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ABSTRACT OF THE DISSERTATION

Photoluminescence Spectral Study of Single CdSe/ZnS Colloidal Nanocrystals in
Poly(methyl methacrylate) and Quantum Dot Molecules

by

Yaoming Shen
Doctor of Philosophy in Electrical and Computer Engineering (Applied Physics)
University of California, San Diego, 2008
Professor Yeshaiahu Fainman, Chair

Professor Lu J. Sham, Co-chair

Quantum dots (QDs)and Nano-crystals (NCs) have been studies for decades.
Because of the nanoscale quantum confinement, delta shape like energy density
states and narrowband emitters properties, they hold great promise for numerous
optoelectronics and photonics applications. They could be used for tunable lasers,
white LED, Nano-OLED, non-volatile memory and solar cells. They are also the
most promising candidates for the quantum computing.

The benefits for NCs over QDs is that NCs can be incorporated into a
variety of polymers as well as thin films of bulk semiconductors. These exceptional
flexibility and structural control distinguish NCs from the more traditional QD
structures fabricated using epitaxial growth techniques.

In my research of work, I studied the photoluminescence (PL) and absorp-
tion character of ensemble NCs incorporated in Polymethyl methacrylate (PMMA).
To understand the behavior of the NCs in PMMA it is important to measure a
singe NC to avoid the inhomogenous broading of many NCs.

So I particularly studied the behavior of a single NC in PMMA matrix.
A microphotoluminescence setup to optically isolate a single nanocrystal is used.

Random spectral shift and blinking behavior (on and off) are found. Addition

xii



to that, two color spectral shifting, is a major phenomena found in the system.
Other interesting results such as PL intensity changes (decreasing or increasing
with time) and quenching effect are observed and explained too.

From the correlation function, we can distinguish the phonon replicas.
The energy of these phonons can be calculated very accurately from the experiment
result. The Huang-Rhys factors can be estimated too.

Self-assembled semiconductor quantum dots (QDs), from highly strained-
layer heteroepitaxy in the Stranski-Krastanow (S-K) growth mode, have been
intensively studied because of the J-function-like density of states, which is sig-
nificant for optoelectronic applications. Spontaneous formation of semiconductor
quantum-dot molecules (QDMs), which are clusters of a few QDs, has attracted
attention as a possible implementation of future quantum devices such as quantum
cellular antomata. With the advances in crystal growth techniques, the fabrication
methods for nanostructures have been improved continuously. Lateral QDMs have
been achieved. As a side topic, lateral QDMs have been studied and the result is

presented in the last chapter.

xiil



Introduction

I.A Brief history of semiconductor nanocrystals
and quantum dots study

Semiconductor nanocrystals (NCs) are very small crystalline material
which contain tens or a few hundred atoms with sizes of a few nanometers. Quan-
tum dots (QDs) are semiconductor nanostructure that confine the motion of con-
duction band electrons, valence band holes, or excitons (bound pairs of conduction
band electrons and valence band holes) in all three spatial directions. It is well
known that below a certain size, the properties of the crystalline material start to
deviate significantly from bulk properties and strongly dependent on size. These
properties, so called nanoscale quantum confinement properties, make NCs and
QDs attract much interest in the last few decades. They hold great promise for
numerous optoelectronics and photonics applications such as in lasers, transistors,
sensors, photodetectors and as biological labels [2]. Also quantum dot technology is
one of the most promising candidates for use in solid-state quantum computation.

An important parameter of a semiconductor material is the width of the
energy gap that separates the conduction from the valence energy bands. In bulk

semiconductors, the width of this gap is a fixed parameter, which is determined



by the material’s identity. However, the situation changes in the case of nanoscale
semiconductor particles with sizes smaller than 10 nm. This size range corresponds
to the regime of quantum confinement for which electronic excitations “feel” the
presence of the particle boundaries and respond to changes in the particle size by
adjusting their energy spectra. The phenomenon is known as the quantum size
effect.

Optical and electronic properties are dominated by the structure of va-
lence and conduction bandedges. As the QD size decreases, the energy gap in-
creases, leading, in particular, to a blue shift of the emission wavelength. In the first
approximation, this effect can be described using a simple “quantum box” model.
For a spherical QD with radius R, this model predicts that the size-dependent con-
tribution to the energy gap is simply proportional to 1/R2. For QDs, discretization
of energy levels at the conduction and valence bandedges (even though the allowed
energy levels broaden to bands at the center), modifies the absorption spectrum
into different peaks. Moreover, due to the relatively small number of electrons in
a QD and dramatic changes in its properties by adding just one electron, QDs are
sometimes considered as ’artificial atoms’. The highest occupied molecular orbital
(HOMO), as shown in the case of cluster, becomes the top of the valence band
and the lowest unoccupied molecular orbital (LUMO) as bottom of the conduction

band [3].

I.B Motivations

Semiconductor QDs and NCs have wide applications due to their proper-
ties of narrowband emitters, tunable throughout the visible portion of the spectrum
and broadband absorbers that can be used with multiple types of underlying short
wavelength (UV, violet, blue) light sources.

Tunable lasers Quantum dot materials can provide superior perfor-

mance in lasing applications compared to bulk semiconductors. In the zero dimen-



sional (0 D) quantum dots the separation between energy states is greater than
the thermal energy of the charge carriers; this inhibits the thermal depopulation
of the lowest, “emitting” transition, phenomenon that confers high-temperature
stability and a narrow spectral emission width. Lasing was initially observed for
CdSe quantum dots, imbedded in a glass matrix, in an optically pumped device.
Lasing effect by electrical pumping (carrier injection) can also be achieved. In
quantum dots more than one electron can be excited; every discrete electron and
hole energy state can be populated either by one or by two particles with different
spin orientations. The creation of the first electron-hole pair results in absorption
saturation; the creation of two pairs with respectively oriented spin is called pop-
ulation inversion or optical gain. The two electron-hole pair states are classified
as biexciton. Lasing effect results from the stimulated decay of a biexciton into a
photon and exciton.

White LED using quantum dots Researchers at the Department of
Energy’s (DOE) Sandia National Laboratories have developed the first sold-state
white light-emitting device using quantum dots. They took an LED that produces
intense, blue light. Coat it with a thin layer of NCs and produce white light in
this way. In the future, the use of quantum dots as light-emitting phosphors may
represent a major application of nanotechnology.

Nano-OLED In 2002, researchers in MIT have succeeded in combin-
ing plastic electronics with high-performance inorganic semiconductor nanocrys-
tals to create a high-efficiency hybrid light-emitting structure; They claims that
nanocrystal-organic light emitting diode that will one day replace liquid crystal
displays (LCDs) as the flat-panel display of choice for consumer electronics. This
is called Nano-OLED-nanocrystal-organic light emitting diode.

Bioimaging By far the most important application today is in biological
imaging. Fluorescence labeling of specific compartments in cells is a widely used
method in biology to visualize structural units that, due to lack of contrast or res-

olution, cannot be distinguished by just recording an image. The idea is to chemi-



cally link a fluorescent dye to a biomolecule that binds specifically and selectively
to a certain compartment in the bio specimen. Current biosensors use fluorescent-
based dyes; these dyes emit light over a broad spectral width - which limit their
effectiveness to a small number of colors - and they also degrade over time under
the microscope (phenomenon called “bleaching”). Core/shell CdSe/ZnS semicon-
ductor nanocrystals are more robust fluorescent probes with size tunable emission
properties. A shell of higher band gap semiconductor material can increase dra-
matically the brightness of quantum dots and protect them from photo bleaching.
The surface of the quantum dots can also be chemically modified in such a way
that the quantum dot can be chemically linked with a biomolecule that binds
specifically to the target.

Non-volatile memory Future miniaturized devices, beyond the Moore’s
law era of silicon, are expected to rely on new, ingenious methods to implement spa-
tially controlled and highly functional nanoscale components synthesized by inex-
pensive chemistry. Chip technology based on self-assembly would enhance perfor-
mance and packing density by orders of magnitude, deliver rich on-chip functional-
ity, and operate at molecular level. Low-dimensional semiconductor nanostructures
and organic molecules, which offer unique possibilities such as extremely low power
dissipation, quantum effects, surface sensitivity and low synthesis cost, could be
the building blocks for next-generation electronics. Optical memory is a technol-
ogy that could potentially replace electrical data buffers in optical communication
systems and allow for the elimination of the accompanying optical-to-electrical con-
version hardware. Previously, optical memory devices have been implemented in
ITI-V quantum dot systems, albeit at cryogenic temperatures. Room temperature
operation is not possible in these devices because carriers are confined in relatively
shallow potential wells. While similar devices have been fabricated in II-VI ma-
terials that can operate at room temperature, silicon based optical nanocrystal
memory offers the possibility for implementation in industry compatible fabrica-

tion processes. Dielectric layers with embedded semiconductor nanocrystals are



widely studied recently, in order to overcome difficulties of non-volatile memory
devices connected with technology scale-down, and to develop Si-based light emit-
ting diodes (LEDs). So, although realtered metal-insulator-semiconductor (MIS)
structures can be prepared on any semiconductor substrate, silicon-based struc-
tures are the most important ones for the technological development.

Fuel cells Potentially for developing high performance fuel cells for use
in portable consumer electronics such as laptop computers, cell phones and digital
cameras. A fuel cell is an energy conversion device and alternative to batteries
that converts energy from chemical reaction into electricity and heat. Fuel cells
combine fuels such as hydrogen or methanol along with air and water to produce
electrical power. Fuel cells are environmentally friendly because their by-products
are heat and water, and are viewed by many as a potential successor to less efficient
and less environment all friendly portable power such as lithium-ion and other bat-
teries used in portable electronics devices. The tremendous growth in unit sales
of portable electronic devices, coupled with an increasing burden on battery life
as applications become ever more complex, has created a serious concern amongst
device manufactures about power requirements. The inherent higher energy den-
sity of small fuel cells in comparison to batteries has the potential to lead to both
longer operational time and serve the power demands of next generation portable
electronics.

Nanocrystal solar cells The other potential product is a new type of
solar cell that performs like a traditional solar cell, but can be configured like a light
weight, flexible plastic. In particular, this technology has the potential to provide
low cost solar power through currently available, high volume and inexpensive
manufacturing techniques based on conventional film based processes such as roll
to roll manufacturing. Imagine a future in which the rooftops of residential homes
and commercial buildings can be laminated with inexpensive, ultra-thin films of
nano-sized semiconductors that will efficiently convert sunlight into electrical power

and provide virtually all of our electricity needs. This future is a step closer to being



realized. Detecting low abundance antigens with even the best conventional dye
conjugates can be a challenge, as photobleaching can make it difficult to effectively
observe and record staining. The exceptional photostability of NC conjugates can
provide substantial benefits in the detection of low abundance targets. Due to
their narrow and symmetric emission spectra, NCs are also ideal for multicolored,
multiplexed fluorescence detection using a single excitation source such as the
405 nm laser.

Quantum computing It has been imagined that an arrangement of
quantum dots could be an ideal structure for building quantum computing cell. For
example if in an arrangement of four quantum dots placed in the corners of square
cell two more electrons are introduced then the electrons will tend to occupy the
opposite corners to minimize their reciprocal interaction; quantum dots are placed
very close to each other so that the electron can tunnel from one quantum dot to
another. In this way a logic state can be represented. Further if the electrons are
forced to switch into opposite quantum dot corners then another logic state can be
represented. The idea that a real possibility for aligning two or more quantum dots
in a pattern that could enable the representation of a logic state seemed imposable
only few years ago. Researchers from Fujitsu laboratories were the first to achieve
such performance [4], by electron beam lithography and local induced oxidation by
conductive AFM techniques. They proposed arrangement of four quantum dots
that represent a logic state '1’ and ’0’ arrangement of GaAs quantum dots on a
solid substrate achieved by e-beam lithography and conductive AFM. Adapted
from Ref. [4], the electron can travel from one corner to the next corner of the

square by tunneling.

I.C Thesis outline

This thesis focuses on studies of spectra of Nanocrystals (NCs) in Poly

(methyl methacrylate) — PMMA. A side topic is QD molecules study. In the first



chapter of this dissertation, the history and applications for the NCs and QDs are
introduced.

The second chapter gives a detail theoretical and systematic description
for the energy structure of the QDs and a quantum mechanical tunneling model
for coupled quantum dots (QDs) ensembles.

The third chapter introduces two characterization techniques we used for
CdSe/ZnS nanocrystals in this thesis.

Incorporation of NCs into thick bulk polymer matrix is a challenging but
promising technique. The forth chapter is one method we adopted to achieve such
task. Characteristics of ensemble NCs in PMMA is specially studied. In addition,
we also incorporate them in negative photon resist SU-8. Photoluminescence has
been measured and compared.

In the fifth chapter we have investigated spectral switching between two
states in the PL and random spectral shifts from single CdSe/ZnS colloidal nanocrys-
tals in PMMA. Fluorescence quenching and Photo-enhanced luminescence are
studied. In higher pump intensity, lower energy lines are found and identified
as phonon replicas.

As aside topic, self-assembled InAs lateral Double Quantum Dots(DQDs)
achieved using GSMBE under As2 overpressure are studied in chapter six. The
temperature dependence and power dependence of PL are investigated. Rapid

thermal annealing effect on DQDs is studied too.



I1

Quantum dot energy levels

calculation

Quantum size effect occurs when size of the nanocrystal becomes com-
parable to or smaller than the natural length scale of the electron and hole. To
be more precise, one can utilize the Bohr radius as a convenient length scale. In

general, the Bohr radius of a particle is defined as

ap = 5%@0 (IL.1)
m

where ¢ is the dielectric constant of the material, m* is the mass of the particle, m
is the rest mass of the electron, and aq is the Bohr radius of the hydrogen atom.

