-and-pulling method. The center region of a striped
SMF-28 fiber is heated by a flame to the melting point. By pulling the melt fiber at a speed
around 1 mm/s, the fiber breaks in the middle and two tapered fibers with long tapered
region are formed. The tapered region is over 1 mm with taper rate around 100 pm/mm.
The tip size is smaller than 2 um and the included angle of the taper is around 6°, as shown
in Figure A.2(b). It is possible to place such tapered fiber on top of the substrate with a
very small angle. Therefore, the fiber-nanowire coupling can be achieved by directly

contacting the fiber tip with the nanowire, as the illustration in Figure 4.3(b).
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Figure A.2 (a) Heating-and-pulling fabrication of the tapered fiber. (b) Image of the tapered
fiber. The included angle of the taper is 6°. The tip size is smaller than 2 um. Scale bar is
20 um.

A photo image of the coupling system is shown in Figure A.3(a). For the alignment,
the tapered fibers are mounted on the 3D stages (XYZ) with an angle 10° — 20° to the
horizontal and the nanowire sample is mounted on a 4D stage (XYZ & ¢). All the alignment
is performed under a microscope (Mitutoyo, FS70) equipped with long working distance
objectives. Figure A.3(b) shows an example of the fiber-nanowire coupling. The tip of the
tapered fiber directly contacts with the end facet of the nanowire. Because the size of the
tapered fiber is 1 — 2 um, matching with the nanowire diameter, the high coupling
efficiency is possible. The coupling loss between tapered fiber and nanowire is around 5

dBat 1.6 um.
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Figure A.3 (a) Setup of Fiber-nanowire coupling system. (b) Top view image of the
microscope image of the fiber-nanowire-fiber coupling.
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APPENDIX B

NANOWIRE MANIPULATION SETUP
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In Chapter 7, we studied the simultaneous two-color lasing in looped nanowire
structure. The nanowire manipulation, such as transferring the nanowire between the
substrates and looping the nanowire to a circle, is performed using a tapered fiber. The
tapered fiber is fabricated with the same technique shown in Figure A.2. The best tip size
of the tapered fiber is around 1 um. If the tip is too big, there is not enough contact between
the tip and the nanowire when they are in touched on the substrate. If the tip is too small,
the nanowire is easy to be broken by the shape tip. The manipulation setup is illustrated in
Figure A.4(a). The tapered fiber is mounted on a 3D stage (XY Z) with an angle of 30° to
the horizontal. The nanowire sample is mounted on a 4D stage (XYZ & 6). The
manipulation is under a dark-filed/bright-field microscope (Olympus, BX51) equipped
with long working distance objectives.

The nanowire manipulation is shown in Figure A.4(b). The tapered fiber is lowered
to the substrate and directly contacts with the nanowire. The tapered fiber is vertical to the
axial direction of the nanowire at the contacting region. By pushing the tapered fiber, the
nanowire can be curved and looped at the desired shape.

Due to the charging in the tapered fiber, when the tapered fiber contacts with a long
section of the nanowire in parallel, there is a chance to attach the nanowire to the micro
fiber by the electric force. Then, the nanowire can be picked up by lifting the tapered fiber

and transferred to the other substrate, as illustrated in Figure A.4(c).
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Figure A.4 (a) Nanowire manipulation setup. (b) Approach to curve and loop the nanowire
by tapered fiber. (c) Approach to pick up the nanowire by tapered fiber.
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APPENDIX C

PHOTOLUMINESCENCE AND LASING TESTING SETUP
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In Chapter 7.1 and 7.2, a micro-PL setup as shown in Figure A.5 was used to excite
and collect the single-color and two-color lasing spectra from the straight and looped alloy
nanowires respectively. A Q-switched 355 nm YAG laser (Spectra-Physics, Quanta-ray)
was used as the pumping source. The pulse width of the pumping laser is 9 ns and the
repetition rate is 10 Hz. The pumping laser was focused by a lens and incident to the
nanowire sample with an angle of 60° to the normal direction. The pumping spot can be
tuned by defocusing the lens. In the experiment in Figure 7.1 and 7.2, the spot size was 200
um for covering the entire alloy nanowire. The lasing emission was collected by a long
working distance objective and split to two beams by a beam splitter. One beam was
collected by the spectrometer (Jobin Yvon, Triax 320) equipped with a silicon CCD
detector for the spectroscopy and the other beam was guided to the camera. Thus, the

spectra and lasing images can be collected simultaneously.
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Figure A.5 Micro-PL setup with confocal collection.

An aperture was inserted at the confocal plane of the objective for the localized
collection. For the normal spectroscopy in Figure 7.1 and 7.2, the aperture was fully opened
for the large area collection. The effective collection spot is around 100 um in diameter.

For the localized collection in Figure 7.5, the aperture was closed to the size of 0.3 mm.

The effective collection spot is around 5 pm.
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APPENDIX D

MULTI-BEAM EXCITATION SETUP
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In order to tune the output lasing color of the looped alloy nanowire, the looped
section and the straight section should be excited with two individual beams. We developed
a two-beam excitation setup for splitting the excitation laser to two beams and controlling
the pumping power and excitation position of the two beams individually, as illustrated in
Figure A.6. The pumping laser is split to two beams by a beam splitter. The two beams are
converged by another beam splitter and be focused on the nanowire sample by the focusing
lens. The excitation positions of the two beams can be controlled by the two mirrors at the
split beam routes respectively. Two set of half-wave plate & polarizer systems are inserted
in the two split beam routes for tuning the pumping power of two excitation beams
respectively. Therefore, both the pumping position and pumping power of the two beams
can be individually and precisely controlled. The excitation spot size is controlled by the
focusing lens. The aspect ratio of the elliptical pumping beams can be adjusted by the
distance between the two cylindrical lenses. All excitation properties can be adjusted in
this two-beam excitation setup. Therefore, the output color of the looped alloy nanowire
can be continuously tuned. The setup can also be extended to more excitation beams by

splitting the beam with more beam splitters.
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Figure A.6 lllustration of multi-beam excitation setup. The excitation beam is split by a
beam splitter and converged by another beam splitter. After the focusing lens, the two
beams can be focused to two excitation spots, shown as the dark blue and light blue dashed

circles respectively.

138



