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Abstract

Besides zero dimensional semiconducting nanoparticles (also referred to as
“quantum dots”), one dimensional semiconducting nanocrystals with dimensions in the
range of nanometer and with different aspect ratios have also drawn much attention due
to their fascinating size- and shape-dependent optical and electronic properties. In this
study, by using a solution-based method, CdS self-bundled arrays with an area of as
large as 2.0 pm” could be producedin the abs;-nce of an external direction-controlling
process. Matching in nanorod conce_ntrgtiop,_ mteinsic properties of CdS, and the
hydrocarbon chains of the surfactants betvfzen a.djacenF CdS rods play key roles in the
self-assembly. Also, the self-bundfléd.CdS nanorodsexhibit optical emission nearly free
from the defect-states. In addition, by optimizing the use of surfactants and temperature,
the aspect ratio of CdS nanowires with diameter of 3.5 nm can be tuned up to 300.
Finally, by applying metallic nanoparticles as a protecting group, nanorods with axial

heterojunctions could be obtained with a mechanism different from that of the SLS

model. Results of this study could serve as basic concepts in nanocrystal architecture.
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Chapter 1.

Growth Mechanism of One-Dimnesional 1-VI

Semiconducting Nanomaterials
1. Introduction

Nanomaterials, materials made with dimensions on a scale of 1 - 100 nm, is one of
the most interesting subjects in thel field of chemical research. Among the inorganic

nanomaterials, semiconductingmnanocrystals have -attracted considerable attention

\
i

mainly due to the significanee |of ""'.,_si-.Zé-tunable optical properties.'” These
size-dependent phenomena make “semiconducting -nanocrystals good candidates in a
wide range of technological applications, such as lasing,’ electroluminescence,”®

. . 11,12
photovoltaics, >'® and nanoelectronics.'"

In addition to particle size, shapes of nanocrystals also have influence on the
optical and electronic properties. For example, one dimensional nanocrystals, several
nanometers in diameter and with different aspect ratios, has shown unique linear
polarized emission along the c-axis of crystals because of intrinsic dipolar structure.'*™"”

Therefore, understanding of shape-evolution and growth mechanism of semiconducting

nanocrystals is necessary while designing and synthesizing the tailored nanostructure.



Considering the crystal growth, the most widely cited classical model for shape
control of crystals is based on thermodynamics, namely Wulff facets argument, or
Gibbs-Curie-Wulff theorem.'® Small crystals have substantial numbers of surface atoms
compared to atoms in a bulk-like environment, and hence the energy contribution of
surfaces to the total energy of a nanocrystal is significant. In this theory, shape of a
crystal is thermodynamically determined by the relative chemical potential of all
possible crystallographic facets. The final crystal shape is decided in a way such that the
total free energy of the system is minimized. quever, being based on thermodynamics,
shape evolution is not allowed. Furthe_rmf)re, :th_is theoty cannot account for kinetically
trapped morphologies, for example, thlis.:t%;.f;ho.dynam_ic argument cannot explain the
frequently observed shape evolufi(')n.i/ia high—témperature routes and rapid quenching

methods to stabilize a metastable form.

As a result, a new framework is needed for the development of shape-controlled
synthesis of colloidal nanocrystals. Several research groups in the world have made a
lot of efforts to reasonably explain shape evolution of nanocrystals, especially
one-dimensional semiconducting nanomaterials. In the following sections, four different
kinds of proposed mechanisms and the corresponding synthetic routes in solution phase
will be discussed, namely, effective-monomer model, selective-adsorption model,

oriented-attachment model, and solution-liquid-solution model.



2. Effective-Monomer and Selective-Adsorption Model

In 2000, Alivisatos and the coworkers reported the formation of elongated CdSe
nanocrystals with their short axes smaller than the quantum-confined dimension of the
given material — CdSe quantum rods."® They also observed the unique-axis polarized
emission from the CdSe nanorods. From 2000 to 2003, a great deal of tailored
experiments has been made to construct a general model for the growth mechanism of

