DR EX F.F SR E
FAL i~

Department of Physics

College of Science
National Taiwan University

Master Thesis

IRy SR R = R A 3 N E s S R
Color-Tunable Light Emitting Device based on the mixture

of CdSe nanorods and dots embedded in Liquid Crystal
Cells

Fit B 5
Hsiao-Sheng Chen

ERE CmAST L
Advisor: Yang-Fang Chen, Ph.D.
vEAR 8 & T2

July, 2009



Abstract

A newly designed color-tunable light emitting device based on the mixture of
CdSe nanorods and quantum dots embedded in liquid crystal cells has been developed.
The underlying working principle is derived from a large alignment energy due to the
enhanced anchoring force of liquid crystal molecules through the amplified surface
area of nanorods. After embedded into a liquid crystal cell, nanorods will align along
the orientation of liquid crystal molecules. As the external bias is applied, nanorods
would be driven in the direction according to the orientation of liquid crystal
molecules. The nanorods possess/ optically amisotropic property, whereas quantum
dots are spherically symmetric. Accbf%ﬁggly, the! relative ratio of the emission
intensity between quantum dots and nano;(;iis cén be ﬁanipulated by an external bias,

and the emission color of the deviceuis therefore tunable. Our work shown here may

pave a new route for the future development of smart optoelectronic devices.
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Chapter 1
Introduction

1.1 Introduction
One-dimensional nanostructures, such as nanorods, nanowires, and nanotubes,
etc., have become a class of attractive materials as their geometric anisotropy gives
rise to unique physical properties [1-8]. For example, the emission and absorption
spectra arising from one-dimensional semiconducting wires can be highly
anisotropic, and hence serve as an_excellent candidate for the application in
polarized optoelectronic devices. @n the o.ther hand, liquid crystal (LC) is an
anisotropic fluid, which is thermddj_%;{;gp.).ically between isotropic fluids and
crystalline solid. Liquid crysta¥s_ (L_Cls), a :proﬁlising .material, have widely applied
to the LCD [9, 10]. They possess .excelle'nt prop.)erties such as low-voltage driven,
lightweight and cheapness. Therefore scientists use their in particular characteristics
in many fields for advanced applications. For example, some works have shown
the tunable wavelengths of photonic crystals in semiconductor materials using
infiltrated LCs [11, 12]. The most useful property of LC lies in the fact that its
molecular orientation can be easily controlled via an external bias. On this basis,

numerous applications have been established, among which one prominent case

should be ascribed to the liquid crystal display (LCD). Combining zero and



one-dimensional semiconductor nanostructures with the well developed LCD
technology, herein, we propose the feasibility of designing a novel color-tunable
light emitting device. We ingeniously demonstrate a color-tunable emission device
by embedding semiconductor nanorods and quantum dots in a LC cell. The
underlying mechanism is as follows. Nanorods will align along the orientation of
LC molecules due to a large alignment energy caused by the enhanced anchoring
force through amplified surface area in nanomaterials. When the orientation of LC
molecules is altered by an external bias, the reorientation of the nanorods will
follow that of liquid crystal throughsthe miniﬁﬂzed elastic energy of interaction via
the electric field. Because the emissioh"éf‘gg-é}horods is_strongly anisotropic, and that
of quantum dots is sphericalb./ _fsymm’etrié iel .isotropic, we therefore can fine-tune
the ratio of the emission intensity between nanorods and quantum dots. If we
intentionally select nanorods and quantum dots with different emissive wavelengths,
the resulting emission color of this newly designed device could thus be
manipulated. Our result elaborated here should be very useful for the future
development of smart optoelectronic devices.

This thesis is organized in the following manner. In chapter 2, we give an

introduction to theoretical background, including the basic physical principle of

several nematic liquid crystal and one-dimensional semiconductor materials. In



chapter 3, the experimental setup and such as micro-PL and TEM are performed. In
chapter 4, we present a detailed description and investigation on our designed
“color-tunable light emitting device”. The polarization of PL and external electrical
experiment are carried out for the further studies. Some interesting results and
discoveries have been obtained from our analyses. Chapter 5 summarizes the

results of this thesis.
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Chapter 2
Theoretical Background

2.1.1 Liquid Crystals [1, 2]
2.1.1.1 Calamitic Liquid Crystals

In general, the most usual kind of LCs consists of rod-like molecules with its
molecular axis longer than the other two named calamitic LCs. For example,
considering the nematic LC phase with rod-like molecules, it is found that the long
axes of the molecules prefer to direct along.a sure direction when they change from
one direction to another. Figure 2.1 and Figul;e 2:2 show the fundamental difference
between the LC phase and isotropic lithc_%:-'ghaée such as water at room temperature.

There are many smectic LC phases ir{:{he World. Smectic-A phase and smectic-C
phase are two important cases amoﬁg those phases. The former describes the director
is parallel to the layer and the latter is at an angle to the layer. Figures 2.3 (a) and (b)
show the difference between smectic-A phase and smectic-C phase.

Another in particular LC phases have the characteristic of chirality, indicating
that those phases do not own inversion symmetry. This leads to the nematic phase and
some of the smectic phases disappear instead of chiral types with various physical

structures. For instance, in a cholesteric phase (chiral nematic phase), the director in

the in-plane layer rotates gradually along a direction perpendicular to the layer as



shown in Figure 2.4. The distance called the pitch is defined as the director rotates for
one full revolution also shown in Figure 2.4. The physical structure period should be
indeed half the pitch because of the symmetry between director n and —n.