Weak confinement regime (a.,a, < R < eye):

When R is larger than both a,. and ay,, but is smaller than a.,. (i.e., when
e, ap, < R < aeze), only the center-of-mass motion of the exciton can be described

as a single, uncharged particle.

Intermediate confinement regime (a. > R > ay)

Intermediate confinement regime in a QD corresponds to the situation

where the Bohr radius is between a, and a;, (e.g., when a, > R > a;), one particle



is strongly confined and the other is not. This is due to the difference in the
effective masses of electron and hole. In this case, the hole moves in the average

potential of the much faster electron and is localized at the center of the NC.

Strong confinement regime (R << a., ap, Gezc)

When the nanocrystal radius, R, is much smaller than a., a; and @z
, the electron and hole are each strongly confined by the nanocrystal boundary.

This is referred to as the strong confinement regime.

II.A  Density of states in quantum semiconduc-
tor structures

In order to characterize the physical properties like optical transitions,
charge transport etc., the information about the number of states N(E) and density
of states D(E) is very crucial. Density of states is the derivative of the number of
states:

dN(E)

D(E) = — (11.2)

In real devices, N(E) and D(E) will directly affect current levels and
signal-to-noise ratios.

There are four configurations of elementary quantum devices: 1) bulk
materials in which electrons experience strong quantum confinement in zero dimen-
sions and weak confinement in three dimensions. 2) quantum slabs (or quantum
wells) in which electrons experience strong quantum confinement in one dimension
and weak confinement (or approximately ‘free’ ) in two dimensions; 3) quantum
wires in which electrons experience strong quantum confinement in two dimensions
and weak confinement in one dimension; 4) quantum dots in which electrons ex-

perience strong quantum confinement in three dimensions and weak confinement
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in zero dimensions; and Traditionally weak quantum confinement has been treated
using the continuum approximation. This has the advantage of providing a simple

analytic result.

Bulk material

For a three-dimensional bulk material, the DOS is defined as the number
of available electronic states per unit volume per unit energy at energy E and is

given by
V2m3/?

m2h3

N(E) E'V? (I1.3)

Quantum wells

Passing from three-dimensional bulk to two-dimensional structures, (so
called ‘quantum well’) the carrier movement is restricted to a plane. Such two-
dimensional systems include thin films, layer structures and superlattices. Now
the DOS is modified to the number of available electronic states per unit area per

unit energy and is given by

N(E) = (I1.4)

Quantum wires

Further reduction in the dimensionality of the system ends up in a ‘quan-
tum wire’. Examples of such one-dimensional structures include nanotubes, semi-
conductor nanowires, and nanorods. For a quantum wire the DOS is defined as
the availability of electronic states per unit length per unit energy and is given by

_ \/§mflz/2 E12

N(E) —

(IL5)

Quantum dots

For a zero dimensional system (QD), the confinement is along all three

dimensions and the DOS becomes a delta function. Fig. II.1 schematically shows
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Figure II.1: Schematic representation of density of states N(E) for an ideal a)

Bulk-semiconductor B)Thin film ¢) Quantum wire d) Quantum dot [1]

the modifications in the DOS as a function of dimension.

II.B Particle-in-a-spherical potential model

Three-dimensional quantum confinement in CdSe nanocrystal can be
treated as a quantum mechanical problem of particle-in-a-spherical potential. This
simple model has been improved during last two decades by the addition of ap-
propriate terms to the Hamiltonian. These additional terms contributing to the
Hamiltonian originating from realistic situations like electron-hole Coulomb inter-
action, mixing of hole states, splitting of the states due to exchange-interaction,
etc. To calculate the energy level of NC’s, one can begin with a very simple model:

the particle-in-a-sphere model. In general, this model considers an arbitrary par-
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ticle of mass myg in a spherical potential well V" (r)

5V 4+ V(P)U(T) = BU(T) (1L6)

We chooseV (7 )=V (r) centro symmetric and given by

Vo m>a

Vi) = { Vor=a (IL7)

for NC’s of radius a.
The radial Schrodinger equations in spherical coordinates for the [ = 0

ground state are

d2Rd(T) i 2 de(T’)

2 _
dr? r dr + ki Ra(r) = 0,7 <a (IL.8)
d2Rd(T) 2 de(’/’) 2
dr2 + ; dr - kouth(r) = 07 r>a (119)
with k2, = 2—”F":TE and k2, = %E%VO"

where m* stands for the electron or hole effective mass. The ground state
wave function may be expressed as spherical Bessel functions of first and third

kind of zeroth order

. ]{;m’r‘ — sin(kmr) 7 r < CL’
Ra(r { Jolknr) = T,y (I1.10)
h

0 (Fouir) = — =2t > g,
The proper matching conditions for the two branches of R4(r)are obtained

by imposing the continuity of the logarithmic derivative at the well edge weighted

for the particle masses

1 de(T)
m*Ry(r) dr

. 1 de(’/’)
_ moR4(r) dr (IL11)

r—a r—at
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This is done in order to preserve the current probability density at the
semiconductor-matrix interface. By substituting
mokZ,a® + m*kZ,a? = 8% and + = 2%2“—2
in the equation above and after some rearrangements the energy eigen-

values F, and F), are obtained solving for x from the equation

zceot(z) =1— (Z;) — \/(Z;LZ) (% — x2> (I1.12)

where z = k;,a.

The Schrodinger equation is solved yielding wave functions

(ki)Y (6, 0)

r

By 11,0, ) = C (11.13)

Where C is a normalization constant, Y;™(6, ¢) is a spherical harmonic,

Ji(ky,r) is the [th-order spherical Bessel function, and
k= —* (I1.14)

21.2 2 2
_RPEZ, R,

2my 2moa

)

(IL.15)

Due to the symmetry of the problem, the eigenfuctions are simple atomic-
like orbitals which can be labeled by the quantum numbers n (1, 2, 3...), I(s, p,
d,...), and m. The energies are identical to the kinetic energy of the free particle,
except that the energy is proportional to 1/a? and, therefore, is strongly dependent
on the size of the sphere.

At first glance, this model may not seem useful for the nanocrystal prob-
lem. The above particle is confined to an empty sphere, whereas the nanocrystal
is filled with semiconductor atoms. However, by a series of approximations, the
nanocrystal problem can be reduced to the particle-in-a-sphere form. The pho-
toexcited carriers (electrons and holes) may then be treated as particles inside a

sphere of constant potential.
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First, the bulk conduction and valence bands are approximated by simple
isotropic bands within the effective mass approximation. According to Bloch’s

theorem, the electronic wave functions in a bulk crystal can be written as

U (T) = (7)) exp(i k 7) (I1.16)

where u,;, is a function with the periodicity of the crystal lattice and the
wave functions are labeled by the band index n and wave vector k. The energy
of these wave functions is typically described in a band diagram, a plot of E
versus k. Although band diagrams are in general quite complex and difficult to
calculate, in the effective mass approximation the bands are assumed to have simple
parabolic forms near extrema in the band diagram. For example, because CdSe is a
direct-gap semiconductor, both the valence-band maximum and conduction-band
minimum occur at k = 0. In the effective mass approximation, the energy of the

conduction (n=c) and valence (n=v) bands are approximated as

Ef =L LB

2Mers (IL.17)
L = 2ij2

eff
Respectively, where E is the semiconductor bandgap and the energies are

relative to the top of the valence band. In this approximation, the carriers behave
as free particles with an effective mass, mg,,. Graphically, the effective mass
accounts for the curvature of the conduction and valence bands at k = 0. Physically,
the effective mass attempts to incorporate the complicated periodic potential felt
by the carrier in the lattice. This approximation allows the semiconductor atoms
in the lattice to be completely ignored and the electron and hole to be treated as
if they were free particles, but with a different mass.

However, to utilize the effective mass approximation in the nanocrystal
problem, the crystallites must be treated as a bulk sample. In other words, we
assume that the single-particle (electron or hole) wave function can be written in

terms of Bloch functions and that the concept of an effective mass still has meaning
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in a small quantum dot. If this is reasonable, we can utilize the parabolic bands
to determine the electron levels in the nanocrystal. This approximation, some-
times called the envelope function approximation, is valid when the nanocrystal
diameter is much larger than the lattice constant of the material. In this case, the
single-particle (sp) wave function can be written as a linear combination of Bloch

functions:

U (7)) =S Copttni(7) exp(i & 7) (IL.18)

Where C,,; are expansion coefficients which ensure that the sum satisfies
the spherical boundary condition of the nanocrystal. If we further assume that the

functions u,; have a weak k dependence, then equation can be rewritten as

Vipl(7) = e 7) 2 o exp(i & 7) = tno(T) fp () (IL19)

where f;,(7) is the single-particle envelope function. Because the peri-
odic function u, can be determined within the tight-binding approximation [or
linear combination of atomic orbitals approximation| as a sum of atomic wave

functions,

Uno(T) = Z Cron(T — T73) (I1.20)

where the sum is over lattice sites and n represents the conduction band
or valence band for the electron or hole, respectively, the nanocrystal problem is
reduced to determining the envelope functions for the singe-particle wave functions,
fsp(7T). Fortunately, this is exactly the problem that is addressed by the particle-
in-a-sphere model. Foir spherically shaped naocrystals with potential barrier that
can be approximated as infinitely high, the envelope functions of the carriers are
given by the particle-in-a-sphere solutions. Therefore, each of the electron and hole
levels depicted can be described by an atomic-like orbital that is confined within

the nanocrystal (1S, 1P, 1D, 2S, etc.). The energy of these levels is described by
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C

Eq. (I1.17), with the free particle mass mg replaced by mgy;.
The Coulomb interaction between electron and hole is treated in the frame

of first-order perturbation theory, thus obtaining

e2

47r€o€(ﬁ)|’f’_e>—ﬁ|

E._ ;= <1se, 1sy, 1s,, 1sh>

e2 a a
= _47“3)5(%) fO R?l(rh)rgzdrh fO R?l(re)rgdre

(IL.21)

The integral is calculated only inside the cluster volume since the contri-
bution of the outer voulume has been shown to be two or three orders of magnitude
smaller than the inner one. A size dependent dielectric constant, developed orig-
inally by Hanken and then readapted to treat Coulomb perturbation in NC’s, is

used

(I1.22)

1 1 [ 1 1} [1 B eXp(—r_o/pe)ﬂ;eXp(—r_o/ph)

Here 75 is the mean electron-hole distance, ¢y and ¢, are the static and

optical dielectric constants and p.j are given as

h 1
=(— /2 11.23
Peh (2m:7tho) ( )

where wro is the LO phonon frequency. Finally the band gap Ey(a) for
a cluster with radius a and its variation AE,(a) with respect to the bulk value are

calculated as

E,(a) = Ec(a) + Ex(a) + Ec_p(a) + E,(bulk) (I1.24)

AE,(a) = E.(a) + Ey(a) + E._p(a) (I1.25)
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So far, this treatment has completely ignored the Coulombic attraction
between the electron and the hole, which leads to excitions in the bulk material. Of
course, the Coulombic attraction still exists in the nanocrystal. However, how it
is included depends on the confinement regime. In the strong confinement regime,
another approximation, the strong confinement approximation, is used to treat this
term. According to Eq. (II.15), the confinement energy of each carrier scales as
1/a®. The Coulomb interaction scales as 1/a. In sufficiently small crystallites, the
quadratic confinement term dominates. Thus, in the strong confinement regime,
the electron and hole can be treated independently and each is described as a
particle in a sphere. The Coulomb term may then be added as a first-order energy
correction, E,. Therefore, using Eqs(I1.15), (II.17), and (I1.21), the electron-hole

pair (ehp) states in nanocrystals are written as

\Ilesp(r_ga m) = \Ile(?)\llh(?) = ucfe(ﬁ)“vfh(ﬁ)

_ O e reter VL 00) jL,L(knh,L,Lrh)th(e,go)> (I1.26)
¢ Te v Th
with energies
h20é2 2 2
Eap(mnLyneLy) = By + ot { Pl | Prole b p (1 97)
P g 2a2 mY me
eff eff

The states are labeled by the quantum numbers nj,Lyn.L.. For example,
the lowest-pair state is written as 15,1S,. For pair states with the electron in the
18, level, the first-order Coulomb correction, E., is 1.8e%ca, where ¢ is the dielectric
constant of the semiconductor. Equation I1.26 and I1.27 are usually referred to as
the particle-in-a-sphere solutions to the nanocrystal spectrum.

CdSe is a II-VI semiconductor. Even in the nano regime, the physical
size of a CdSe QD is much larger than the lattice constants (a = 0.4299 nm, ¢ =
0.701 nm) [9]. Therefore, it is possible to assume the same crystalline structure
as for the bulk material. At the same time nanocrystals open the opportunity

to study ‘size induced quantization effects’. Because of the close correlation with
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the bulk crystal structure, the description of nanocrystals can be developed from
bulk solid state physics and quantum mechanics. The quantum size effect can be
explained qualitatively by considering a particle-in-a-box like situation where the
energy separation between the levels increases as the dimensions of the box are
reduced. Thus one can observe an increase in the band gap of the semiconductor
while decreasing the particle size. Quantitative theoretical approaches have been
employed during the last two decades. For example, effective mass approximations

(EMA) [10, 11] and empirical tight-binding methods (ETBM) [12].

II.C Optical transition probabilities and dipole
moment

The probability to make an optical transition from the ground state, |0>,

to a particular electron-hole pair state is given by the dipole matrix element

P= (7 03] 0

(I1.28)

Where € is the polarization vector of the light and p is the momentum
operator. In the strong confinement regime, where the carriers are treated inde-
pendently, the equation above is commonly rewritten in terms of the single-particle

states:

P=|(r.