P2 In their studies, the so-called “high-temperature organometallic

quantum rods.
routes” were applied to synthesize anisotropic nanocrystals. During the synthesis,
selenium powder and organometallic cad@:lum precuréor, namely dimethyl cadmium,
were co-dissolved in a tri-alkyl p?lf)sp_hilne ;:butyl or -oétyl). Subsequently, the solution
was injected into hot (340 — 360-°C) trioctyl ph;)sphine oxide (TOPO)."” Nucleation
occurred rapidly, followed by growth of nanorods (280 — 300 °C). Right after these

131920 peng et al. found that the organometallic cadmium precursor is not

reports,
necessary. In substitution, cadmium oxide (CdO) and alkylphosphonic acid, such as
hexylphosphonic acid (HPA) and tetradecylphosphonic acid (TDPA) were used in the
reaction.”’ Since then, this set of materials, namely, cadmium oxide (CdO),
alkylphosphonic acid (tetradecyl (TDPA) and hexyl (HPA)), tri-alkyl phosphine (-butyl

(TBP) or —octyl (TOP)), and trioctyl phosphine oxide (TOPO), has been viewed as the

most broadly accepted precursor in the synthesis of nanorods.
3



Formation of crystals is constituted by nucleation and growth. Initially, as reported
by Alivisatos and the coworkers, " high monomer concentration is a critical condition in
the growth of nanorods, which is known as the “effective-monomer model”. Also, as
shown in the experiments done by the same group,” addition of second kind of
surfactant, namely hexylphosphonic acid (HPA), would help the formation of
anisotropic nanocrystals because of different adsorption ability on the desired
crystallographic faces of these surfactants. Therefore, variation of growth rate on

different facets could be achieved. This is,known as the “selective-adsorption model”.

Bearing the above-mentioned congepts in'mind,'in. 2001, Peng et al. started digging

-
el
=

out the origin of nanorod growth..zo’zlz-’;_As | shown. in Figure 1, *

from the
Gibbs-Thompson equation,'® for. élét-shaped erystals; their relative chemical potential is
plotted in the upper part, indicating a strong size-dependent response of the chemical
potential. The shape effect, such as different aspect ratios, on the relative chemical
potential of nanocrystals is plotted in lower part of Figure 1. The chemical potential
doubled when CdSe crystal is elongated from a dot to a rod with aspect ratio of 30,
which implies the necessity of a high chemical potential environment as well as high

monomer concentration during the growth of elongated nanocrystals.

Combining experimental and theoretical approaches, Peng and coworkers found

that nucleation process in the growth of nanorods takes place through the presence of

4



“magic sized nanocluster”,* those CdSe clusters with defined molecular structures in

the size range between 1 and 2 nm. Typically, these clusters contain no more than one
unit cell of the bulk crystal and possess close-shell structures.”* Because of the
close-shell configuration, these nanoclusters are thermodynamically more stable than
those without a close-shell structure. Therefore, magic sized nanoclusters appear always

at fixed and discrete sizes.

Experimentally, magic sized nanoclusters of semiconductors can be detected by the
appearance of sharp absorption peaks at:persistént and isolated positions. By monitoring
the UV/Vis absorption spectra of the nidc.l;l.e-tip.aliquots-taken from the reaction flask at
given time intervals, as shown in Figure 2,?\7&10 absorption peaks were recorded at about
285 nm and 349 nm. The peak at 349 nm is ‘also‘reported by Soloviev et al., which is
attributed to CdSe clusters containing 17 Cd atoms.** Thus the appearance of a magic
sized nanoclusters is confirmed. The other absorption feature observed at about 285 nm,
which is not very sharp and lasts normally for the entire growth course, should be
something significantly smaller than a cluster with eight cadmium atoms.* Because of

the exceptionally high absorption energy, it might be a CdSe molecule, instead of a

magic sized nanocluster.

Magic sized nanocluster might have local minimum chemical potential because of

their close-shell configurations. Certainly, the Gibbs—Thompson equation is no longer

5



valid in this size regime. Schematically, Figure 3 illustrates the size- and configuration-
dependent chemical potential in this extremely small size regime. The inevitable
formation of magic sized nanoclusters in the nucleation stage likely plays a key role in
determining the nature of all of the following events, and the size/shape of the resulting
nanocrystals. Since the lateral dimension is always uniform regardless of the
distribution of the aspect ratio, there should be only one kind of limited-sized magic
sized nanoclusters. The “tunneling” through the lower thermodynamic barrier toward
larger sizes, denoted as forward-tunneling, might be a switching-on step at the initiation

of the rod growth. The lateral dimension of the rods in'the 1D-growth mode is thus set

_—
-
S

as a more or less fixed value.