If we replaced the smectic-C phase by the chiral smectic C phase, we can obtain
the phase (smectic-C* phase) whose director keeps a fixed tilt angle in the in-plane
layer. However, the director rotates like a cone from one layer to the next layer as
shown in Figure 2.5. The pitch is the distance for one full revolution around the cone
as illustrated in Figure 2.5.

2.1.2 Basic physical propertiesof Liqdid crystals
2.1.2.1 Orientational order paréhﬁ:@télk. |

As described above, the nematic ph-eE-s-e of the LCS molecules is rod-like form
with their molecular axis longer thaﬁ the other two. Therefore, we can define a vector
n to state the average preferred orientation of the LCs in the discussed system. We
usually name the vector n, the director. Generally speaking, in a homogeneous and
inhomogeneous nematic LCs system, the director is a constant value and depends on
the space position (X, y, z) in the system, respectively. We can define a unit vector to
exhibit the long axis of each molecule, and the director n becomes the statistical
average of the unit vectors in a small volume element around the discussed LC

molecules.



The orientational order parameter S of a LC can be defined as

§=:<3cos’f- 1>, (2.1)
where 0 is the angle between the long axis of a LC molecule and the director n. For a
perfect parallel alignment, S = 1, while for totally random directions, S = 0. Note that
the nematic phase of LCs usually has an intermediate value of the orientational order
parameter S ranging from 0.4 to 0.6 at low temperatures typically. In addition, the
values of the order parameter S depend on the structure of the molecules and the
temperature dramatically.
2.1.2.2 Dielectric anisotropy’

The nematic and smeetic LCs afe; I_;@i_ékial symmetry due to the orientational
ordering of the rod-like molecﬁ!e_s. ]:Becalf:s:e of. the pr.operties of uniaxial symmetry,
the dielectric constants become different in value along the preferred axis (¢/) and
perpendicular to this axis (eL), manifesting the anisotropy of LCs. The dielectric
anisotropy can be defined as

Ae=g| —¢e1L, (2.2)
It is noted the dielectric anisotropy Ae is the most important properties when applied
the LCs to LC industry. In order to emphasize the benefit, here we discuss an applied

electric field in nematic LC. The induced dipole moment of the LC molecules is not

parallel to the external electric field due to the anisotropy of LC, except the molecular



axis parallel or perpendicular to the electric field. The effect causes a net torque to
align the LC molecules along the direction of the electric field for most rod-like LC
molecules. In the system, the electrostatic energy can be defined as

U==D ¢E, (2.3)

[SR[ES

where E means the electric field vector. D is the displacement field vector, which is
independent of the direction of the LCs in a homogeneous surrounding. The director
is parallel to the applied electric field with positive dielectric anisotropy (¢ > &) of
LCs when minimizing electrostatic energy,of the system. In general, the dielectric
anisotropy of the nonpolar LCs with.aod-like rﬁolecules is positive. However, there is
an excess contribution to the dielectfié'_%;’@'gg_n._s.tant because of the permanent dipole
moment generated in the polar LC moleciies. in addi.tion, as result of depending on
the angle between the dipole momeﬁt and the molecular axis, the dipole contribution
can result in an increase or a decrease of Ag, finally leading to a negative value of Ae.
The director is perpendicular to the applied electric field with negative dielectric
anisotropy (g < &L1) of LCs when minimizing electrostatic energy of the system. The

dielectric anisotropy in fact can change from -2¢, to 15¢,, which also depends on the

temperature strongly.

2.1.2.3 Refractive Index

Nematic LCs often appear as an opaque milky fluid. The scattering of light is due

to the random fluctuation of the refractive index of the sample. The main cause of the
8



scattering leading to the milky appearance is due to the discontinuity of the refractive
index at the domain boundaries. A slab of nematic LC can be obtained with a uniform
alignment of the director. Such a sample exhibits uniaxial optical symmetry with two
principal refractive indices n, and n.. The ordinary refractive index n, is for light with
electric field polarization perpendicular to the director and the extraordinary refractive
index ne is for light with electric field polarization parallel to the director. The
birefringence (or optical anisotropy) is defined as /AAn=ne-n, If /An>0, the LC is said
to be positive birefringence, whereas if /A\n<0, it is said to be negative birefringence.
In classical dielectric theory, the macroscop.)ic refractive index is related to the
molecular polarizability at optical freqﬁéfi,:éjgé_ '(~1()14 Hz). The existence of the optical
anisotropy is due mainly to thp_ an_isotr(:)v:[;ic rﬁolecular structures. Most LCs with
rodlike molecules exhibit positive. birefringence ranging from 0.05 to 0.45. The
optical anisotropy plays an important role in changing the polarization state of light in
liquid crystal.
2.1.2.4 Elastic constants

Liquids and solids have the property of elasticity, even LCs possess the curvature
elasticity. If a LC system is disturbed from its equilibrium structure, the magnitude of

restoring torques is decided by the elastic constants of the LC. As compared with

solids, the torques in a LC system present a relatively weak value. The external



electric field has been applied to the control of LC reorientation in LC industry. In a
stable LC system, we can obtain the static configuration by balancing the electric
torque and the elastic restoring torque. In a stable LC system, we also can distinguish
into an association of three fundamental deformations: splay, twist, and bend, as
shown in Figure 2.6. The elastic energy in a stable LC system can be determined by a
quadratic function of the curvature strain tensor for an isothermal deformation in an
incompressible fluid. Here we present the elastic energy density of a deformed LC as
follows:
E=§K1(E-ﬁj=+§fﬁ=(ﬂ-?xﬁf.-IEKE(H}*:‘F x M2, (2.4)