’2

e p| W) (11.29)

Because the envelope functions are slowly varying in terms of 77, the
operator pacts only on the unit cell portion (u,;) of the wave function. The

equation is further simplified to

P = |(u.|€ o Bl w)* [{fe | fu)|" (I.30)

In the particle-in-a-sphere model, this yields
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P =[(u.| o P| w)l*n.n,0L..L, (IL31)

Due to the orthonormality of the envelope functions. Therefore, simple
selection rules (An =0 and AL = 0) are obtained.
! £
o m,
and

€= S TOT

€d
1+(woT)
Where e, is the high frequency limit of the dielectric constant of the
spheres plus the static dielectric constant of the solvent and w is the angular

frequency. The dipole contribution, ¢4, and the rotation relaxation time, 7, are

given by
4rnp?
= I1.32
T kT (11.32)
and
4mrna’
= IT.
T T (I1.33)

where n is the concentration of the dipole spheres, y is the screened dipole
moment, 7 is the viscosity of the solvent, and a is the hydrodynamic radius.
Colloidal NC’s of CdSe exhibit large dipole moments (41-98 D) and lin-

early dependent on the radius of the semiconductor core [13].

II.D Tunneling transport and diffusion in weakly
coupled quantum dot ensembles

The asymmetric broadening together with the shift of the PL peak to-
wards higher energies are first indications for the formation of extended states in

the QDMs due to tunnel coupling. Tunnel coupling of the QD ground states cre-
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ates extended states with a distinct energy separation determined by the coupling
strength.

Especially for heavy holes, the quantum-mechanical coupling between
adjacent QDs may be weak, while charge capture is from a wetting layer that
acts as a thermal reservoir. We consider only the case when charge being initially
captured by a QD with subsequent jumps to adjacent QDs. A continuity equation

can then be written to describe the hole density, given by

ml(T.8) _ T | g4 Dy (2 )Win(P. )~ Ploa(7
ox q Tsp

where ny (7 ,t) is the hole (electron) density in a QD at 77,
an external source, D is the hole diffusion rate, 7y, is the spontaneous lifetime
of an electron-hole pair confined in the same QD, P[n.(7,t)] is the probability
that a QD that contains a hole also contains an electron, andr,, is a nonradiative
lifetime. The position 77, takes discrete values at each QD with differentials taken
as spatial separations between QDs. Charge neutrality is not assumed in each QD,
but is assumed for the average carrier densities. At low excitation the QDs are
nearly empty. In the absence of selective electron and hole capture by the same
QD, the recombination rate becomes limited by 7,,., which may exceed tens of
nanoseconds. Therefore, even small tunneling rates, such as expected for heavy
holes, may lead to modification of the ensemble spectra at low bias.

A charge’s wave function is localized to a QD through superposition of
energy eigenmodes that constructively interfere to give an amplitude only within
that QD. For weak coupling we ignore the influence of nearest neighbors in calcu-
lating the jump probability between two adjacent QDs. The assumption of weak
coupling requires including only the first two energy eigenstates of the two QD sys-
tems. We label the QDs as QD1 and QD2, and use the orthogonal wave-functions
1 (7) and ¥o(7T) to represent the charge localized to the respective QD.

The two lowest-energy eigenstates used to construct 11 (7) and 1o(7) are
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taken as 1. (7) and 1),(7), which have eigenfrequencies of w, and w,, respectively,
with Aw = w, — w,. For symmetrical QDs, ¥.(7) and ¢,(7) are the even and
odd wave functions.

Taking 11 (7) for the larger of asymmetric QDs, its overlap is higher for
1. (7) with a thermal probability of existence given by

(1/2)eMEVEED + | (e | 1) |* sinh[hAw)/(4KT)]
cosh[hAw)/(4KT)]

Py, = (I1.35)

where 7 is the Planck constant and KT is the thermal energy. For 1)o(7),

the thermal probability is

(1/2)e” MAVEED) + | (i, | 1) P sinh[hAw) /(AKT))]

Py, = cosh[hAw)/(4KT)]

(11.36)

For hAw >> KT only the even state ¢ (7 ) has a significant probability
of being occupied, but for large asymmetry in QD sizes we also have | (¢, | ¥1)| — 1.
Therefore, low temperature favors trapping in the largest QDs despite the presence
of quantum-mechanical coupling.

Assuming that the charge is initially localized to QD1, the probability of
finding the charge later in QD2 is due to the free evolution of the time-dependent
wave function, but with evolution interrupted by phase breaking. The wave func-

tion is given by

Y(T, 1) = e @t/ 2fleog( Awt /2)+ K sin(Awt /2)] (T)+ Ko sin(Awt /2) 1, (7))}

(I1.37)
where the coefficients are given by |K5| = /1 + | K;|* and
Kl — Z~<¢e | ¢1> <¢o | %) + <we | ¢2> <¢o | ¢1> (1138)

<we | ¢1> <wo | ¢2> - <¢e | %) <¢o | ¢1>

Equation (I1.37) describes the coherent oscillation of the wave function

from QD1 to QD2 and back again, with the oscillation frequency of Aw. However,
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only for the case of symmetrical QDs will the wave function attain an equal ampli-
tude for occupation of either QD1 or QD2 during an oscillation cycle. Increasing
asymmetry increases the oscillation frequency while the maximum amplitude for
occupation in the adjacent well decreases. With the charge in QD1 at t=0 and in
the absence of scattering, the probability of finding the charge At later in QD2 is
|G| sin? (AwAt/2).

For weakly coupled QDs the oscillation frequency for the coherent charge
transfer can be much slower than other relevant time scales. Dephasing of the
wave function due to reservoir coupling is known to reduce the tunneling rate
at resonance and lead to sequential tunneling and charge localization. Measure-
ments for one-dimensional AlGaAs/GaAs mesoscopic wires place the dephasing
time as 7,~ 10 ps at low temperature, and there is some evidence to suggest

' Averaging

that it is longer for QDs. For weak coupling we assume Aw < 7,
At over an exponential distribution with a characteristic time constant of 7, as
|I|* Aw?/[2(Aw? + 7,%)]. From this jump probability, a diffusion coefficient due

to tunneling is given by

DS K| A
- dngp TH(Aw? +7'¢_2)

(11.39)

where ngp is the local QD density, and £ is on the order of unity and set

by the positions of nearest neighbors.
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Characterization of the CdSe/ZnS

nanocrystals

IIT.A Photoluminescence measurement

In a quasi zero-dimensional structure like NCs and QDs, the physical size
is small enough such that its electronic states begin to resemble those of an atom
or molecule. Photoluminescence (PL) measurements are the basic tool that allow
for the investigation of discrete energy levels of such nano particles. A photon
of appropriate wavelength excites an electron from the valence band (VB) to the
conduction band (CB) and creates an exciton. Bandedge excitation promotes the
electron and hole directly into the discrete levels while high frequency photons
excite the carriers to the continuum (solid upward arrow). At low excitation in-
tensities the excited charge carriers relax nonradiatively through many discrete
excited states to the bandedge states. Such intraband relaxation of electrons and
holes are monitored with femtosecond time-resolved pump-probe measurements
[14]. For electrons, this relaxation process is on a time scale of a few hundred
femtoseconds and that for holes is a few picoseconds. However, for bulk II-VI
semiconductors, intraband relaxation rates are very fast due to efficient coupling

of the dynamics of the charge carriers to the lattice as well as due to diffusion to

23
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defect states. High nonradiative relaxation rates are observed in the case of bulk
materials because of a high density of electron and phonon states [15]. Interband
carrier relaxation from the bandedge states of a QD depends on the rates of three
competing processes: Radiative recombination (i), Nonradiative recombination (ii)
and Trap processes (iii).

(i) Radiative recombination

Radiative recombination of an electron-hole pair emits photon. PL mea-
surements are the basic tool to elucidate information carried by the emitted pho-
tons. In PL spectroscopy, radiation intensity versus wavelength of the emitted
photons is registered. PL spectrum provides information on the energy levels of
the QDs.

(ii) Nonradiative recombination

The most significant nonradiative relaxation processes of excitons in semi-
conductor QDs are the interaction with phonons and the Auger process [16].
Exciton-phonon interaction in NCs is of great importance. This controls the en-
ergy relaxation and intrinsic dephasing processes [17]. As a result, the absorption
and emission linewidths and the luminescence Stokes shifts depend on the strength
of the exciton-phonon interaction. For a CdSe QD with a diameter of 2 nm, the
energy separation between first and second excited state is nearly 200 meV. The
longitudinal optical phonon energy, Ero, is 26 meV [18]. Since the dispersion
curve of optical phonons is nearly independent of the wave vector and the absence
of intermediate states between the adjacent excited states, the relaxation between
excited states in NCs by the emission of multiple LO-phonons is inhibited by the
‘phonon bottleneck’. However, multiple emissions of acoustic phonons appear to be
the main relaxation mechanism. Homogeneous spectral line-shapes are determined
at high temperatures by dynamic processes which destroy the phase coherence of
the excited state. Details of the exciton-phonon interaction can be obtained from
resonant Raman scattering experiments [19].

Auger processes are very efficient in QDs than in bulk materials. This is
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because, in QDs, with a radius smaller than exciton Bohr radius ag, multiple exci-
tons can be occupied by a volume which is smaller than excitonic volume V ~ ap3.
This is possible because of strong carrier confinement which increases the overlap
between carrier wavefunctions and enhances Coulombic interactions. Not only
that, because of the restrictions imposed by energy and momentum conservation,
such multiparticle Auger transitions are relatively inefficient in bulk semiconduc-
tors. However, this is considerably enhanced in QDs, because of the breakdown
in translation symmetry which leads to a relaxation in momentum conservation
[20]. A QD may carry two electron-hole pairs within the lifetime of the excited
state. Energy of one of the pairs is transferred to the remaining electron (hole).
Thus in the case of Auger relaxation of a biexciton in a neutral QD, the excited
carrier is still confined in the QD. Auger relaxation can also cause charging of
a QD, generally known as Autoionization. Due to the high density of states far
from the bandedge, creation of a second electron-hole pair become possible even
in an ionized QD. The electron-hole pair couples to the remaining charge carrier
resulting in very fast non-radiative decays which is much faster than the radiative
lifetime [21]. Due to these processes a charged QD appears as a dark QD.

(iii) Trap processes

A trap can be considered as a localized electronic state which captures
charge carriers. Unlike the band levels that extend throughout the whole crys-
tal, the trap levels exist only in relatively small regions of space around the trap
potential. If the state is highly localized so that an electron bound to the trap
potential has a wavefunction that extends only as far as the nearest neighbors,
the uncertainty in location is small. Such a trap potential is known as deep trap.
The energy level for a deep trap in an E vs k diagram, therefore, extends over a
wide range of k values. For shallow traps, the uncertainty in location is large, and
therefore the corresponding uncertainty in momentum is small. There are several
reasons for the origin of such localized trap potentials.

(a) Imperfections: There are in general, three types of imperfections.
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Point imperfections due to missing or misplaced atoms that belong to the crystal
(usually called defects), point imperfections due to foreign atoms that do not belong
to the crystal (usually called impurities), and large structural imperfections such
as imperfection complexes, dislocation or grain boundaries [22].

(b) Surface-related states: The high surface-to-volume ratio of NCs sug-
gests that the surface properties should have significant role on their optical prop-
erties. Surface-related states are energetically positioned within the band gap of
QDs [23]. These surface traps are associated with surface reconstruction in the
atomic positions, stoichiometric defects (Cd24, Zn2+, Se2- and S2- vacancies in
the case of CdSe/ZnS QDs), dangling bonds, external atoms (like oxygen) associ-
ated with contamination or chemical /physical changes in the exposed surface and
interfacial defects due to lattice mismatch [24].

(c) Self-trapped states:

The carriers are most likely trapped in the states localized at the QD-
matrix interface [25, 26] or outside the QD in the surrounding matrix [27]. The self-
trapped states are significant when trapping of carriers in the surrounding matrix,
for example polymers, occur. Charges injected into polymers induce localized
acceptor states. These acceptor states are characterized by atomic and electronic
relaxations of the molecular moiety on which the charge is localized and of the
polymer matrix surrounding the charge. These kinds of energetically relaxed states
are not the intrinsic states of a neutral polymer. A charge inside a dielectric matrix
produces a polarization in the dielectric as a consequence of its Coulomb field. In
turn, the polarized surroundings will produce a reaction field at the location of the
charge. The interaction of the charge with this reaction field stabilizes the charge
in the dielectric matrix. This is known as self-trapping. The crucial parameters
describing the process of localization and trapping is the relation between the
spatial overlap of the electron/hole wavefunction with that of trap potential as
well as the depth of local potential fluctuations. The trapping process decreases

overlap of electron-hole wavefunction and therefore increases the recombination
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time. In QDs the most likely trap process is the capture of an electron or hole by
a local potential in the interface region or in the surrounding matrix. However, in
QDs the interface related trap processes modifies the electronic properties much
more than an impurity in the bulk semiconductor usually does. Trapping not only
changes the recombination process, but can also cause lattice distortion, alternate
the potential barrier, or active chemical reaction. After the trap process of optically
excited electron or hole, the QD can be considered a completely changed new
object. Radiative relaxation from the trap states to the ground state of a QD
is registered as red-shifted trap luminescence with respect to bandedge emission.
During the course of photoluminescence cycles (repeated laser excitation, exciton
formation and radiative recombination), the QD turns “dark” when an electron
or hole (most probably electron due to extended wavefunction of the electron into
the matrix where the QDs are embedded [28]) from the exciton localizes (or traps)
near the surface of the QD leaving a delocalized charge carrier inside the QD. The
energy transfer from the exciton to the delocalized charge carrier and subsequent
nonradiative relaxation of the charge carrier (250 fs - 3 ps) [29] is much faster
than the radiative lifetime of the exciton (~ 20 ns). Therefore, a QD with a
delocalized charge carrier is a “dark” QD. The “dark” QD can turn to a “bright”
QD [30] when: (i) The delocalized charge within the QD is also get localized at the
interface between core and shell. Localization causes discretization of the energy
levels and reduces the spatial overlap between exciton wavefunction and the lone
charge carrier and therefore the energy transfer as well. However, decoration of
the charges at the QD surface or at the close vicinity creates a surface dipole
which modifies the local electric field. This causes Stark shift in the emission
frequency. Diffusion of the charges between the trap sites create time dependent
dipole followed by a time dependent emission frequency. (ii) The charge localized
in the trap relaxes back into the QD core and recombining with the delocalized
charge within the QD. The emission frequency will be same as that of a neutral

particle after the dark period provided the localization and recapture of the charges
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does not induce any dipole in the close vicinity of the particle. As the size of
the QD decreases, the competition between radiative recombination and trapping
process increases. Portion of the atoms which are influenced by surface defects, is
drastically increasing with decreasing size. At the same time increased overlap of

electron-hole wave function in small QDs enhances radiative recombination.