When it comes to the actuai étrﬁcture of ‘magic-sized nanoclusters, some reports,
containing the identified molecular (crystal) structures of magic-sized nanoclusters of
cadmium chalcogenides, have also been published.”**’ Surprisingly, the core of all
nanoclusters haa a tetrahedral closed-shell configuration and a zinc blend structure,
irrespective of the growth temperature. Peng et al. tentatively suggested that the
magic-sized nuclei formed in their reactions also have a tetrahedral closed-shell
configuration and a zinc blend core.”* This assumption is consistent with the observed

19,28

formation of branched nanostructures. Experimental results of high-resolution

tansmission electron microscopy (HRTEM) revealed that the branching point is always



tetrahedral core with zinc blende structure, even though the rest of the nanocrystals is
mostly of wurtzite structure. It is likely that the structure and morphology of the
magic-sized nanoclusters are arrested at those branching points. Furthermore, the results
also showed that the branched structures are more likely to appear at lower growth

2228 which is consistent with the fact that, for CdSe, the zinc blende

temperatures,
structure is more stable at lower temperature. Presumably, a phase transition to wurtzite
structure may easily take place at higher temperatures when the magic-sized
nanoclusters go through a forwards-tunneling to become the real seeds for the growth of
the elongated structures.

After the nucleation, the nanorod—gr:g{v.t.h system.goes into the next step, namely
shape evolution. For typical cryétél _éowth in_solution, monomers diffuse from bulk
solution and approach the area right next to the surface of a crystal, and then they react
with the surface of the crystal. The so-called “diffusion-controlled process” is suitable
for explaining the anisotropic growth of CdSe nanorods. As concluded by Peng and the
coworkers,” a typical temporal shape evolution of CdSe quantum rods occurs in three
distinguishable stages, as shown in Figure 4. Firstly, “1D-growth stage”, when the Cd
monomer concentration in the solution is between 1.4 % and 2 % of cadmium by mass,

all the nanocrystals grow almost exclusively along their long axis and both aspect ratio

and volume of crystals increased rapidly. Secondly, “3D-growth stage”, as the Cd



monomer concentration dropped to between 0.5 % and 1.4 %, crystals grow
simultaneously in three dimensions. The aspect ratio remains constant, but the crystal
volume increases. Finally, “1D-to-2D-ripening”, when the Cd concentration is constant
at 0.5 %, the aspect ratio decreases noticeably, because the dimension of the crystals
increases along the short axis and decreases along the long axis. In addition, volume of
nanocrystals remains constant, and there is no apparent net growth or dissolution of
nanocrystals. This indicates that the monomers very likely move on the surface of a
crystal from one dimension (c-axis) to.the ot.her two dimensions in an intraparticle

manner. In the 1D-to-2D-ripening process, the quantum rods can eventually evolve to

_—
-
S

dot shape, if given enough time.

Figure 5 denotes a schematifc. d_iégram for the proposed mechanisms of the three
stages of the shape evolution. The circle in each stage is the interface between the bulk
solution and the diffusion sphere, and arrows indicate the diffusion directions of the
monomers. In the 1D-growth stage, when the monomer concentration in the bulk
solution is high, the chemical potential of the monomers in the bulk solution is
significantly higher than that in the stagnant solution at any facets of the crystals, which
means that monomers should diffuse into the diffusion sphere. Therefore, the volume of
nanocrystals increases noticeably (see Figure 4). However, the unique structural feature

of the (001) facet and the high chemical potential on both unique facets makes the



growth reaction rate along the c-axis much faster than that along any other axis. The
limited amount of monomers maintained by diffusion is mainly consumed by the quick
growth of the unique facets, especially the (001) facet. As a result, the diffusion flux
goes to the c-axis exclusively and forms long axis of quantum rods. In this specific
stage, the reactivity of different facets plays an important role. However, this stage is
still diffusion controlled because the amount of diffusion flux is sufficient for the quick

growth along the unique axis.