The symbols of K;, K,, and K; are thué_;splay, twis.t, and bend elastic constants,
respectively. As described abox./g such as :(;ient.ational order parameter and dielectric
anisotropy, the elastic constants stroﬁgly dépend on temperature.
2.1.2.5 Viscosity

The viscosity of a fluid is defined as the ratio of shearing stress to the rate of
shear. This viscosity causes from the intermolecular forces in the fluid and it presents
an internal resistance to move. In general, the viscosity increases at low temperatures
due to lower molecular kinetic energy. In nematic LCs system, it has been found the
effective viscosity depends on the angle between the director and the direction of flow

and on the direction of the velocity gradient. Here we state three conditions as shown

10



in Figure 2.7. The viscosity coefficient 1, is described as the rod-like molecules are
perpendicular to the velocity gradient, but aligned in the direction of the flow. The
viscosity coefficient n; is described as the rod-like molecules are parallel to the
velocity gradient, but perpendicular to the direction of the flow. The viscosity
coefficient n3 is described as the rod-like molecules are perpendicular to the velocity
gradient, but perpendicular to the direction of the flow. We can measure those three
viscosity coefficients by oscillating plate viscosimeter. Using this method, we can let
the one bounding plate be fixed while the other one be moved to generate a shear as
shown in Figure 2.7, where the moving plate éscillates at very low frequency. Owing
to the damping of the oscillations via the! \Z'g§cous medium, the viscosity coefficients of
N1, M2, M3 can be evaluated. It is \_gv_orth noti:rv:l:g thét the rﬁagnitude of the viscosity is not
only affected by attractive interméleculaf forees, but also by steric parts such as
length and breadth of the molecules, lateral branches and so on. Here we must
emphasize an important parameter, the rotational viscosity coefficient y;. It provides a
resistance to the rotational motion of the LC molecules and can be applied to the LC
display. For example, the switching time is approximately proportional to y;d” in most
LC display, where d means the distance of the cell gap. In addition, LCs with high
values of dielectric anisotropy Ae often have higher viscosity coefficient.

2.1.3 Deformation of nematic liquid crystals by an electric field

11



Because of very widely important application via using electric field to reorient
the LCs, here we discuss in detail the affection by an electric field. The manifestation
of an electric field results in extra terms in the expression of the following free energy
density:

- EE’.':'E’.'I e - EE’.‘, AeiB v ), (2.5)
We can cancel the first term due to independent of the direction of the director.
Considering the second term, the free energy of the nematic LCs concerned with an
electric field should be a minimum for a,definite direction of the director relative to
the field direction due to the dielectrie anisotr(;py Ag. As shown in Figure 2.8, if there
is a nematic LCs system with positive dnuf_é_lectrlc anisotropy (Ae>0), the stable state
which should minimize the ffe:_g:_ energy 115 de:scribe(i by a director parallel to the
external field direction. In contrast, if the nematicL.Cs system with negative dielectric
anisotropy (Ae<0), the stable state prefers to a director direction perpendicular to the
external field direction. In order to avoid the induced separation of charged impurities
forming electric double layer in LC cell, an alternating voltage across the LC cell. The
electric double layer model is shown in Figure 2.9. In view of an original state that the
direction of the director concerned with external field direction does not satisfy the
condition of minimum free energy, it leads to a sufficiently strong electric field to

generate a torque on the LCs which results in a reorientation of the director. We can

12



obtain a deformed state which owns lower free energy than the original state. The
equilibrium condition to cause a deformed stable state is the balance between the
electric torque and the restoring elastic torque of the LC. In addition, the stable state is
always obtained by the reorientation of director configuration when minimizing the
free energy of the system.

If we think of the electric energy — %gq GzEeT® in Equation (2.4), the
distribution of the director all over the system can be evaluated. According to
Equation (2.4), we can derive the critical field strength where the destabilizing electric
torque overcomes the stabilizing Testoring eléstic torque. Figure 2.10 are illustrated
several field-induced deformations of] nené'g,nc LCs system. In Figure 2.10 (a), (b), and
(c), three fundamental situatioﬁ_g_arq Shozl:n with different initial orientation of the
director. It is noted that the applied electric field is perpendicular to the director in
Figure 2.10 and the dielectric anisotropy Ag is positive so that the director prefers to
align parallel to the external field direction. Figure 2.10 (a) shows the result of a pure
splay deformation for a small director displacement. If having a higher field to the
deformation, we can obtain mainly a splay deformation with a combination of a bend
deformation. The threshold field E, is given by
e (2.6)
where d is the sample thickness.

13



Figure 2.10 (b) shows the result of a pure twist deformation. The threshold field E,is
given by

E, = ‘5% (2.7)
Figure 2.10 (c) shows the result of a small pure bend deformation. If having a higher
field to the deformation, we can obtain mainly a bent deformation with a little splay
deformation. The threshold field E, is given by

E, = f;:—E; (2.8)
It must be emphasized that Equations (2.6)—(2.8) are derived under the simplifying
assumptions, where the interaction between thé molecules and the surface is strong
and the electric conductivity is neglectéé%g%é. According to U = % (U, 1s threshold
voltage), it indicates that the thquholgl jVolzi-ge ié indepéndent of the sample thickness.
Similar deformations can be discusséd in nematicL.Cs system with negative dielectric
anisotropy (Ae<0). Then we can obtain the same critical field strength when the
electric field is perpendicular to the situation as shown in Figure 2.10. Figure 2.10 (d)
shows schematically the director alignment in a planar-twisted cell where the twist

angle is 90 degree. The threshold field E, for a nematic LCs system with positive

dielectric anisotropy (Ag>0) is given by

I, #30K,~25)
E =L o , (29)

e d -5.'1-: g

It should be emphasized here that a decrease of the anchoring energy leads to a

14



decrease of the threshold field E,. In addition, for a tilted director alignment, there is
no threshold field theoretically. It means that the deformation starts at an infinite
small field strength.