III.B Single nano-object spectroscopy

In less than 20 years, single nano-object spectroscopy has evolved from
a specialized variety of optical spectroscopy at low temperatures into a versatile
tool used to address a broad range of questions in physics, chemistry, biology, and
material science. It started in 1989 with the experiments of Kador and Moerner
[31], who detected the absorption signal of an individual dye molecule embedded
in a solid matrix at liquid helium temperatures. Soon after that, Orrit et al.[32] in-
troduced single-molecule spectroscopy by means of fluorescence excitation, a more
straightforward technique that yielded better signal-to-noise ratios than the ab-
sorption method did. A few years later, Wild and coworkers demonstrated the
feasibility of near-field single-molecule microscopy at low temperatures [33], which
can isolate the chromophores spatially in a suitably diluted sample. This opti-
cal method provides access to the absorption, emission, or excitation spectra of
single nano-objects and can determine either the positions of these objects with
less than A\/2 accuracy or the full three-dimensional orientation of their transition
dipole moments. Recent work aims at using single molecules as nanoparts or na-
noelements in a variety of molecular-scale devices, from triggered sources of single
photons to single-molecular switches. The combination of microscopy with time-
and frequency-resolved spectroscopy is opening a wide field of new and exciting
applications to individual nano-objects.

Room-temperature investigations of individual chromophores were first

conducted by Betzig and coworkers [34], who used near-field optics to achieve
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subdiffraction-limit excitation volumes, thus reducing the background noise. Prior
investigations of fluorophores diffusing in solution [35] already suggested that de-
tecting immobilized single fluorophores by far-field confocal microscopy should be
possible. This was first realized by Trautman et al.[36] and Xie and coworkers. [37]
Since then, far-field microscopy of individual fluorophores has become an important
technique in many fields of science. The evolution of nanotechnology started with
the invention of scanning tunneling microscopy (STM) and atomic force microscopy
(AFM) in the 1980’s. These scanning probe microscopic (SPM) techniques could
not only provide insight into the structure and dynamics at nanometer scale but
also image and manipulate single atoms and molecules. Besides SPM, single chro-
mophore sensitivity can also be reached by far-field optical method known as single
chromophore detection (SCD). Here, microscopic approach is combined with spec-
troscopic techniques [38]. The study of single nano-objects (molecules, NCs, metal
colloids etc.) is a modern tool for optical diagnosis. The major limitation in sin-
gle chromophore detection at RT results from limited number of photons emitted
by the single nano-object. However, the invention of highly sensitive detectors
like avalanche photodiode (APD) and intensified charge coupled device (I-CCD)
promoted the detection limit down to a single chromophore level with advanced
optical detection techniques like confocal and wide field optical video microscopy.
This can be achieved by diluting the chromophore in the order of nano molar con-
centration in a non-absorbing medium and selecting a single molecule or single QD
in an optical near field or a diffraction-limited spot. The disadvantage of conven-
tional spectroscopy is the loss of spectral details due to ensemble averaging effects.
However, single chromophore spectroscopy has been successful in revealing many
new phenomena which are obscured in ensemble measurements. In addition to
spatial resolution, single chromophore spectroscopy also provides temporal infor-
mation on a single chromophore level such as fluorescence lifetime, non-radiative
relaxation, intersystem crossing rates, evolution of excited- and trapped-state pop-

ulation. Direct observation of single enzyme reactions [39] is promoted by detection
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and spectroscopy on a single molecule level. Even optical access to molecules [40)]
is possible with SCD.

Commonly adopted optical far field techniques for the detection of single
NCs are wide-field video microscopy and confocal microscopy. The advantage of
wide-field video microscopy over confocal microscopy is the parallel detection of
many QDs. This reduces the temporal fluctuations of the experimental parameters

(e.g., intensity of the excitation laser, ambient conditions etc.)



IV

PMMA nanocrystals composites
fabricated via use of

pre-polymerization

IV.A Introduction

Utilizing nanoscale quantum confinement of semiconductor materials in
1-D (quantum wells), 2-D (quantum wires), and 3-D (quantum dots) spaces is one
of the most promising approaches to enhance and engineer linear and nonlinear
properties of optical and optoelectronic materials. Since the first quantum dots
were made by use of the etched quantum well by Reed [41], various methods of
fabricating semiconductor QDs have been investigated. Self-organized growth of
QDs has been widely used to make electronic and optoelectronic devices from the
epitaxial structure to the random arrangement of islets by means of the Stranski-
Krastanow transition [42]. These types of structures rely on complicated process-
ing and high cost with metal-organic chemical vapor deposition (MOCVD) and
molecular beam epitaxy (MBE) facilities.

Recently, semiconductor NCs fabricated in colloidal solution via synthetic

routes have been shown to be promising alternative fabrication method of QDs
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[43, 44, 45]. The benefits for NCs over self-assembled QDs is that NCs can be
incorporated into a variety of polymers as well as thin films of bulk semiconduc-
tors. They can also be manipulated into close packed glassy thin films, ordered
three-dimensional superlattices (colloidal crystals), or linked to form NC molecules.
Exceptional flexibility and structural control distinguish nanocrystallite QDs from
the more traditional QD structures fabricated using epitaxial growth techniques.
In addition, they facilitate the study of some potentially novel QD physics, which
may be difficult or inaccessible with epitaxially grown dots.

One of the approaches uses incorporation of NCs into polymer thin films
and has shown a great promise [46, 47]. However, the incorporation of NCs into
thick bulk polymer matrix has remained challenging. A large number of compli-
cated synthesis techniques have been investigated to prevent aggregation of NCs
during the polymerization process when NCs are dissolved in vinyl monomers and
processed to radical polymerization. These methods include: Gao et. al. [48] used
Pb methylacrylate to make PbS NCs, then polymerized the vinyl to form solid
polymer composite. Frog et. al. [49] incorporated NCs within a polymer contain-
ing phosphine donors attached to the polymer backbone to form polymerized NCs
composite film. Lee et. al. [50] used the same phosphine ligand covering NCs to
prevent the NCs from phase separating during polymerization to form solid com-
posite polymer. Zhang et. al [51] utilized the polymerizable surfactant to transfer
NCs to styrene solution and polymerized to solid polymer composite.

In this chapter, we describe a simple method of pre-polymerizing monomer
NC solution to prevent the NCs from separating away from the polymer matrix.
The pre-polymerized polymer could be cast into various molds to form solid-state
polymer-NC composites via a complete polymerization step. This approach could
be used for fabrication of various microstructures [52]. Moreover, its dilute solution
can also be used to form films by spin coating, which can be further lithographically

processed to construct nanostructures for realization of photonic devices [53].
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IV.B Incorporation of NCs into thick bulk poly-
mer matrix using pre-polymerization

Our process is based on radical polymerization of methyl methacrylate
(MMA). Under vigorous stirring, a quantity of nanoparticle colloidal solution of
620 nm CdSe/ZnS core shell tri-n-octylphophine oxide (TOPO) capped quantum
dots in toluene (Evident Technologies) is slowly added into the distilled MMA
with a concentration of radical initiator azobisisobutyronitrile (AIBN) of 0.1% in
weight. The MMA QD solution was heated in a thermostatic water bath at about
90°C' for 20 min. To get the suitable viscosity, or prepolymerization, and then
poured into molds, which were put into an oven at 60°C' for postpolymerization.
Generally, the whole process in the oven is conducted for more than 20 hours.

It is commonly known that uniform dispersion of nanoparticles in the
final solid phase polymer-QD composites is hampered by separation and cluster
aggregation within the matrix. To minimize these effects, ligand and other sur-
factant were used to envelope the nanoparticles to prevent aggregation during the
polymerization of the monomers [48, 49, 50, 51]. In contrast, our method does
not use such surfactants, indicating that the NCs are only suspended in the MMA
monomers during polymerization step. The polymerization procedure of MMA to
its polymer form, or poly methyl methacrylate (PMMA), could influence the NC
distribution in the polymerized PMMA.

We conducted a comparison experiment on complete polymerization into
PMMA of the pre-polymerized and non-pre-polymerized MMA mixed with NCs.
In this experiment we prepared 4 ml of 0.6 mg/ml NC-MMA solution of 0.1% AIBN
which was spilt equally into two identical glass vials. One of the vials was placed
into thermostatic water bath at 90°C' for about 20 min. for pre-polymerization.
Later it was transferred into oven at 60°C' together with another vial containing
non-pre-polymerized NC MMA solution. The two samples were kept in the oven

for 20 hours.
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Figure IV.1: Originally NCs were suspended in liquid. After processing, they were
incorporated in PMMA solid matrix. The pre-polymerized polymer could be cast

into various molds to form solid-state polymer with various shape.

The appearance of the two solidified composite polymers was completely
different as shown in Fig. IV.2. For the prepolymerization, the color is uniform,
and there were no observable defects, as shown in Fig. IV.2(a) (right). The di-
rectly polymerized counterpart, however, exhibits severe non-uniformity, as shown
in Fig. IV.2(a) (left). From the close-up in Fig. IV.2(a), large bunches of clusters
can be observed, indicating the agglomeration of the NCs after direct polymeriza-
tion. That is why attempts to obtain such composites from radical polymerization
with the vinyl monomers showed limited success [50]. The sideview (the left part
of Fig. IV.2(b)) also shows non-uniformity of NCs distribution in the vertical di-
rection. In fact, the NCs have clustered (i.e., split) into two parts with almost no
NCs in the middle region of the sample.

The non-uniformity can be explained as follows: in general, the NCs
dissolve in MMA easier than in polymerized PMMA due to the difference in the
viscosity. Therefore, for direct polymerization process during 20 hours, when MMA
is polymerized to PMMA, the large molecular mass PMMA with enveloped NCs
sinks to the bottom of the container, whereas the non-polymerized MMA moves to-
wards the top. Furthermore, due to the higher solubility of NCs in non-polymerized
MMA, the non-wrapped NCs diffuse to the top MMA layer, leaving a gap in the
middle region. After the polymerization process is complete, the composite has a

non-uniform distribution of NCs in vertical direction as confirmed by our experi-
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Figure IV.2: a) For the prepolymerization, the color is uniform, as shown in the
right figure. The directly polymerized counterpart, however, exhibits severe non-
uniformity, as shown in the left figure. From the close-up , large bunches of clusters

can be observed.
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ments.

It is obvious that the aggregation of NCs needs adequate control for
most of the potential applications. In contrast, pre-polymerization of MMA-NC
solution, processed for a short time at a higher temperature, assures the rapid
polymerization of couples of MMA monomers to form oligomers, which envelopes
the NCs and prevents them from aggregation. Moreover, the great compatibility
of the oligomer in both MMA and polymerized PMMA assures that the capped
NCs will disperse uniformly during the post polymerization process. This also
explains the formation of the bottom section of the PMMA-NC composite in the
direct polymerization (Fig. IV.2(b) (left)), in which the partially formed oligomers
capping the NCs polymerize to PMMA-NC composite, coalesce and descend. It
should be mentioned that the capping ligand on the NCs, TOPO, plays an impor-
tant role in solubilizing the NCs in the MMA. Clear PMMA-NC composites have
also been produced with different sizes of CdSe/ZnS and PbSe colloidal NCs using
above procedure.

For characterization of NC properties in the PMMA-NC composites fab-
ricated using the pre-polymerization approach, we conducted experiments on ab-
sorption and photoluminescence (PL). An argon laser with wavelength of 488 nm
was used to pump for PL measurements, whereas L.S-1 broadband (Ocean Optics)
halogen lamp was used to measure the absorption spectrum. We used CVI DK480
monochromator and Hamamatsu H7421-50 (GaAs) photocounter to measure the
absorption as well as PL from the samples. First, for comparison purposes, the
spectra of NCs in toluene solution of concentration 2.5 mg/ml were measured as
shown in the Fig. IV.3(a). The first absorption peak of the CdSe/ZnS NCs is
612 nm, and its PL peak is at 625 nm with full width half maximum (FWHM) of
about 16 nm. Fig. IV.3(b) shows the absorption and PL spectra of PMMA-NC
composite in a slide-like shape with thickness of 1 mm produced by casting the
pre-polymerized MMA polymer (0.6 mg/ml) into a flat chamber made from glass
slides. Absorption spectrum of a 1 mm thick pure PMMA slide is also shown
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Figure IV.3: Absorption and PL spectra of NCs in (a) toluene solution and (b)
PMMA-NC composite, where the dash line shows the absorption spectrum of a 1
mm thick pure PMMA slide.

for comparison, demonstrating that pure PMMA material absorbs little light at
visible and near infrared regions. The PL peak of the solid PMMA-NC composite
matrix occurs at about 617 nm with FWHM of about 19 nm. The blue shift of the
PL peak seems to be in contradiction with Ref. [50], where a PL peak of 625 nm
in toluene shifted approximately 17 nm to longer wavelength when incorporated
into the composite matrix. The red shift of Ref. [50] was interpreted as due to
light reabsorption by the larger NCs in the distribution as the emitted light from
the smaller NCs travels along the composite rod. Because of different synthesis
of colloidal NCs, a direct comparison between these two procedures cannot be
conducted.