At the 3D-growth stage, as the monomer €oncentration drops to a certain level, the

lower chemical potential gradient between the,bulk 'solution and the different facets

i
el
=

slows down the growth, with slower crystz%y.o.lume mncreases as an indicator, compared
to the 1D-growth. Further, this gr:adier-lt drop impacts the unique facets the most, due to
their relatively high chemical potential with respect to the other facets. Smaller gradient
between surface of the unique facets and the bulk solution makes the diffusion flux
difficult to go into the unique facets. Consequently, the monomers entering the diffusion

sphere are shared by all three dimensions.

In the 1D-to-2D-ripening stage, the chemical potential of the monomers in the bulk
solution drops to a level lower than that of the two unique facets, but still higher than
that of the other surfaces. Overall, the chemical potential in the bulk solution

approximately equals the average chemical potential of the entire surface atoms of a

9



nanocrystal. This leads to a equilibrium at interface between bulk solution and diffusion
sphere, which explains that why both the volume of nanocrystals and the monomer
concentration in the bulk solution remain constant. Without incoming diffusion flux, the
monomers start to diffuse from the surface of the unique facets to the stagnant solution
of the other facets because of the internal chemical potential gradient. Consequently,
atoms on the unique facets dissolve into their stagnant solution to maintain the solubility
equilibrium. The same equilibrium drives the other facets to take monomers from their
stagnant solution. The net result is that the atoms on the two unique facets move to the
other facets in an intraparticle manner.

Besides, the long axis of the elongatg;l__ ﬁan_ocrystals with a wurtzite structure has
always been observed as the C-axi:s.of ihe erystals.‘Based on the crystal structure and the
surface coordination of the ligands, as shown in Figure 6, a qualitative explanation is
proposed.*® Firstly, a permanent dipole is along the c-axis of the wurtzite structure, and
for any cadmium atoms exposed on the (001) facet, there are always three dangling
bonds for each cadmium atoms. Secondly, since all ligands in the system are for cationic
species, the (001) facets, if terminated with selenium atoms, should be nearly uncoated.
These two facts make the (001) facet to be chemically more active than the other facets.
As the monomer concentration is high enough, namely in the 1D-growthstage, the

resulting nanocrystals would be rod-shaped.
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3. Oriented-Attachment Model

In 2002, the group of Kotov reported formation of CdTe nanowires starting from
the nanodots of CdTe in aqueous phase.” After the study of the growth mechanism, they
also published several papers about applications of the as-prepared CdTe nanowires.”">>
For the experimental condition, the CdTe nanodots were synthesized by using

Cd(ClOs4),, NaHTe, and the stabilizing agent, such as 1-thioglycerol. The solution was

refluxed at 96 °C for 48h to promote the growth of CdTe nanocrystals.

After the synthesis of CdTe nanedots, thé key step.of obtaining nanowires is the
removal of excess stabilizer. To accomﬁﬁé@_t__hi's requirement, CdTe nanoparticles were
precipitated by methanol and rlgzc_liss_ollvecli;: in f)ure vs-fater at pH 9.0. The obtained
dispersion was allowed to age in dafkness at room temperature for several days. The
TEM images of final product, CdTe nanowires, are shown in Figure 7. During the
dot-to-wire transformation, the intermediate state, “pearl necklace” aggregation, are also
observed, as shown in Figure 8.” The presence of short nanorods among the “pearl”
beads indicates that the nanowires formed not through point-initiated vectorial growth
but rather by the recrystallization of multiple nanoparticles in a linear aggregrate that

fused gradually into one crystal. The crystal structure of the as-synthesized nanodots is

zinc blende. However, the HRTEM results, as shown in Figure 9,” reveal that the CdTe

11



nanowires possess a wurtzite structure. The lattice plane spacings calculated from the
diffraction patterns, showing a typical type of hexagonal wurtzite CdTe structure, are
3.98 angstrom and 2.29 angstrom for (100) and (110) facets, respectively. Therefore, the

nanowire growth is obtained by a phase transition.