We can derive theoretically the equation of motion of the director (the dynamics
of the field-induced deformations) which presents the balance of the elastic and
viscous forces and the external electric field. Considering a particular case of a pure
twist deformation, it means that the system is not accompanied by a change in
position of the centers of gravity of LC.molecules (in contrast to splay and bend

deformations). The equation of motion can be Waitten as:

&t

6% | A\ | 8¢
Ky + [e8EeE sin fros =y, = (2.10)

a4
| |

where 0 is the angle between thg local dir-é-(-:tor_ .and thé substrates, z is the coordinate
perpendicular to the substrate, t is tﬁe time, and 1 the rotational viscosity. In general,
Equation (2.10) must be solved numerically. However, for some simplifying
assumptions, we can derive the following result for the switching times of the

dielectric reorientation as follows:

'.’rd:
— el—
rl=z o len

T (U*=us, (2.11)

where U is voltage and U, is the threshold voltage, and

_ o d"-
Tdeni.y TR

(2.12)
Equations (2.11) and (2.12) are also valid for bend and splay deformations if small
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deviations from the initial orientation of the director. Owing to depend on the initial
orientation of the director, in Equation (2.12), different elastic constants can be
replaced K,, for a planar layer K;, for a homeotropic layer K3, and for a planartwisted
layer K; (K3 — 2K;)/4. Finally, it worth noting that the switching times are mainly
determined by the rotational viscosity y; and the sample thickness d from Equations
(2.11) and (2.12). In particular, Ae and the driving voltage are the crucial factors to
affect the rise time.

2. 2.1 Semiconductor nanowires and.nanorods [5]

Nanoscale materials haye attraeted tremeéndeus interest and attention over the
past decade for their vast areas |of; 'E@p}ications ranging from electronics to
pharmaceuticals. ﬂ

One-dimensional (1D) nanoétructurés such as nanowires, nanobelts and
nanotubes have become the focus of intensive research owing to their fascinating
properties, unique applications in macroscopic physics and fabrication of nanoscale
electronic and optoelectronic devices. Semiconductor nanowires have demonstrated
significant potential as fundamental building blocks for electronic and photonic
devices and offer substantial promises for integrated nanosystems. The rectifying
properties of semiconductor nanowires-based electronics demonstrated the versatility

of the nanowires-based electronics device.
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Quantum confinement effects of the semiconductor nanowires on the other hand,
produce unique optical properties that can be applied to nanophotonic devices.
Notably, the key feature of semiconductor nanowires that has enabled much of their
success has been the growth of materials with reproducible electronic and optical
properties that can be in turn, integrated into functional nanoscale devices.
Consequently, nano-devices based on semiconductor materials such as field-effect
transistors (FETs) [6], lasers [7], light emitting diodes (LEDs) [8] and sensors [9]
have been demonstrated.

Quantum size-confinement plays an impertant role in determining the energy
levels of 1D nanostructures when its dieﬁ‘%’gtgr. 1$ below the critical Bohr radius. Lu et
al. found that the absorption edg_e of | Si :rt:lélnovs./ires display significant blue shift as
compared with the indirect bandgap.(~1. 1 eV).of bulk silicon [10-12]. They observed
sharp, discrete features in the absorption spectra and relatively strong band-edge
photoluminescence (PL). These different optical features mainly resulted from
quantum-confinement effects and also the variation in growth direction for these Si
nanowires [13]. In contrast to quantum dots, light emitted from nanowires is highly
polarized along the longitudinal axes. One-dimensional nanostructures have thus far
been primarily synthesized by lithography and epitaxial techniques on semiconductor

substrates [14-16]. Free standing nanowires, on the other hand, of many
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semiconductors have recently been formed by a growth technique using nanosized
liquid droplets of the metal solvent [17-20]. This technique has the advantage of
being able to produce heterogeneous structures along the nanowire, such as p-n
junctions [17] and superlattices [ 18]. Optical properties of the nanowires formed using
the above technique have been studied by photoluminescence (PL) and absorption
spectroscopy, which showed a blueshift of the peak energy due to the quantum
confinement effect and giant polarization anisotropy in PL and optical absorption.
Those properties provide the potential for.new applications of the semiconductor
nanowires. For example, Wang et/ala[21] sh(;wed a prominent anisotropy in the PL
intensities in the direction parall¢l and i)é'_li:__’ge_gdicular to the long axes of an individual,
isolated indium phosphide (InP)_f naanire::; (Figﬁre 2.i 1), whose polarization ratio is
0.96, but that of numerous InP nanovﬁres grown.on'a substrate [22] (Figure 2.12), where
some of them were inclined from nomal of substrate, is only 0.5. The magnitude of the
polarization anisotropy could be quantitatively due to the large dielectric constant

contrast between the nanowires and the surrounding environment, as opposed to

quantum mechanical effects such as mixing of valence bands.
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Figure 2.2 The schematic showing of nematic liquid crystal phase.
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(a)