From Fig. IV.3(b), we observe that the first absorption peak of PMMA-
NC composite sample occurs at about 602 nm, showing a shift to shorter wave-
length (blue shift) by about 10 nm as compared to the absorption maximum of 612
nm measured for NCs in toluene. Blue shift in the PL and absorption spectra had
been reported for different kinds of quantum dots when exposed in air (oxygen)
[54, 55, 56], even was utilized for patterning [57]. For our case, the blue shift could
not be attributed to the oxidation of the NCs surface. Detail analysis will be pro-

vided in the next chapter. Our method of preparing PMMA-NC composites could
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Figure IV.4: NCs in PMMA gratings

be used not only to achieve NC polymer displays [46] and precisely duplicated
microstructures [52], but also be used for direct writing electron beam lithography
to make nanostructures and other nanoscale patterned polymer-NC structures by
exploiting the nature of sensitivity of PMMA to an electron beam. This fabrication
approach may be very attractive for numerous applications of NCs composites for
photonics and optoelectronics.

For the proof-of-concept experiment the prepolymerized PMMA-NC com-
posite was dissolved in MMA and then spin coated on a SiO, substrate. After the
soft baking step, the PMMA-NC layer was patterned by E-beam lithography in a
modified SEM (JEOL JSM-6400), followed by development in solution of methyl
isobutyl ketone (MIBK) and isopropyl alcohol (IPA) of MIBK:IPA=1:2.

Fig. IV.4 shows an SEM photograph of a structure with 1.5 um period
and feature sizes of 200 and 300 nm. Different from the photoactivation of NCs
for large structure patterning [57], and selfassembly for small structure [56], the
grating structure shown in Fig. IV.4 demonstrates that our PMMA-NC composite
is a good E-beam sensitive material for patterning nanostructures. Although its
organic matrix is not as environmentally stable as semiconductor QDs structure
fabricated via MBE and MOCVD techniques, its flexibility and compatibility with
organic optoelectronics make it a very attractive candidate for many applications.

Use of PMMA-NC composite as a new electron beam writing material is being
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Figure IV.5: (a)SEM photograph of a PMMA-NC composite waveguide array on
a S10y /Si substrate. (b) Closeup of PMMA-NC composite waveguide (c) Image
of optical beam trace traveling along the waveguide. (d) Mode profile from the

waveguide output.
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Figure IV.6: Integrated PL spectra for NCs in PMMA-NC composite vs temper-

ature.

further investigated as a new ebeam resist as well as a new patterned optoelectronic

material (see Fig IV.5).

IV.C Low temperature measurement

Low temperature PL measurement was conducted in the Janis CCS-150
closed cycle refrigerator (CCR) systems, in which the sample was put on a small
stage in the cryochamber. It can be cooled down to 10 K. We use LakeShore 331

temperature controller to adjust the temperature from 10 K to room temperature.

We measured the PL by changing the temperature slowly and steadily.
We found that the total PL signal increased slowly when temperature changed
from 10 K to 36 K (Fig. IV.6). But it changed with a factor of two when the
temperature increased from 36 K to 45 K. At 45 K, it reached the maximum.

After that it decreased and reduced as one forth at room temperature. The full
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Figure IV.7: Full width half maximum of PL spectra for NCs in PMMA-NC com-

posite vs temperature.

width half maximum of the PL (Fig. IV.7) has an inverted shape with the Fig.
IV.6. It has a minimum value around 45 K which is 14 nm. At 10 K the FWHM is
26 nm and at room temperature the FWHM is 32 nm. The physical explanation

for this phenomena is still unknown.

IV.D CdSe/ZnS NCs in negative photon resist
SU-8

IV.D.1 Introduction

The resist SU-8 has been used as an UV sensitive material in microelec-
tromechanical systems and in holographic lithography [58, 59]. It also has been
demonstrated to be an appropriate material for fabrication of polymer waveguides

and microring structures by using e-beam lithography [60], although its resolution



42

PL intensity (normalized)

620 640 660
Wavelength (nm)

820 600

Figure IV.8: The PL for SU-8-NCs compared with the PL for NCs in liquid

is inferior to PMMA. If a SU-8 NC composite can be achieved, the sensitivity of
the SU-8 material to electron beam and UV light will make it very easy to pro-
duce high-quality (less rough) NC composite single-mode-waveguide structures to
investigate the NC properties in waveguide structures.

Because of the incompatibility of SU-8 with toluene, which is the solvent
of the NC colloid, the NCs first must be transferred into a SU-8 compatible solvent,
such as hexane or propylene ether acetate, etc., then added into the SU-8 solution
very slowly with strong stirring. Precautions must be taken to prevent clustering
of the NCs. Compared with the aforementioned PMMA-NC composite, the NC
concentration in the SU-8-NC composite cannot be increased arbitrarily high due
to the lesser dispensability of NCs in the viscous SU-8-polymer solution.

SU-8-NC composite was prepared by spin coating the solution onto a
substrate followed by a soft bake in a 90°C' oven for 5 min. The PL in the SU-8-NC
composites was measured as shown in Fig. IV.8 with the same setup as PMMA-

NCs. The NCs used to make the SU-8 composite are from a different batch bought
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from the same company. Their central emission wavelength was slightly different
from the one used in making the PMMA-NC composite. However, the trend of the
PL after the solidification is the same. The PL blueshifts from 618 nm in liquid
SU-8 solution to 613.5 nm in SU-8 solid film. Similarly, the FWHM increases from

24 nm in solution to 27 nm after being dried.

IV.D.2 SU-8-NC composite waveguides

SU-8 is a chemically amplified negative UV and electron beam resist.
The acid generated during the exposure catalyzes the crosslinking at postexposure
bake (PEB) [58], which means that less exposure dosages are needed compared
to other resists. Fig. IV.9(a) shows a SEM image of an e-beam exposed SU-8
composite waveguide with a height of 3.5 ym and a width of 2.5 um in the upper
portion. Although a smooth sidewall was achieved, the waveguide does not have
a rectangular profile. The bottom portion of the waveguide extended to 6 um
due to the scattering of the electrons from the surface of the SiO; underlayer.
The conductivity could be improved by employing a conductive layer on the top
and even on the bottom of the SU-8 layer. In order to show the whole waveguide
structure, we used a microscope to take photographs as shown in Fig. IV.9(b) and
Fig. IV.9(c). Fig. IV.9(b) shows a microscopic photograph of a waveguidering
coupler with the ring diameter of about 200 pm. Fig. IV.9(c) is a waveguidedisk
coupler with the disk diameter of about 100 pm. Fig. 1V.9(d) is a guided mode
profile by imaging the waveguide output onto a near-infrared CCD camera (Merlin,
Indigo) through a 20X microscopic objective lens and a imaging lens while coupling
a 1.55 pum laser beam from a fiber to a L-shape SU-8 waveguide. The single mode
profile, as shown in Fig. IV.9(d), matches the design of the waveguide structure.

As we know, SU-8 resist is very sensitive to electron beams, usually
0.8 uC'/cm? is typical for a SU-8 waveguide writing followed by PEB on a hotplate
at 95°C for 1 min. However, for the SU-8-NC composite, the exposure needs to

be increased to over 2 uC/cm? for the same PEB processing as a result of the
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Figure IV.9: SU-8 composite structures by using e-beam lithography.
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influence of the NCs component in the SU-8 matrix.

Due to the limitation of the positioning stage in our SEM writing system,
the maximal writing area is about 3 x 3mm?2. For the larger area waveguide
structures, optical lithography is a good alternative, and dry etching is unnecessary.
After exposure through a mask, the SU-8-NC composite layer on the SiOy /Si
substrate was baked on a hotplate for the PEB step, developed in propylene glycol
methyl ether acetate. Fig. IV.10(a) shows the SEM photograph of the fabricated
waveguide with smooth sidewalls with width of 2.1 pum and height of 1.7 um
shown in the inset. Fig. IV.10(b) shows a spiral waveguide with a total length of
1 m and 4 mm internal diameter, and 8 mm external diameter, respectively. The
interval between the waveguides is 50 um. We observed the whole spiral waveguide
structure using a 0.7 X microscope, in which we had enough space to introduce a
UV light (364 nm from Ar+ laser) to illuminate the sample area to stimulate the
quantum dots. We can clearly see the photoluminescence from the emission of the
CdSe/ZnS quantum dots in the SU-8 composite waveguide. The two dark areas
on the spiral waveguide were due to the shade of the UV illumination. The large
bright spots in the spiral areas are the NC clusters in the composite, which can be
removed by filtering the SU-8-NC solution before spin coating. The inset in Fig.

IV.10(b) shows the uniform photoluminescence of the waveguides.

IV.E Infrared NCs in PMMA

Infrared PbSe NCs was incorporated in PMMA too. PL and absorption
were measured as shown in Fig. IV.11 and Fig. IV.12. The peak wavelength of
the PL shifts 134 nm from 1200 nm for the NCs in liquid to 1334 nm for those in
PMMA. The FWHM wavelength in both cases are about the same. In Fig. V.12,
absorption curves for PbSe PMMA-NCs in different post-processing temperature

are shown. The absorption of pure PMMA is plotted as a reference.
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(b)

Figure IV.10:  SU-8 composite structures by using KalSUSS mask aligner: (a)
SEM photographs of a straight waveguide and (b) microscopic images of a spiral

waveguide excited with a UV laser (364 nm).
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Figure IV.11: The PL of Infrared PbSe NCs in PMMA. The peak wavelength shifts
134 nm from 1200 nm in liquid to 1334 nm in PMMA. The FWHM wavelength in

both cases are about the same.
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Figure IV.12: Infrared NCs PbSe in PMMA absorption
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IV.F Discussions and conclusions

Generally, NC polymer film could be obtained by incorporating NCs into
solvent and polymer [61], however, non-uniform dispersion and the insolubility of
NCs in large mass molecule polymer would seriously affect its quality and limit
its use for application. Due to the compatibility of the MMA and the solvent of
the NCs, i.e., toluene, there is no limit to raise the concentration of our PMMA-
NC composite. The limit comes from the availability of the NCs concentration in
toluene. Devices made of NC composite, such as waveguides, can be fabricated
by use of optical lithography, followed by etching process [61]. However, directly
patterning the PMMA-NC composite with electron beam lithography allows for
precise control of the position of the NCs, and the shape of the NC nanostructure in
device fabrication such as photonic crystals, ring resonators, and other waveguide
devices [53, 62, 63]. In conclusion, we have presented a novel approach to fabricate
PMMA-NC composite using pre-polymerization of MMA and commercially avail-
able colloidal semiconductor NCs. The NCs were stabilized in the rapidly formed
oligomer matrices, and the complete polymerization of PMMA-NC composite was
performed by common post-processing. The absorption and the PL properties of
the PMMA-NC composite were measured and compared with the NCs in solution.
The blue shift of the emission peak in PMMA-NC composite as well as the blue
shift of the first absorption compared to that of NCs in solution is attributed to the
NC environment changes. Investigation of patterning PMMA-NC composite in the
electron beam lithography demonstrates promising application of our PMMA-NC
composite for patterning optoelectronic devices.

The text of chapter IV, in part, is a reprint of the material as it appears
in Yaoming Shen, Lin Pang, Kevin Tetz, Yeshaiahu Fainman “Characterization
of PMMA quantum dot composite fabricated by pre-polymerizing method” SPIE
(2004), where the dissertation author was the first author. Also in part, is a reprint

of the material as it appears in L. Pang, Y. Shen, K. Tetz, and Y. Fainman,
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“PMMA quantum dots composites fabricated via use of pre-polymerization,” Opt.
Expr., 13, 44-49 (2005), where the dissertation author was the second author. The

co-authors in this publication directed, supervised, and co-worked on the research

which forms the basis of this chapter.
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Photoluminescence spectral study

of single CdSe nanocrystals in

PMMA

V.A Introduction to the history of single NC

study

V.A.1 Definition of blinking (fluorescence intermittency)

of NCs

Blinking or fluorescence intermittency is a random switching between
an emitting and a non-emitting state under steady laser illumination. This is a
single molecule/particle effect which is not observable in ensemble measurements.
Therefore, blinking can be used as a confirmatory test to make sure that the probe
under investigation is in fact a single molecule/particle. It is found that blinking
is common to all single chromophores such as single dye molecules [64], fluorescent
proteins [65], single polymer segments [66], single nanocrystals like CdSe [67], single
quantum dots of different materials like InP [68] and Si [69].

50
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Blinking for nanocrystals

Bawendi Group in MIT is the first research group who report such phe-
nomena by continuously monitor the spectrum of single CdSe/ZnS NCs in 1996.
They reported that images of individual NCs taken with an integration time of
0.5 sec and at 10 K appeared to flicker on and off. They didn’t show a gradual
dimming but rather an “all on/all off” behavior. Some of them can stay “dark”

for as long as 10 min before resuming emission [67].

Blinking for self assembled QDs

Mitsusru Sugisaki etc. [70] measured individual self-assembled InP QDs
by far field imaging and single dot spectroscopy. They were using a metal-organic
vapor phase deposition system to grown self-assembled InP QDs sandwiched be-
tween two GalnP barriers on a Si doped GaAs substrate. They also observed that
some (QDs exhibited the blinking phenomenon, i.e., the PI intensity switches ran-

domly between a high efficiency state (referred to as “on”) and a very weak state

(“off”), while the PL from other QDs is stable.