Based on experimental observations, Kotov and the coworkers proposed a
mechanism, called “oriented attachment”, to rationally explain the growth of CdTe
nanowires. During the controlled surfactant-detachment process, the CdTe nanoparticles
reorganize their lattice to obtain amatch' between the symmetry of the crystal and the

uniaxial geometry of 1D species, The~chain—aggregation is initiated by the overall

i
el
=

decrease of the stabilizer concentration, Wthh résults in the shift of the dynamic
equilibrium between nanoparticlélbo_n-ded and free stabilizer toward its dissolved state.
This kind of attachment can lead to the formation of twin faces or other interfaces with
structures distinct from that of bulk. These structurally different regions can serve as
nucleation sites for new phases. The diameters of the nanowires and the nanoparticles
were similar, further confirming the oriented attachment model. The existence of such a
pearl necklace aggregate suggests that an understanding of the growth process will
depend on collective behaviors of nanoparticles and the intermolecular forces between

them.

The force capable of producing chains of nanocrystals is believed to be the
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dipole-dipole attraction. The magnitude of the II-VI quantum dot dipoles was
experimentally determined to be very high for both hexagonal and cubic nanocrystals,
which is attributed to charging chalcogen surface states.”” For CdSe (hexagonal) and
ZnSe (cubic) nanocrystals the dipole moments are as high as 64 D and 42 D,
respectively.””> Even without additional polarizability terms, the attractive forces can be
as high as 10 kJ/mole, which is substantially higher than the energy of regular molecular

dipole-dipole attractions (~1.5 kJ/mole).

4. Solution-Liquid-Solid Madel| =25

In the early 1990s, during:t.he_ -synthesis of the InP nanodots by using single
precursor, {t-BuyIn[P(SiMes),]}, (the structure is shown in Figure 10), Buhro et al.
accidentally found the presence of metallic In on the end of as-synthesized InP
fibers,>*>® as shown in Figure 10. Based on the observation, in 1995, they proposed a
mechanism that the nanowires are grown according to a catalyzed mechanism, named
the “solution-liquid-solid” (SLS) mechanism.’” The SLS mechanism is an analogy to
the previously discovered vapor-liquid-solid (VLS) mechanism.® The schematic
illustration of VLS and SLS mechanism are shown in Figure 11(a) and (b),

respectively.”’
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In the VLS mechanism, under chemical vapor deposition (CVD) conditions, Si
whiskers could be grown on Au-decorated Si substrates. At the elevated temperature of
a CVD reactor, Gold particles deposited on Si melt to Au droplets. The dissolution of
elemental Si into the Au droplet takes place while admission of a gaseous mixture of
SiCly and H,. A crystalline Si whisker is nucleated at the droplet—substrate interface
when concentration of Si in a droplet reaches supersaturation, and therefore results in
preferential reaction at the Au—droplet interface (Figure 11a). Owing to the the most
active crystal-growth environment jat the droplet—substrate interface, the growth of
whisker naturally acquires a pseudo-o_r_le-xdim.ensional (ID) morphology and continues
growing until the precursor delivety is dlsizntmued The Au droplet catalyzes whisker
growth in part by functioning as.a bryétallization solvent. In Figure 11b, for a VLS-like

behavior, Buhro et al. thus named the SLS mechanism to distinguish between precursor

delivery from solution and the vapor phase.’’

The choice of catalytic droplets is the key point due to the dual role in the system,
namely for precursor adsorption and decomposition. Melting points, solvating abilities,
and reactivities are the important criteria for judging suitable metals or metal alloys in
SLS reaction.”® First, Catalyst particles must be molten under the reaction conditions
(200 — 300 °C). Second, to achieve supersaturation, at least one of the components in

the precursor must have finite but limited solubility in the catalyst material. Finally, the
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catalyst should not react with the target product (unless the catalyst material is the same

as one of the constituent elements of the semiconductor).”