Figure 2.3 The schematic showing of (a) smectic-A liquid crystal phase,
(b) smectic-C liquid crystal phase.
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Figure 2.6 The schematic showing of (a) splay, (b) twist, and (c) bend
deformations in liquid crystal.
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Figure 2.10 The schematic showing of basic geometries of the dielectric
reorientation of nematic liquid crystals (Ae>0). On the left hand side, the
initial states distinguish by different starting orientations. On the right
hand side, the deformed states above the threshold are illustrated.
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Figure 2.11 Polarized excitation and emission spectraof nanowires. (A)
Excitation spectra of a 15-nm-diameter InP nanowire. These spectra were
recorded with the polarization of the exciting laser aligned parallel (solid
line) and perpendicular (dashed line) to the wire axis. The polarization
ratio, p, is 0.96. Inset, plot of the polarization ratio as a function of energy.
(B) Emission spectra of the'same Wire-as in (A). These spectra were taken
with the excitation parallel.to the wire, whlle a-polarizer was placed in the
detection optics. The polarlzatlon ,_rattp of \the parallel (solid line) to
perpendicular (dashed lin€) emi $1ori'is 0.92./The spectra were taken with
integration times of 10 s. Inset, hot of thb polarization ratio as a function
of energy. Reprinted with pérrmEsmn frdrh J F. Wang et al., Science 293.

1455(2001).
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Figure 2.12 CL spectra from the nanowire region and substrate region
taken for the p(solid spots) and s(open spots) polarization directions. The
polarization ratio, p, is only 0.5. Reprinted with permission from Appl.
Phys. Lett. 88, 153106 (2006).
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Chapter 3
Experiment

3.1 Micro-Photoluminescence [1]
3.1.1Principles and Applications of Micro-Photoluminescence

For a perfect semiconductor crystal, a light source with photon energy higher
than the band gap of the semiconductor crystal will excite the carriers to their excited
states. As soon as the excitation occurs, all excited electrons and holes will relax to
the bottom of the conduction band and the top of valence band, respectively, and then
the radioactive recombination may' occur ‘mider the condition of momentum
conservation as shown in Figure 3.1. Wheﬁithe maximum of the valence band and the
minimum of the conduction band o_ccur:v:e-l-t thé same; value of the wave vector K,
transitions are direct and the mateﬁal is a_direct-gap semiconductor (for instance,
GaAs and GaN). For a direct-gap material, the most probable transition is across the
minimum energy gap which is between the most probably filled states at the minimum
of the conduction band and the states most likely to be unoccupied at the maximum of
the valence band. If the band extreme do not occur at the same wave vector K, the
transition is indirect. To hold the condition of momentum conservation in such an
indirect-gap material (for example, Si and Ge), the participation of phonons is

required. Such a process is also called a phonon-assisted process. Therefore, the
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recombination of electron-hole pairs must be accompanied by the simultaneous
emission of a photon and a phonon. The probability of such a process is significantly
lower as compared with direct transitions. The radioactive recombination that is
caused by the incandescence coming from hot source is called photoluminescence
(PL). As shown in Figure 3.2, for example, if there is a multiplicity of excited states,
only transitions from the lowest excited state can generally be observed at low
temperatures because of rapid thermalization [2]. Figure 3.3 illustrates the process of
photoexcitation, as well as different processes that may cause light emission. If a
photon with its energy higher than_the band. gap: of the sample, an electron in the
valence band will be excited to condﬁ%ﬁgr.l_.band and soon dribbles down to the
bottom of conduction band byr reac_hing:t:herrr.lal eqt.lilibrium with the lattice, i.e.,
emitting phonons. Figure 3.3(a) ié an_interband transition. In this case, a direct
recombination between an electron in the conduction band and a hole in the valence
band results in the emission of a photon of energy E¢=4v Although this recombination
occurs from states close to the corresponding band edges, the thermal distribution of
carriers in these states will lead, in general, to a broad emission spectrum. If the
semiconductor is pure, the recombination will be between electrons in the conduction
band and holes in the valence band. As the temperature is sufficiently low (e.g., less

than 25 K for GaAs), an electron and a hole will form a bound state due to the
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Coulomb interaction. This electron-hole pair is the so-called exciton. The
recombination of an exciton will give rise to sharp-line luminescence with energy of
the band gap minus the binding energy of the exciton. Figure 3.3(b) shows an
excitonic transition. If the semiconductor contains impurities, several new
recombination paths via the impurity states open up. Electrons from the conduction
band may recombine with neutral acceptors which become negatively charged after
recombination (as shown in Fig. 3.3(c)). Neutral donors may recombine with holes in
the valence band, becoming positively, charged (as shown in Fig. 3.3(d)). At higher
impurity concentrations electrons bound to doﬁors may recombine directly with holes
bound to acceptors, giving rise tQ donoiiéé;ggptor pair luminescence (as shown in Fig.
3.3(e)). A third category of impgl_'itie_s is i:;ibeleétronic impurities, where the impurity
has the same valency as the atom.it replaces-in' the host lattice. The isoelectronic
impurities may bind excitons, which can give luminescence, substantially below the
energy of free excitons. Luminescence studies are, in general, a very powerful method
for obtaining information about impurities, also at low concentrations. It should also
be noted that not all recombination between electrons and holes results in light
emission, since there may also be efficient nonradiative recombination paths. PL is
one of the most useful optical methods for the semiconductor industry [2, 3], with its