Blinking for other material

On/off blinking and switching behavior has also been found in single
molecules of green fluorescent protein [65]. Single molecules immobilized in poly-
acrylamide gels were observed producing several seconds of fluorescence, then sev-
eral seconds without emission, followed by resumption of emission, repeating over
the course of many minutes during several minutes of illumination. The on-time
histograms were fitted by single exponentials. The dark-time histograms, however,
showed bi-exponential decays with a short decay time of 1 s and a long decay time

greater than several tens of seconds (limited by their 90 s data collection time).
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V.A.2 Telegraph noise

The emission intensity as a function of time, so called time trace resembles
a random telegraph signal (RTS). Such a random telegraph like PL signals were
first observed in the spectrum of single Ba+ ion contained in a radio frequency
trap [71]. The ion is emitting photons (on-state) until it is shelved into a long
lived state for about 30 s. Here the ion is out of resonance with the excitation
laser frequency. Therefore, it could neither absorb nor emit photons (off-state).

Relaxation back to the ground state restores the on-period.

V.A.3 Auger process

A nanocrystal can absorb two (or more) photons at a time (instead of
one), creating two (or more) electron-hole (e-h) pairs. The energy released after
recombination of one pair is transferred to a second exciton, which results in the
ejection of an electron into a long-life trap in the ZnS matrix. This is called Auger
process. The Auger process created a local electric field inside the nanocrystals,
which can change the internal electronic states. Therefore, during the off period
in which the nanocrystal is charged, the NC does not emit light even if it absorbs
a photon. Electron-hole pairs would recombine nonradiatively and transfer their

energy to the remaining carriers.

V.A.4 Power law

In contrast to exponential processes like intersystem crossing related pho-
ton bunching in single molecules, single CdSe NC follows an inverse power law
behavior over many decades in probability density and in time. Such a broad dis-
tribution of kinetics with rates varying over five orders of magnitude is common
to all studied NCs thus suggesting a universal process underlying the on/off fluo-
rescence intermittency. Experiments carried out by Schuster et al. [72] reported

similar power law blinking behavior for single dye molecules as well. Many kinetic
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Figure V.1: The micro PL experiment setup for single CdSe nanocrystals in PMMA

measurement.

models have been proposed to explain such a large dynamic range.

V.B Experiment purpose and set up

To understand the behavior of the NCs in PMMA it is important to
measure a single NC to avoid the average effect from the inhomogeneous broadening
of many NCs. We set up a micro-PL system to achieve this.

The sample was prepared by using the colloidal CdSe/ZnS core shell NCs
(from Evident Technologies). Single domain wurtzite NCs with average 5 nm in
diameter capped by a few-monolayer ZnS shell. The addition of a ZnS shell has
been shown to have a significant effect on the luminescence and can increase the
quantum yield to as high as 50 percent at room temperature. A PMMA layer
about 200 nm thick was spin coated on a quartz substrate followed by a spin

coat of extremely dilute solution of NCs in toluene, leading to CdSe/ZnS NCs
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Figure V.2: This is a typical image detected by the liquid Nitrogen cooled CCD
camera. Horizontal and vertical axes are the horizontal and the vertical pixels of
the CCD correspondingly. 7 axis is the intensity value read by the CCD, which is

shown in color as well.
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distributed in a PMMA matrix. The final concentration was chosen to produce an
area density of less than one dot per um? in order to allow individual NCs to be
spatially resolved using standard far-field optics.

For PL measurements, the sample was placed into a continuous flow cryo-
stat, and the temperature was kept constant at 7 K by controlling the flow of liquid
Helium. A diode pumped solid state laser operating at 532 nm was used for exci-
tation, with power densities typically between 1-20 kW /cm?, and was varied using
neutral density filters. The luminescence from the sample was collected through
an optical microscope objective (50x, numerical aperture 0.55) with a long work-
ing distance. The collected light was passed through a notch filter, dispersed in
a monochromator, and was detected using a liquid-nitrogen-cooled charge-coupled
device (CCD) camera. The spectral resolution of the setup was about 200 ueV.
Spectra from a single NC were monitored continuously with an integration time
that we varied between 500 ms and 30 s depending on the excitation power density
and NC brightness.

Fig. V.2 is a typical image detected by the liquid Nitrogen cooled CCD
camera. Horizontal and vertical axes are the horizontal and the vertical pixels of
the CCD correspondingly. 7 axis is the intensity value read by the CCD. It is
shown in color as well. Horizontal pixels represent the wavelength or energy of the
spectrum, vertical pixels represent the real position. There are at least four NCs
in different vertical positions in the graph. So we can say there are at least four

NCs in the image.

V.C Experiment results

V.C.1 Spectral diffusion

Spectral diffusion, especially random switching between discrete levels,
has been observed and studied in strain-induced GaAs QD’s [5]. It has also been

found when colloidal nanocrystals were deposited on gold substrates [73]. In this



o6

section, we will show that colloidal CdSe nanocrystals in PMMA also exhibit sim-
ilar behavior, and we quantify the dependence on excitation power. Also, we
observe a jitter of the emission energies of the NCs. Each NC has a characteristic
jitter that allows us to identify phonon replicas for single NCs.

The density of NCs was made so dilute that we typically observed only a
single NC in the interrogated spatial and spectral range.

Spectral diffusion, random energy shifts, is a common phenomena we have
observed in our single NC detection experiment. In Fig.V.3, we analyze a series
of 1500 spectra taken in intervals of 0.5 s. The spectrum peak is seen to wander
randomly between 2.099 eV and 2.108 eV. These could be caused by quantum-
confined Stark effect induced by the local field change.

The quantum-confined Stark effect in single Cadmium Selenide (CdSe)
nanocrystallite quantum dots was studied by S. A. Empedocles and M. G. Bawendi
[74]. The electric field dependence of the single-dot spectrum is characterized
by a highly polarizable excited state ( 10 cubic angstroms, compared to typical
molecular values of order 10 to 100 cubic angstroms). Additional ionization or
recombination events, as well as relocalization of external charges, could result in
changes in both the zero-field energy and the excited-state dipole of a single NC.
The magnitude of spectral diffusion shifts implies variations in the local field on
the order of 10° to 10°V/ecm (unscreened) and is consistent with the addition or
removal of an electron from the surface of the NC.

The observed local electric fields may be the result of charge carriers on
or near the surface of the NC. Photoionization has been proposed as the source
of fluorescence intermittency in single CdSe NCs at room temperature [28]. Pho-
toionization leaves a charged NC core that may not relax radiatively upon further
excitation. Emission resumes when the core is neutralized by the return of the
ejected charge. At 10 K, however, there is little thermal energy to promote the
return of an external charge. Instead, neutralization may occur through an addi-

tional ionization event, resulting in an emitting NC in the presence of a potentially
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large and randomly oriented local electric field.

V.C.2 Influence of spectral diffusion on the line shapes of

single CdSe NCs

The presence of randomly oriented local electric fields in ensemble sam-
ples represents an additional form of inhomogeneous broadening that will not be
eliminated by improvements in sample size and shape distribution. Instead, modi-
fications of the ionization barrier, changes in the surrounding matrix, or both, may
be required.

In ensemble NCs, inhomogeneities in size and shape within ensemble sam-
ples result in spectral broadening that is many orders of magnitude larger than
single NC spectra. Theory predicts that NCs should have atomic-like spectral tran-
sition due to long excited-state lifetimes and weak coupling to acoustic phonons,
experiments have suggested that line widths in both excitation and emission are
quite broad (for example, “homogeneous” line widths extracted from fluorescence
line narrowing experiments in CdSe NCs are reported to be ~ 5bmeV [75]). Also
a range of single NC line widths over 2 orders of magnitude have been reported
for II-VI nanocrystallite NCs. It has therefore been difficult to use single NC line
shapes to learn about the intrinsic physics of these NC systems. Why single NC
spectroscopy couldn’t uncover the true “homogeneous” line width? It is might due
to the spectral diffusion is on a time scale that is fast compared to the acquisition
time of the experiment. Through the direct observation of spectral shifting on a
0.1 s time scale, the contribution of spectral diffusion to the line shape of single

CdSe nanocrystals is demonstrated [76].

V.C.3 Spectral jumps between two states

Besides the normally observed random spectral shifts, we have found large

abrupt spectral jumps between two states. We investigated several NCs switching
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Figure V.3: Spectra from another NC were recorded continuously with an integra-
tion time of 0.5 s. The emission peak randomly shifts with small energy changes

between 2.099 eV and 2.108 eV.

between two states. Spectra from a typical switching NC, recorded at six different
excitation powers, are shown in Fig. V.4 (a)-(f). These spectra were recorded
continuously with an integration time of 2 s each. Fig. V.4 (g) shows the typical
spectrum of each of the two states. The red line (bold line) is for the lower energy
state, which we will call state 2, while the blue line (thin line) is for the higher
energy state which we call state 1. The energy difference between the two states is
5.6 meV. Fig. V.4 (h) contains plots of intensity vs. time for the data taken from
Fig. V.4 (a)-(f). Again, the red line (bold line) is state 2 and the blue line (thin
line) is state 1. Fig. V.4 (i) is the plot of the characteristic switching frequency (the
inverse of the average interval time between switching) vs the excitation power.
From Fig. V.4 (g) and (h) we see that there is no sizable change in the integrated
PL intensity for the two states. The excitation power density is of the order of
10 kW /cm?, which is similar to that used for measurements with InP QDs [6].

Fig. V.4 (i) shows that the switching frequency increases with increasing
excitation power density. Since the widths of both state plateaus decrease with
increasing excitation power, we can conclude that the transitions between the two
states are light-induced.

The two emission peaks in Fig. V.4 (g) seldom emit together within our
integration time, which excludes the possibility of biexciton emission and phonon

replicas. If a biexciton was created, we would observe both lines within the recom-
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Figure V.4: Spectra from a typical switching NC, recorded at six different exci-
tation powers (2.0,3.2,5.0,7.2,11,20 x 103W/cm?) are shown in order in (a)-(f).

The integration time 2 s is used for this measurement.
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bination times which are much shorter than our integration time as the biexciton
relaxes to the exciton radiatively, followed by exciton emission. The same obser-
vation applies to phonon replicas. In 2002, Shimizu et al. found a spectral shift
between two positions when they put CdSe/ZnS NCs on a rough metal surface [73].
The emission energy fluctuates within 15-25 meV. The authors suggested that the
observed emission shifts were caused by neutral (X) and charged (X ) exciton
emissions from a single NC. Theoretical calculation indicated that the charged
NC could emit 25 meV lower in energy than the neutral exciton [77]. These
values are different from our result, since the energy spacing in our experiments
between two positions is 5.6 meV or smaller. Similar spectral switching behavior
has also been observed in InP quantum dots in a Ga,In,_,P matrix grown by
metal-organic vapor-phase epitaxy [6]. The authors found that the quantum dot
spectrum switched between two states which had the same integrated PL, similar

to our result. The difference is that each state has multiple lines in the experiment.

V.C.4 Tunneling Model

Bawendi and co-workers proposed a model to explain the CdSe NC flu-
orescence intermittency [8, 7]. A charged NC was taken to be a dark NC. The
transition back to a bright NC occurred through recapture of the initially local-
ized electron (or hole) in the NC core or through capture of another electron (or
hole) from nearby traps. We adopt this model to explain the spectral switching
and assume that there are two metastable states of the NC which are connected
with the charging and discharging of a metastable trap in the host matrix close to
the NC. The Stark shifts caused by the charge could explain the two spectra we
observed.

Tunneling of electrons between a NC and trap states can be rationalized
as the observed redshift of the absorption bandedge with the addition of a capping
semiconductor shell onto the core of the NC [78]. This shift has been attributed

to the extension of the delocalized electron wavefunction into the shell. The small
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effective mass of the electron and an enlarged barrier for the hole escape (because
quantum confinement for electronic states are stronger than that for hole states)
support a tunneling of the electron rather than the hole. Electrostatic force mi-
croscopic (EFM) measurements carried out on single CdSe NCs [28] proved that
nanoparticles become positively charged under continuous laser excitation. Ac-
cording to Bardeen [79], the tunneling rate between NC and trap states depending
on the overlap matrix element of the carrier and trap wavefunctions and the density

of states of NC and trap.

V.C.5 Fluorescence quenching

The potential application of single NCs as luminescent labels (e.g., in
biological systems) is based on the high stability in combination with a relative
narrow emission band, a broad excitation band, and a large “Stokes shift” [80, 81].
The total number of photons emitted by a single NC until bleaching occurs is
an important number. For single dye molecules, the highest number of photons
emitted before bleaching is around 10°. On the basis of an overall efficiency of
about 5 percent for our system (i.e., one out of every twenty emitted photons is
counted), the number of photons emitted by a single NC before bleaching occurs
is typically 107 - 10°.

We observed three types of quenching effect in our experiment:

a) there is almost no sign before quenching happens except the PL peak
jumps between two states (Fig. V.5);

b) before quenching happens, the PL peak jumps to a lower energy state
(Fig. V.6);

¢) before quenching happens, the PL peak jumps to a higher energy state
(Fig. V.7).
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Figure V.5: NC has been quenched after a few minutes. But there is almost no
sign before quenching happens except the PL peak jumps between two states. The
right figure is a magnified part of the left figure.

Explanations for the NC quenching phenomena

It is found that the spectral diffusion for NCs without PMMA matrix
at room temperature is not random, but rather, a blue shift of about 10-15 nm
[82]. This blue shift was attributed irreversible photooxidation of the quantum dot.
Even under ambient conditions (without intense excitation), surface oxidation of
CdSe nanoparticles has been reported [83].