Accordingly, Buhro and the coworkers found the Bi nanoparticle, synthesized by
the thermal decomposition of Bi[N(SiMe;),]; in the presence of Na[N(SiMe;),] (see
Figure 12),”” is the most suitable candidate for SLS mechanism. This method affords
nanoparticles in the diameter range of 4—40 nm, with homogeneous size distribution at
each diameter. The nearly monodispersed Bi nanoparticles can help to produce
nanowires with well-controlled diameters; as-depicted in Figure 13.* Figure 14 and 15

show the TEM images of the//Bi-catalyzed-growth of III-V and II-VI nanowires,

-
-
S

respectively. **

5. Motivation

After literature reviewing about different kinds of growth mechanism for 1D
nanorods, some equivocal points arise in our mind. Firstly, the function of surfactants in
section 2, effective-monomer and selective-adsorption model, is only mentioned to
adsorb on the surface of nanorods and maintain the initial monomer concentration.
However, after the growth, alkylchains on these adsorbed surfactants might have

influence on final appearance of as-synthesized nanorods, such as secondary structure
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and self-assembled behavior, in which the building blocks are those nanorods. In
addition, mixture of different kinds of surfactants is thought to be necessary for
producing uniform-shaped nanorods. This protocol would average the characteristics of
each kind of surfactant. Furthermore, besides precursor, temperature dependence in
reaction is seldom discussed in previous papers, which might tune the results of
nanorods synthesis. Finally, based on the SLS mechanism, continuous growth of
different semiconducting nanomaterials could be achieved, such as the quantum wires
with axial heterojunctions and hyperbranched_s.‘[ructure.‘m’41 We start to think that if the
second nanomaterial in axial heterojun_ctipns :could be grown in different manners. In
other words, it is possible tha‘F the nalln.(;?p;ft;icl.es on one side of nanorods serve as
protecting group, blocking one 'fénc.l:of the cbm_posite nanorods, and subsequently,
second segment of nanorods could be grown on the unprotected side of nanorods.

Bearing the above-mentioned statements in mind, experimental results and discussion of

designed strategy are provided in the following chapters.
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Figure 1. Top: Size-dependence of the surface atom ratio and the relative chemical

potential of CdSe nanocrystals, assuming a spherical shape. Bottom: Shape-dependent

chemical potential of CdSe quantum rods. The volume of all nanocrystals is set to the

same value as of an 8 nm CdSe dot.
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Figure 2

Figure 2. Influence of the history of Cd-TDPA complexes. Left panel: Without aging at
room temperature. Right panel: Aged at room temperatures. TEM pictures were taken

with the aliquots with the highest average aspect ratio in each reaction.”
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Figure 3
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Figure 3. Schematic illustration .s_of the' size=- af_llda"conﬁguration—dependence of the
Wi emegado

relative chemical potential of crystals/clusters in the extremely small size regime. Inset:

Structure of Cd17.% The magic sized nanocluster observed may likely possess a similar
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Figure 4
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Figure 4. The temporal shape evolution of CdSe nanocrystals determined by TEM and
the corresponding temporal variation of Cd monomer concentration in solution

determined by ICP.*°
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Figure 5
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Figure 5. The three growth stages of elongated CdSe nanocrystals at different monomer
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Figure 6. The unique chemical reactivity of the (001) facet of the wurtzite CdSe

2
nanocrystals.”
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Figure 7

T

Figure 7. TEM images of CdTe nanowires made from 3.4 (A) and 5.4 nm (B)

nanoparticles. Bars, 100 nm. *
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Figure 8

Figure 8. (A) TEM image of intermediate state of nanoparticle-nanowire transition for
5.4-nm nanoparticles. (B) The enlarged portion of the chain, with short rods marked by
arrows. (C) The high-resolution TEM image of the adjacent nanoparticles in the chain.
The "pearl necklace" aggregates were not observed in the standard dispersions of

CdTe.”
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Figure 9

dispersive x-ray spectroscopy showed identical chemical composition in respect to Cd

and Te for both nanoparticles and nanowires. *°
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Figure 10
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Figure 10. (a) Structure of {t-BuyIn[P(SiMes)2]}2; (b) under conditions allowing the

imaging of the In-catalyst droplets (arrpxys}aﬁkq)_ from a higher-temperature synthesis

employing added In catalyst 3649 f \
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Figure 11. Growth mechanisms for pseudo-1D crystalline morphologies: (a) VLS
mechanism proposed by Wagner and Ellis for growth under CVD conditions; (b) SLS

mechanism proposed by Buhro and co-workers for analogous growth from solution.”
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Figure 12
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Figure 13
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Figure 13. Plots of nanowire d-iaﬁ-leLfr Vs