powerful and sensitive ability to find impurities and defect levels in silicon and group
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III-V element semiconductors, which affect materials quality and device performance.
A given impurity produces a set of characteristic spectral features. This fingerprint
identifies the impurity type, and often several different impurities can be seen in a
single PL spectrum. In another use, the full width at half maximum (FWHM) of PL
peak is an indication of sample quality and crystallinity, although such analysis has
not yet become highly quantitative. Besides, PL is sensitive to the strain field inherent
in the semiconductor heterostructures, and can measure the magnitude and the
direction of the strain field. Photoluminescence can also determine the band gaps of
semiconductors. This is very impostant for i)inary (AxB1x) and ternary (AxB1xC)
alloys whose gaps vary with the comp(f)é'i;f_tf;'_)_r__la.l parameter x which must be accurately
known for applications. When thp_relation :l:):etwéen gaﬁ energy and x is known, the PL
measurement of gap can be inverted to_determine x. From this, a two-dimensional
map of alloy composition can be obtained as the exciting laser beam is scanned across
the surface of the sample, which is a useful tool to determine inhomogeneity.

Among the optical characterization methods, PL are probably the best developed
to carry out such spatial scanning, with commercial equipment available. An
interesting PL. measurement with the aid of a polarizer can help us study the optical
anisotropy of semiconductor heterostructures. By way of this method, we are able to

investigate the microstructure of the sample and the mechanism of the radioactive
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recombination of the electrons and the holes in detail.
3.1.2 The Apparatus for Micro-Photoluminescence Measurement

The micro-PL arrangement is the most straightforward measurement in optical
system as shown in Figure 3.4. The excitation source can be any laser whose photon
energy is higher than the band gap of the materials to be examined, and whose power
is sufficient to excite an adequate signal. In our measurements, a laser beam with 374
nm is focused into a microscope to be the excitation source. The luminescence from
sample is again focused into the microscope.and pass through optical fiber then enters
a TRIAX 320 spectrometer. Finally,@ high résponse H5783 photomultiplier tube is
employed as the detector. The signallf f;*_?gl__.._detector switched by SACQ2 sends to
computer. These photons can b_g:_ger_lerate:::ci at éontinuous powers of watts. Usually,
tens of mW are often adequate to éive good signals. The intensity of the Micro-PL
signal apparently depends on the quality of the materials to be examined, the handling
ability of the system, and the sensitivity of the detector.
3.2 Transmission Electron Microscope (TEM)

A main TEM system consists of electron gun, condenser system and objective
lens. The electrons are generated and accelerated to required high energy by electron
gun. A condenser system is set up of different magnetic lenses and apertures makes it

possible to get either a parallel beam (micro probe for TEM) or a convergent beam
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with selected convergence angles (nano probe for STEM and CBED). Furthermore,
the beam can be scanned (STEM) or tilted (DF-TEM). Most important objective lens
in the microscope since it generates the first intermediate image, the quality of which
determines the resolution of the final image. Images and diffraction pattern can
directly be observed on the viewing screen in the projection chamber or via a TV
camera mounted below the microscope column. Images can be recorded on negative
films, on slow-scan CCD cameras or on imaging plates. Schematic representation of

TEM is shown in Figure 3.5.

4 - NIY
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Chapter4

Color-tunable light emitting device based on the
mixture of CdSe nanorods and dots embedded in
liquid crystal cells
4.1 Introduction

One-dimensional nanostructures, such as nanorods, nanowires, and nanotubes,
etc., have become a class of attractive materials as their geometric anisotropy gives
rise to unique physical properties [1=8]. For .example, the emission and absorption
spectra arising from one-dimensional séﬁ%'ggnducting wires can be highly anisotropic,
and hence serve as an excqll_ent_ canl-él.-idate for. the application in polarized
optoelectronic devices. On the othef hand, liquid erystal (LC) is an anisotropic fluid,
which is thermodynamically between isotropic fluids and crystalline solid. The most
useful property of LC lies in the fact that its molecular orientation can be easily
controlled via an external bias. On this basis, numerous applications have been
established, among which one prominent case should be ascribed to the liquid crystal
display (LCD). Combining zero and one-dimensional semiconductor nanostructures
with the well developed LCD technology, herein, we propose the feasibility of

designing a novel color-tunable light emitting device. We ingeniously demonstrate a
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color-tunable emission device by embedding semiconductor nanorods and quantum
dots in a LC cell. The underlying mechanism is as follows. Nanorods will align along
the orientation of LC molecules due to a large alignment energy caused by the
enhanced anchoring force through ampled surface area in nanomaterials. When the
orientation of LC molecules is altered by an external bias, the reorientation of the
nanorods will follow that of liquid crystal through the minimized elastic energy of
interaction via the electric field. Because the emission of nanorods is strongly
anisotropic, and that of quantum dots is spherically symmetric, i.e. isotropic, we
therefore can fine-tune the ratio” ofsthe emission intensity between nanorods and
quantum dots. If we intentionally seléc-'t:t__’ggr.l_(.)rods and quantum dots with different
emissive wavelengths, the resu_lt_ing_emis:;:ion .color (.)f this newly designed device
could thus be manipulated. Our resﬁlt ¢laborated here should be very useful for the
future development of smart optoelectronic devices.
4.2 Experiment
4.2.1 Sample preparation