This photooxidation also brings higher initial light output because oxygen
quenches the NC defect luminescence. It is well-known that in addition to the
fast (nanosecond) exciton emission, also relatively longlived (microsecond) defect
emission can occur in NCs [84]. Because of the long lifetime, the fast photon
absorption and emission process is interrupted, until the long-lived excited state
has returned (via radiative or nonradiative relaxation) to the ground state. If
oxygen can quench the defect luminescence, a higher exciton emission yield is
expected by reduction of the time spent in the “dark state”. For CdS and ZnS,

it has been established that oxygen can quench the defect related emission [84].
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Figure V.6: Before quenching happens, the PL peak jumps to a lower energy state.
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Figure V.7: Before quenching happens, the PL peak jumps to a higher energy state

If the same occurs for CdSe NCs, this can explain the higher initial light output
observed for CdSe NCs in air.

The main oxidation product was suggested to be SeO,. For photooxida-
tion to take place, oxygen has to diffuse through the passivating ZnS layer that
has been grown on the CdSe nanocrystals. The observation that photooxidation
occurs indicated that the ZnS layer is not a closed epitaxial layer but rather a layer
with grain boundaries, presumably at places where ZnS islands, which started to
grow at different locations on the CdSe nanocrystal, meet. At these boundaries,
oxygen can diffuse to the CdSe core inside the ZnS shell. For the thicker shell
the oxidation rate is reduced because of the slower diffusion of oxygen to the CdSe
core through a thicker ZnS shell. Wilfried [55] investigate the time evolution of the
room-temperature emission spectra of single CdSe/ZnS quantum dots over time
periods up to 30 min with a time resolution down to 6 ms. They studied two NCs
with different ZnS cap thickness: 4 monolayers and 7 monolayers. They found that

the two spectra recorded at the later times are clearly blue shifted with respect to
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the initial wavelength.

As a result of the photooxidation at the CdSe surface, quenching states
are expected to be formed at the CdSe/CdSeO, interface. The formation of surface
quenching states causes a decrease of the number of photons emitted. In the single
NC emission spectra observed in the earlier experiment [55], a gradual decrease
in light output is indeed observed as the emission shifts to shorter wavelengths.
Finally, the luminescence disappears and the dot has bleached. The occurrence of
photooxidation for NCs can explain the shorter bleaching times observed for NCs
in air.

Also, in a nitrogen atmosphere, photobleaching occurs, albeit after much
longer times. It was reported that when NCs were put in nitrogen atmosphere,
there is only random spectral diffusion in time and no shift to shorter wavelengths
is observed [55]. Photobleaching occurs about 4 times faster in air than in nitrogen,
indicating the formation of nonradiative recombination centers during photooxi-
dation. The observation provide convincing evidence that the observed blue shift
of the emission in air is due to photooxidation of CdSe.

In our case, NCs are protected by the PMMA matrix from the oxygen.
So for most NCs in our experiment, the luminescence intensity stays constant in
time — no blue shift observed. But some of them will still become dark after a
period of time. There are large differences between quenching times for individual
NCs.

In view of the high laser power (20k¥/cm?), photobleaching is not un-
expected. Few materials are stable against photodegradation under the presently
used laser power. The nature of the photoinduced quenching states is not clear.
Possibly, the NCs, which are embedded in a capacitor-like structure, act as effi-
cient trapping centers for excitons. At a high enough electric field, however, the

photoexcited electrons tunnel out of the dots fast enough to quench the emission.
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Figure V.8: The NC is pumped continuously by the CW laser. PL is observed

increasing with time. The sharp peak close to 603 nm is noise.

V.C.6 Photo-enhanced luminescence

Except the PL quenching, we also observed photo-enhanced luminescence
(“photo-brightening”), shown in Fig. V.8.

An effect of photo-induced PL enhancement was noted in the glassy close-
packed films of CdSe NCs covered with the ZnS film [85]; however, the process was
not studied in detail. A PL intensity photo-enhancement was also observed at low
temperatures in Cul and CuBr nano-crystals embedded into a glass or polymer
matrix and attributed to photo-generated carrier trapping and their release when

temperature increased [86].
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Origin of processes leading to the photo-stimulated increase of the NCs
potential barrier can be attributed to the recharging of the interface trapping
states and change of the local electric field at the NC, or alternatively, to the atomic
bond restructuring classified as photo-chemical processes in II-VI compounds. The
NCs surface charge can reduce the exciton PL intensity. This can be a result
of the exciton ionization in the external electric field as observed in the photo-
conductivity study of close-packed glassy solids of colloidal CdSe NCs [87].

In the opposite case, the compensation (neutralization) of the surface
charge would lead to the PL increase due to the stabilization of the exciton, in-
creasing its binding energy, and reducing the PL thermal quenching. If only one
type of photo-generated carriers is captured and the other left on the NC level, the
Auger mechanism would reduce the PL intensity as was observed experimentally in
Ref. [85] . Therefore, both the electron and hole after being released from the NC
states must be captured by spatially separated and charged donor and acceptor de-
fects, correspondingly. Crucially important to the present studies is the enhanced
photostability of semiconductor quantum dots under continuous laser illumination.
Specifically, whereas dye molecules typically undergo irreversible photochemistry
(“photobleaching”) to a nonfluorescent state after absorption of 10° photons, singe
NCs in experiment have been observed to absorb and emit up to 10° photons with-
out photobleaching. Correlation function Stochasticity of photophysical processes
in nanocrystals and photophysical processes in nanosystems exhibit interesting
dynamics quite different from those in the bulk. Besides the cage effect, occu-
pancy statistics of excitations becomes important. Since only a few excitations
are typically present per nanosystem, bulk description of the kinetics in terms of
average densities is inappropriate and one has to deal with evolution of a discrete
distribution of excitations. Also it is well known that the surface of nanocrystals is
made of atoms that are not fully coordinated. The unsaturated dangling bonds are
highly active and act like defect states unless passivated. Because of high surface-

to-volume ratio, the contribution of surface states is significant in controlling the
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Figure V.9: Although in our measurement blinking phenomenon is not dominant,

we do see some of the dots will recover after stayed dark for a few minutes. It is

different with quenching since quenching bleached the NCs and they won’t emit

light any more.
optical properties of nanoparticles.

V.C.7 Blinking

Although in our measurement blinking phenomenon is not dominant, we

do see some of the dots will recover after stayed dark for a few minutes (Fig. V.9).

It is different with quenching since quenching bleached the NCs and they won’t

emit light any more.
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Figure V.10: Spectra from a NC were recorded continuously with an integration
time of 2 s each. (a-c) shows in some NCs, higher laser intensity not only increases

the switching frequency, but also makes the states moving randomly.

V.C.8 Phonon replicas

Fig. V.10 (a-c) shows that in some NCs, higher laser intensity not only
increases the switching frequency, but also makes the states move more randomly.
In addition, the figure shows that there is an additional peak in lower energy side
with the energy difference 22.7 meV. The energy shifts of the lines are correlated;
therefore, we infer that these lines come from a single NC. The right side of Fig-
ure V.10 (a-c) shows the normalized spectrum at each laser intensity, respectively.
The ratio of the side-peak intensity to the exciton-peak intensity remains constant
when the pump intensity changes.

In order to observe more spectral lines, we integrated over 30 seconds
for each frame in Fig. V.11. We recorded 200 measurements continuously with

constant temperature and excitation power. Again the energy shifts of the lines
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Figure V.11: Spectra from a NC were recorded continuously with an integration
time of 30 s each and constant temperature and excitation power. We used a 30
s integration time for each frame to see the lower energy peaks which are weaker

than the exciton peak.

are correlated; therefore, we conclude that these lines come from a single NC. The
energy differences between the main line and the satellite lines are 22.7 meV and
25.8 meV, respectively. Also we can see more lines on the lower energy side. The
energy differences with the main line are 45.4 meV and 48.5 meV respectively. We
attributed the side peaks to phonon replicas and identified them as the lines from
surface optical (SO) phonons, longitudinal optical (LO) phonons, two SO phonons,
and one SO plus one LO phonons.

The energies of the SO modes, (25, are determined by the energy of the
TO phonons, 7o, in CdSe NCs, the shape of the NCs, and the dielectric constants

of the core and surrounding medium. For spherical NCs the classical dispersion
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relation for the interface phonons is given by the following equation [88]:

QSO = QTO[

E()l +EM(Z + 1) ]1/2

Escl +en(l+1) (V1)

where ¢¢ and €4, are the static and high-frequency dielectric constants of the bulk
CdSe and g, is the static dielectric constant of the surrounding medium. Only SO-
phonons with /=even integers are allowed (SO-phonons with /=odd integers are
forbidden). By using the bulk CdSe values of Qro = 167.5 cm™, g9 = 9.3, e00 =
6.1 and the dielectric constant of hexagonal ZnS €, = 8.3, we have calculated for
the lowest (/=2) and the infinite limit ({— 0o) modes of spherical CdSe NCs values
of QZ = 180 em™1(22.4 meV) and Q55° = 185 em™1(23.0 meV), respectively.
The calculated energy is close to the experiment value (22.7 meV).

LO phonon energy 25.8 meV is smaller than the bulk value of 26.1 meV
[89], and is in good agreement with the values expected from theory for a 2.5
nm radius CdSe NC, which are in the range 23.8-26.0 meV for the first four LO
phonons [90].

The Huang-Rhys factors (electron-phonon coupling strength) can be roughly
estimated from ratio between integrated intensities of the 250 and SO lines. We

obtained a value of S =~ 0.2.

V.C.9 Other types

Some NCs were observed to operate outside of the two-state description.

We found NCs switching among three levels or more.

V.D Conclusions

We have investigated random switching between two states in the PL from
CdSe/ZnS colloidal nanocrystals in PMMA. The spectral switching and spectral
diffusion behaviors are similar to what has been observed in III-V quantum dots

[5, 6]. They may be explained within the model of Shimizu and Bawendi [7, §].



72

Fluorescence quenching and Photo-enhanced luminescence are studied. In higher
pump intensity, lower energy lines are found and identified as phonon replicas of
the exciton transition involving local SO-phonon and LO-phonon modes of the NC.
Huang-Rhys factor is found to be S =~ 0.2.

The text of chapter V, in part, is a reprint of the material as it appears
in Yaoming Shen, Lin Pang, Y. Fainman, Martin Griswold, Sen Yang, L.. V. Bu-
tov, and L. J. Sham “Photoluminescence spectral switching of single CdSe/ZnS
colloidal nanocrystals in poly(methyl methacrylate)” Phys. Rev. B 76, 085312
(2007), where the dissertation author was the first author. The co-authors in this
publication directed, supervised, and co-worked on the research which forms the

basis of this chapter.
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Optical characterization of
InAs/GaAs Quantum Dots
Molecules (Double Quantum

Dots)

VI.A Compare between as-grown quantum dots
and self-assembled InAs/GaAs lateral dou-
ble quantum dots

Self-assembled semiconductor quantum dots (QDs), from highly strained-
layer heteroepitaxy in the Stranski-Krastanow (S-K) growth mode, have been
intensively studied because of the J-function-like density of states, which is sig-
nificant for optoelectronic applications. Spontaneous formation of semiconductor
quantum-dot molecules (QDMs), which are clusters of a few QDs, has attracted
attention as a possible implementation of future quantum devices such as quantum
cellular antomata. With the advances in crystal growth techniques, the fabrica-

tion methods for nanostructures have been improved continuously. Lateral QDMs

73
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have been achieved by several growth techniques, such as a combination of in situ
etching and self-assembly by anisotropic strain engineering on an In(Ga)As/GaAs
(311B) superlattice (SL) template .

The formation of InAs Double Quantum Dots (DQDs) is achieved on
a GaAs substrate by gas-source MBE (GSMBE) under Ass overpressure using
the thin-capping-and-regrowth technique. Morphological studies are did by using
atomic force microscopy (AFM). Temperature and power dependence of DQD

optical properties are investigated.

VI.A.1 Experimental procedure

All samples are grown on (0-0-1) semi-insulating GaAs substrates by
GSMBE in a modified Varian Gen-II system. Element Ga and In are used as
the group-I1I sources, and thermally cracked arsine, which produces Asy and Ha, is
used as the group-V source. The growth rates of GaAs and InAs are 0.6 monolayer
(ML) per second and 0.01 ML per second, respectively. After oxide desorption, a
300-nm-thick GaAs buffer layer is grown at a temperature of 580°C. Under As,
overpressure and deposition of 1.8 ML amount of InAs, QDs are formed randomly
on the surface at a temperature of 500°C'. Then, the substrate temperature is
ramped down to 470°C" and InAs QDs are capped partially with a 6-ML-thick
GaAs layer. When 0.6-ML-thick InAs is deposited, DQDs are formed on the par-
tially covered InAs QDs. Then a 150-nm thick GaAs buffer layer is grown and
the thin-capping-and-regrowth process is repeated once more. The dot formation
is monitored in situ by reflection-high-energy-electron-diffraction (RHEED). Af-
ter growth the sample is ramped down immediately to room temperature. The
embedded DQDs are for PL measurements, and the top DQDs are for AFM mea-
surements. A separate sample is grown with only QDs as a reference (“as-grown
QDs”).

Surface morphology is imaged by tapping-mode AFM with a sharpened

SiN tip on uncapped samples. PL measurements are carried out in a close-cycle He
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Figure VI.1: (a) shows a 2 x 2 um? AFM image of the as grown QDs sample
surface. The distribution of the QDs’ heights are shown on (b). We estimate their
height to be hy = 11 £ 1nm.

cryostat at various temperatures and excitation power densities. A diode-pumped
solid-state laser at 532 nm emission wavelength is used for excitation and the signal
is dispersed in a 0.5 m monochromator and detected by a thermoelectrical cooled

InGaAs photodiode using standard lock-in-detection technique.