Syntheses of CdSe quantum dots and nanorods have been well documented
[9-12]. In this study, CdSe quantum dots were synthesized by a previously reported
protocol [12], and CdSe nanorods were synthesized according to the reported method,

except for a slight modification regarding the usage of surfactants [13]. In brief, a
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selenium (Se) injection solution containing 0.073 g of Se was prepared by dissolving
Se powder in 1 ml of tri-n-octyl phosphine. 0.20 g of CdO and 0.71 g of tetradecyl
phosphonic acid (TDPA) were loaded into a 50 ml three-neck flask and heated to 200
°C under Ar flow. After the CdO was completely dissolved, judging by the vanishing
of the brown color of CdO, the Cd-TDPA complex was allowed to cool down to room
temperature. Subsequently, 3.00 g of tri-n-octyl phosphine oxide (TOPO) was added
to the flask, and the temperature was raised to 320 °C to produce an optically clear
solution. At this temperature, the Se injection solution was swiftly injected into the
hot solution. The reaction mixture was maintéined at 320 °C for the growth of CdSe
crystals. After 5 min, the temperature \i/é%:-'g_t__lghched to 40 °C to terminate the reaction.
5 ml of toluene was then introduced to (ilt:iic,sol\./e the reaction mixture, and a brown
precipitate was obtained by adding 5 ml of isopropanol and centrifuged at 3000 rpm
for 5 min. The precipitate was dispersed in toluene for the transmission electron
microscope (TEM) characterization. As the TEM image of CdSe nanorods shown in
Figure 4.1(a), the length and diameter of CdSe nanorods are 25 nm and 7 nm on
average, respectively. The TEM image for the studied CdSe quantum dots is revealed
in Figure 4.1(b), showing that the size of of CdSe quantum dots is about 5 nm. The
corresponding photoluminescence spectra of CdSe nanorods and quantum dots are

shown in Figure 4.1 (c) and (d), respectively.
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A drawing of the LC cell is depicted in Figure 4.2, in which the top-view and
side-view structures of LC cell, consisting of embedded nanorods and quantum dots,
are presented. The LC cell is composed of two glass substrates with indium tin oxide
(ITO) on the surface, coated by a polyimide (PI, AL21004 (Japan Synthetic Rubber
Corp)) alignment layer. The PI layer, after being spin coated on clean ITO glass
substrate, was then soft baked at 70° C for 110 seconds, hard baked at 240°C for 8
minutes. Subsequently, the PI-coated ITO. glass was rubbed to serve as homogeneous
alignment layer for arranging the direction (;f L.C molecules. After preparation of
lower and upper treated substrates, a rh-i)s@_r_f;.composed of nematic LC E7 (Merck),
CdSe nanorods and CdSe quantum dots :\;-vas injectea mto the cell through a shot
syringe. The distance between lowér and upper;substrates was about 7um. Owing to
the capillary force, the cell could be thoroughly filled with LC and CdSe
nanocomposites. The device was then sealed for further measurement. Table 4.1
shows the list of the sample fabrication processes in this work. In this study, the
concentration of CdSe nanorods and quantum dots was about 8.5x10'° cm™ and 4x10"
cm”, respectively. As the top view shown in Figure 2, the nanorods will align with LC
molecules along the rubbing direction due to the surface coupling between LC

molecules and nanorods. When the applied external bias is large enough, the
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orientation of LC molecules would be forced to align perpendicular to the cell plane,
and the reorientation of nanorods would follow that of LC molecules, as shown in
Figure 2.

Table 4.1 The list of the sample fabrication processes

. Cut the big ITO glasses into a small one (2x2 cm?).

. Clean the ITO glasses.

. Spin Coating the ITO glasses with PI layer (AL21004).

. Bake the ITO glasses after spin coating (70°C for 110sec & 240°C for 8 mins).

. Rub the PI substrate for an unidirection.

D I O, T I SO B 'S T B NS T

. Compose two substrates (a rubbed PI substrate and a rubbed PI substrate together
with AB glue (left and right side).

8. Inject liquid crystal (E7) and CdSe nanocomposites into the LC cell.

9. Seal the composite with AB:glue-(toprand bettom -side).

10. Two electric-wires conneet with the LC cell.

4 - NIY

4.2.2 Experiment setup

Photoluminescence spectra were used to énalyze the emission characteristics of
the device containing LC and CdSe nanocomposites. The schematic plot of the
experimental setup is shown in Figure 4.3. A 374 nm laser was used for the pumping
source, which will stimulate the emission of CdSe nanocomposites. The emission
from CdSe nanocomposites passes through the analyzer and depolarizer, and the
signal was detected by a photomultiplier tube (PMT). The analyzer was mounted in
front of the entrance slit of the spectrometer in order to distinguish the orientation of

the polarized electric field. The depolarizer was placed between the entrance slit and
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the analyzer of the emission signal in order to eliminate the possible error in the
detected polarization due to the measuring equipments. In order to avoid the induced
separation of charged impurities, forming electric double layer in LC cell, we apply an
alternating square wave voltage at 1 kHz frequency across the sample compartment.
4.3 Results and Discussion

Figure 4 shows the polarized behavior of the photoluminescence spectra arising
from CdSe nanorods and quantum dots embedded in LC cell. The maximal
photoluminescence intensities of nanorods and quantum dots are at 580 nm (2.1 eV)
and 650 nm (1.9 eV), respectively. Upon rotaﬁng the analyzer angle with respect to
the rubbed PI direction, the emission 1nté'gs1ty from CdSe nanorods is then changed
accordingly, while that of CdSe_fquantum :czli)ts rémainé constant. This result indicates
that CdSe nanorods embedded in tﬁe LC cell is well aligned with the LC molecules
along the rubbed direction. It is a consequence of the minimization for the elastic
energy due to interaction between LC molecules and nanorods [19]. The inset in
Figure 4.4 shows the emission intensity of CdSe nanorods as a function of the
analyzer angle, which exhibits a periodic function and follows the cos’ rule. It is
worth noting that this result is a fully reversible process. In order to confirm the fact
that the observed anisotropic emission indeed arises from the interaction between LC

moles and nanorods, we have fabricated CdSe nanocomposites in a rubbed PI cell
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without LC infiltration, and the result shows the disappearance of emission
anisotropy.