VI.A.2 Results and discussion

Fig. VI.1 and Fig. VI.2 show AFM image of as-grown QDs at a coverage
of 1.8 ML and DQDs, respectively. DQDs are oriented along the [110] crystal-
lographic direction. The dot density of as-grown QDs is 6x10° cm™2, whereas
the total QD density in the DQD sample is 1.1x10' cm ™2, consisting of 9.4x10?
QDs cm~2 from 4.7x10° DQDs cm™2, and 1.9x10° QDs cm~2 single dots. Each
as-grown QD is transformed into a DQD after the thin-capping-and-regrowth pro-
cedure, but the DQD density is lower due to merging of some DQDs into single
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Figure VI.2: (a) shows a 2 x 2 um? AFM image of the Bi-QDs sample surface. The

distribution of the Bi-QDs’ heights are shown on (b). We estimate their height to

be 3.8 & Inm. A Gaussian fit has been included. It indicates that there are two

Gaussian distributions.
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dots. Fig. VL1 (b) and Fig. VI.2 (b) show dot height histograms obtained from
AFM images of as-grown QQDs and DQDs, respectively. Note that the QDs in the
D@D sample are largely comprised of smaller dots than as-grown QDs.

The histogram in Fig. VI.3 shows the center-to-center separation of DQDs,
and it is fitted with a Gaussian distribution with an average separation of 22 nm.
The QD PL has a Gaussian shape as indicated by the dotted fits in Fig. VI.4 and
the FWHM is attribued to the inhomogeneity of the QD ensemble with each single
QD contributing only a sharp line(< 150ueV’) [91].

Despite higher dot density, the PL intensity of DQDs is lower than that
of as-grown QDs. It is attributed to defects such as nanovoids, as shown by “A”
in Fig. VI.2(a), which could affect the optical efficiency due to nonradiative re-
combination.

Temperature-dependent PL data from 9 to 290 K are also obtained while
the incident excitation intensity is held constantly at 10 kW /cm?. Fig. V1.5 shows
the temperature dependence of the peak emission energy, which can be fitted by

the Varshni model [92]

oT?
E(T)=Ey— T3

where E(T) and Ej are the peak energies at T' and 0 K, respectively, and

(VL1)

a and 3 are constants. The variation of the peak emission energy with temperature
can be attributed to the effect of dilation of lattice and electron—lattice interaction.
The solid line in Fig. VL5 is the Varshni equation with Ey=1.083 eV for as-grown
QDs and 1.198 eV for DQDs, a=3.16x10"* eV/K and =93 K for both as-grown
QDs and DQDs. The o and 3 values agree with those of InAs [92].

The maximum red shift of 23 meV in the DQD curve from the Varshni
equation is observed. It is because the dots size is smaller for DQDs than as-grown
QDs. So they have bigger quantum confinement energy.

Fig. VI.6 shows the PL intensity of as-grown QDs and DQDs vs. in-

verse temperature. As the measurement temperature increases from 9 K, the PL
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Figure VI.3: Center-to-center width histogram of DQDs with Gaussian fit.
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Figure VI.4: PL spectra of as-grown QDs and DQDs at 9 K. The dotted curves

for DQDS are the Gaussian components.
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Figure VLI.5: The temperature-dependent peak emission energy of as-grown QDs

and DQDs. The solid lines are calculations from the Varshni equation.
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Figure VI.6: The temperature dependence of PL intensity of as-grown QDs and
D@QDs.

intensity of DQDs remains constant up to 100 K and then rapidly quenches. The
solid lines are fitted with an assumption of two thermally activated processes with

(93, 94]

1(0)
1+ Aexp(—E,/kT) + Bexp(—FE,/kT)
where I(T') and I(0) are the PL intensity at T and 0 K, respectively;

I(T) (VI.2)

A and B are constants; F, and E}, are thermal activation energies. Activation
energy F,, derived from the slope of the straight-line portion (150-300 K) of the
curves, is 45 and 128 meV for as-grown QDs and DQDs, respectively. The smaller
energy F, is ascribed to trapped excitons or carriers thermalizing from localized

regions resulting from potential fluctuations due to size distribution of QDs. The



82

larger energy of E, corresponds to the difference in energy between the ground
state and the wetting layer if there are no localized states. E, for DQDs then is
expected to be smaller than F, for as-grown QDs because of smaller dot size. Our
results are contrary to this expectation, indicating the existence of non-radiative
recombination centers in DQDs between the QD energy level and the wetting layer

energy level.

VI.B The Effects of Rapid Thermal Annealing
on Doubled Quantum Dots Grown by Molec-

ular Beam Epitaxy

VI.B.1 Introduction

The effect of different rapid thermal annealing (RTA) temperature on
the optical properties of the InAs DQDs grown by molecular beam epitaxy using
partial-capping-and-regrowth process has been investigated.

At low temperature annealing, a small blueshift in the PL emission peak
of DQDs has been observed; while a stronger blueshift as well as a narrower
linewidth with higher PL intensity are achieved at high temperature annealing.
By correlating with the diffusion process between the GaAs and InAs, we could
explain this phenomena as mixing GaAs into InAs increases the bandgap between
conduction band and valence band of the QDs and reduced the potential barrier
between the two QDs so that the emission energy goes higher and interaction

between the two QDs becomes stronger.

VI.B.2 Experimental Procedure

The DQDs are annealed in nitrogen ambient at temperature of 650°C,

700°C, 750°C, 800°C', 850°C" for 30 s each. For comparable purpose, a separate
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sample is grown with only DQDs (“as-grown DQDs”).

Surface morphology is imaged by tapping-mode AFM with a sharpened
SiN tip on uncapped samples. The PL are measured in the same way as in section
one. The structural property of as-grown DQDs sample is analyzed by cross-
sectional transmission electron microscopy (TEM). The TEM measurement is car-
ried out 200 kV on the sample that is milled by focused ion beam (FIB) for electron

transparency.

VI.B.3 Results and Discussions

Fig. IV.7 shows an AFM image of as-grown DQDs fabricated by MBE
under Asy overpressure. It is the image of partially capped InAs QDs with GaAs
layer and followed by InAs regrown QDs. Each as-grown QD is transformed into
a quantum ring (QR) after partial-capping with 6 ML of GaAs. After that, addi-
tional 0.6 ML of InAs is deposited, QRs are turned into DQDs. DQDs are oriented
along the [110] crystallographic direction with 1.1 x 10'%m ™2 dot density.

In order to confirm and understand the DQD structure, cross-sectional
TEM is performed, as shown in Fig. VI.8. The lower wetting layer is formed when
the first as-grown QDs are made. The 1.7 nm thickness of thin GaAs layer, as
shown in this figure is fabricated during partial-capping process. Such layer induces
strain field to become higher along the QR structure in [110] crystallographic
direction. The upper line of wetting formed by regrown InAs during regrowth
process, when the amount of deposited InAs is increased, the strain in these two
regions relaxes and leads to the formation of DQDs with upper line of wetting
layer.

The observed PL in Fig. VI.10 shows a blueshift trend for thermal an-
nealing of as-grown DQDs and their annealed samples. The PL emission peak of
D@D sample is shifted to shorter wavelength when increasing annealing tempera-
ture. It can be explained by the interduffusion of In and Ga atoms at the interface

between the InAs QD and the GaAs barrier. Mixing the Ga into the InAs increases
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500 nm

Figure VI.7: AFM image of as-grown DQDs fabricated by MBE under As, over-

pressure.
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Figure VI.8: Cross-sectional TEM. The lower wetting layer is formed when the first
as-grown (QDs are made. The 1.7 nm thickness of thin GaAs layer is fabricated

during partial-capping process.

the energy bandgap inside the individual QDs while mixing the In into the GaAs
will lower the energy bandgap for the outside potential barrier. Both of these will
reduce the quantum confinement and makes the interaction between the DQDs
become stronger.

Fig. V1.9 shows the low temperature PL spectra of as-grown DQDs which
were annealed at 650°C', 750°C and 850°C'. For as-grown DQD sample, the emis-
sion peak is 1.198 eV with full-width at half maximum (FWHM) of 61 meV. The
peak position of annealed DQDs at 650°C, 750°C' and 850°C" are blueshifted from
as-grown DQDs by 13, 47 and 102 meV, respectively. For the PL spectrum ob-
tained from the DQD sample annealed at 850°C, the emission linewidth is 33 meV,
while the PL spectra of annealed DQDs at 650°C' and 750°C" exhibit linewidth of
59 and 42 meV, respectively. The linewidth of annealed samples decreases com-
pared to that of the as-grown sample and also annealed samples have pronounced
enhancement of the PL peak intensity. Increase in the PL emission intensity is
observed probably as a result of curing of point defects, primarily grown at lower
temperature. With higher annealing temperatures, narrower FWHM could be ex-

plained as: by increasing the bandgap inside of each QD the potential barrier
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Figure VI.9: Shows the low temperature PL spectra of as-grown DQDs which
were annealed at 650°C', 750°C" and 850°C'.
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Figure VI.10: Temperature-dependent PL data are measured from 9 K to 290 K
with 50 mW incident excitation intensity from a diode-pumped solid-state laser at
532 nm. The PL peak energy as a function of sample temperature is shown in the

inset.

between the DQDs gets smaller so that interaction between the DQDs becomes
larger. The energy differences caused by the different sizes of the individual QDs
will be gradually replaced as new mixed interacting states.

The thermal energy is mainly used to eliminate the dislocations. There-
fore, when annealed at relative low temperature (600°C-750°C"), the emission peak
is slightly changed. From TEM image, the partial GaAs capping layer lies in be-
tween InAs wetting layer. The interdiffusion between the Ga atoms localized on
the base of QDs and the In atoms in wetting layer takes place where the strain is
larger. When the sample is annealed at high temperature, the In/Ga interdiffusion
becomes stronger. The Ga atoms penetrate into the QDs leading to the quickly

reducing the In content in QD. Therefore, a large blueshift of emission peak is
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Figure VI.11: Shows the PL intensity of as-grown DQDs and their annealed DQDs

as a function of inverse temperature.

observed.

Temperature-dependent PL data are measured from 9 to 290K with 50
mW incident excitation intensity from a diode-pumped solid-state laser at 532 nm.
The PL peak energy as a function of sample temperature is shown in the inset of
Fig. VI.10 and fitting curves are plotted in solid as guide lines using the Varshni
equation. For as-grown DQDs, the solid-line represents the variation of the bulk
InAs bandgap with temperature.

In case of an annealed sample at 650°C', the PL data can be fit well by
the equation above with a = 3.6107%V/K and 8 = 150K. The values lie in the
range between those of InAs and GaAs. This further confirms the existence of
interdiffusion between Ga and In during the annealing process.

However, the emission peak energy vs temperature data generally follows

the Varshni equation only below 100 K. Above 100 K, the emission peak energy
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is below of the curve generated by Varshni equation. It can be explained as the
following: Varshni equation describes a bandgap change in a single dot. When
temperature increases, the electron tunneling between DQDs becomes stronger
and dominant. So it will have a larger deviation with the Varshini theory.

Fig. VI.11 shows the PL intensity of as-grown DQDs and their annealed
DQDs as a function of inverse temperature. At lower temperature up to 100 K
for as-grown DQDs and 85 K for annealed samples, the PL intensity is almost un-
changed under a constant flux of electron-hole pairs generated in the sample and
the monotonically decreases at high temperatures. It is interesting to note that the
quenching temperature in annealed samples occur earlier compared with as-grown
DQDs due to smaller confinement potential barrier. At the low temperature, the
PL intensity remains almost constant with temperature, which indicates that the
carriers captured from the barrier or wetting layer (WL) are stronger than the
carriers activation in QDs. However, at the high temperature range, the carrier
activation is stronger than the carrier captures leading to the quenching of the lu-
minescence. These curves are fitted with an assumption of two thermally activated
processes with equation (2).

In the regime of strong thermal quenching, the curves tend to form a
straight line at high temperature. Activation energy FE, can be derived from the
slope of the straight-line porting (150-300K), which is characteristic of an expo-
nential quenching exp(E,/kT), due to thermal escape from the dots. E, are 130
meV for as-grown DQDs and 75 meV for annealed sample at 650°C. Compared
with the results obtained from the as-grown DQD sample, E, is found to decrease
when the annealing temperature increases, while Ej remains unchanged. FE, ex-
hibits the thermal activation energy of carriers through upper states of the dots.
The decrease of F, with increasing annealing temperature can be interpreted as
a change in the depth of the confining potential caused by interdiffusion during
annealing, in terms of reduction of carrier localization energy by intermixing of In

and Ga atoms at high annealing temperature.
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It is noticed that the quality crystal of DQDs are highly improved af-
ter annealing in terms of the reduction of the nonradiative recombination centers

leading to the enhancement of the optical properties.

VI.C Summary

The formation of InAs Double Quantum Dots (DQDs) is achieved on
a GaAs substrate by gas-source MBE (GSMBE) under As, overpressure using
the thin-capping-and-regrowth technique. Temperature and power dependence of
DQD optical properties are investigated and compared with As-grown QDs.

The effect of different rapid thermal annealing (RTA) temperature on
the optical properties of the InAs DQDs grown by molecular beam epitaxy using
partial-capping-and-regrowth process has been investigated. At low temperature
annealing, a small blueshift in the PL emission peak of DQDs has been observed;
while a stronger blueshift as well as a narrower linewidth with higher PL intensity
are achieved at high temperature annealing. By correlating with the diffusion pro-
cess between the GaAs and InAs, we could explain this phenomena as mixing GaAs
into InAs increases the bandgap between conduction band and valence band of the
QDs and reduced the potential barrier between the two QDs so that the emission
energy goes higher and interaction between the two QQDs becomes stronger.

The text of chapter VI, in part, is a reprint of the material as it appears
in S. Suraprapapich, Y. Shen,V. A. Odnoblyudov, S. Panyakeow, C. W. Tu, “Self-
Assembled Lateral Bi-Quantum Dot Molecule Formation by Gas Source Molecular
Beam Epitaxy”, 9 January 2007, Journal of Crystal Growth, where the disserta-
tion author was the second author. The co-authors in this publication directed,

supervised, and co-worked on the research which forms the basis of this chapter.
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