To gain understanding of the emission anisotropy in a quantitative manner, the
polarization ratio of CdSe nanorods can be calculated by p=(I;-1.)/( I)+I.) [14-16],
where I and 1. represent the intensities of emission parallel and perpendicular
to the rubbed PI direction, respectively. The large optical anisotropy could be
rationalized in terms of the differences in dielectric constant between the nanorods and its
surroundings [18]. According to the model developed previously, when the electromagnetic
field is polarized parallel to the nanorodsthe electﬁc field mside the nanorod is not reduced.
In contrast, when polarized perpendiculér:ﬁ.t_f}é cylinder, the electric field amplitude is

attenuated by a factor 6, according to the équaﬁon given by

E' =Bl - & 4.1)
2&
EX=0E;, §=—""—, (4.2)
E+e,
2 2
1,-1, |[E'[ =B 1o (4.3)

B I, +1, B ‘Ei//‘z +‘E:‘L‘2 R

where E; is the electric field inside the nanorod, E.is the excitation field, and € and & are
the dielectric constant of the nanorod and surrounding, respectively. Consequently, by
applying the dielectric constant of CdSe nanorods (bulk €=10.2) [17] and LC E7 (¢/=3.02),
we then deduce a theoretical value of the polarization ratio of 0.65. In comparison,
according to the experimental result shown in Figure 5, the polarization ratio is calculated to
be 0.53. The discrepancy between theoretical and experimental values may be attributed to
the fact that CdSe nanorods in our study are not an ideal infinite dielectric cylinder as

proposed in the theoretical model [18].
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In order to further examine the dielectric cylinder model for the explanation of
the optical anisotropy of CdSe nanorods, the polarization dependent absorption
spectra were performed. Recorded spectra for the absorbance of CdSe nanorods
parallel and perpendicular to the rubbed PI direction are shown in Figure 4.5. Clearly,
large absorption anisotropy was observed, and the order parameter at 620 nm is
deduced to be 0.54, which is about the same as that measured from
photoluminescence spectra.

Figure 4.6 shows the polarization_dependence of the emission spectra of CdSe
nanocomposites embedded in'LC cellumder aﬁ ac-square wave voltage of about 20V.
It is found that the emission spectra alhi(j{@_;c;inain the same when the polarization is
parallel and perpendicular to thg_rub_bed PI dir.ection.. The inset shows the emission
intensity of CdSe nanorods as a fuﬁction of analyzer angle. The intensity does not
change with the analyzer angle, but slightly decreases due to fluorescence quenching.
The result implies that when the measurement of the emission intensity is
perpendicular to the cell plane, the emission spectrum is isotropic for the LC cell
under an external bias of 20 V. This behavior can be rationalized as follows. It is well
known that LC director can be driven by an external bias to minimize the electrostatic
energy of the system, and the director of nematic LC (E7) with a positive dielectric

anisotropy will be parallel to the electric field. The anchoring force between nanorods
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and LCs can provide a large alignment energy [19], which will drive nanorods along
the orientation of LC molecules. If the nanorods are now well aligned perpendicular
to the LC cell plane, the emission detected in front of the cell plane, as in our
experiment, should be isotropic. Consequently, the reduced optical anisotropy is
mainly due to the reorientation of CdSe nanorods driven by biased LC molecules.
Quite interestingly, it is found that the ratio of the relative emission intensity between
CdSe nanorods and quantum dots can be manipulated by an external bias. When there
is no external bias, as shown in Figure 4, the emission intensity from CdSe nanorods
is larger than that of CdSe quantum_dots for tﬁe polarization parallel to the rubbed PI
direction. In contrast, the emission intéri's:%'g{__ ffom CdSe nanorods is smaller than that
of CdSe quantum dots when thq _ext_ernalivi):ias is applied, as shown in Figure 6. The
results establish the external bias ﬁﬁe-tunihg emission color in this newly developed
device.
4.4 Summary

We have successfully demonstrated a color-tunable light emitting device by
incorporating semiconducting nanorods and quantum dots in a liquid crystal cell. The
underlying mechanism is based on the large alignment energy resulting from the
enhanced anchoring force of LC molecules through the amplified surface area of

nanorods. In view of the well established liquid crystal technology, our approach
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elaborated here may be very useful for the development of smart optoelectronic

devices in the near future.
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Chapter 5

Conclusion

In general, owing to thermal and mechanical characteristics, one dimensional
semiconductors like nanorods, nanowires hardly make use in integrated photonic
systems and other optoelectronics devices, such as optical switch. In this work, we
have successfully demonstrated an approach to design a color-controllable device
consisting of nanorods and quantum dots and nematic liquid crystals. By means of
unique optical anisotropy of nanorods and.spherical symmetry of quantum dots, the
color of the emission arising from our designeci light emitting device can be controlled
by an external bias. In the future, fhéfgf_(_)ﬁtrollable two color emissions can be
extended to three colors (RGB)_ emissi(:)tr;s, ér by -incorporating surface plasmon
resonance in our newly designed device, it may' lead to the development of many
novel smart optoelectronic devices. Because liquid crystal display technology is

well-developed, controlling the color of emission from a display as shown here may

be realized in the near future.
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