1n#lal c"él'ta:ll-};st nanoparticle diameter for
SLS-grown wires. The lines are leést-sq{;arf;s ﬁts to the data, which are identified in the
inset legend. The dotted lines correspond to nanowires grown from In-catalyst
nanoparticles. Legend format: nanowire composition-surfactant-catalyst nanoparticle.
HAD = n-hexadecylamine, TOPO = tri-n-octylphosphine oxide, TOP =
tri-n-octylphosphine, OPA = n-octylphosphonic acid, MA = myristate, SA = stearate,
and polymer =  poly(l-hexadecene-co-vinylpyrrolidinone) for InP  and
poly(1-diphenylphosphinomethyl-4-vinylbenzene)/poly(1-hexadecene-co-vinylpyrrolidi

none) mixtures for GaAs.”
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Figure 14

Figure 15

Figure 15. TEM images of SLS-grown II-VI nanowires and the corresponding
diameters. (a) CdSe, 5.3 nm + 14.4%, (b) ZnTe, 7.6 nm + 13.8%, and (c) CdTe, 9.7 nm

+20.6%.%
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Chapter 2.

Characterization Techniques

1. Transmission Electron Microscopy (TEM)*?

Transmission electron microscopy is an imaging technique wherein a beam of
electrons is transmitted through a specimen. A magnified image is formed, and the
signals are directed to a fluorescent screen, a photographic film, or a charged-coupled
device (CCD) camera. Electrons have'both*wave and particle properties. As for

wave-like property, wavelength 'which-could~be much smaller than that of light is

\
i— -,
g

determined by accelerating fields. Electf_ag_l; areygenerated by processes known as
thermionic discharge or field err;iési(;n. Emittga electrons are then accelerated by an
electric field and focused by electrical and magnetic fields onto the sample. Areas where
electrons are scattered appear dark on the screen, forming a positive image. Comparing
with traditional microscope, TEM provides very high resolution and improved depth of
vision. The capabilities of the TEM can be further extended by acquiring additional
detectors on the same microscope. An analytical TEM is equipped with detectors that
can determine the elemental composition of the specimen by analyzing X-ray spectrum
or energy-loss spectrum of the transmitted electrons. Modern TEM may include

aberration correctors, to reduce the amount of distortion in the image, allowing
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information on features on the scale of 0.1 nm to be obtained (resolutions down to 0.05
nm have been achieved) at magnifications of 50 million times. Monochromators may
also be used to reduce the energy spread of the incident electron beam to less than 0.15
eV. Figure 1 shows an illustration of a typical TEM system. Major TEM makers include
JEOL, Hitachi High-technologies, FEI Company and Carl Zeiss.

Crystal structure can be investigated by High Resolution Transmission Electron
Microscopy (HRTEM), also known as phase contrast imaging technique, as the images
are formed due to differences in phase. of e.lectron waves scattered through a thin
specimen. Furthermore, the High—resoh_l_ti(?n transmission electron microscopy (HRTEM)
technique allows direct observation (I)f. gnrzystal structure, an advantage over other
methods because of no displaceniént. between.the Jocation of a defect and the contrast
variation in the image. However, it is not always possible to interpret the lattice images
directly in terms of sample structure or composition. Because the image is sensitive to a
number of factors (specimen thickness and orientation, objective lens defocus, spherical
and chromatic aberration), it is inherently complicated, and may require extensive
simulation of the images. Computer modeling of these images has added a new layer of
understanding to the study of crystalline materials. The resolution of the HRTEM 1is

limited by spherical and chromatic aberration and a set of aberration correctors would

be able to overcome spherical aberration. Software correction of spherical aberration
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has allowed the production of images with sufficient resolution to show carbon atoms in
diamond separated by only 0.089 nm and atoms in silicon at 0.078 nm at magnifications
of 50 million times. Improved resolution has also allows monitoring the lighter atoms
that scatter electrons less efficiently. The ability of determining positions of atoms
within materials has made the HRTEM an indispensable tool for nanotechnology
research and development in many fields, including heterogeneous catalysis and
semiconductor devices for electronics and photonics. However, there are a number of
drawbacks to the TEM technique. Many materi.als require extensive sample preparation
to produce a sample thin enoughito/be _c;lef:tron transparent, which makes TEM analysis
a relatively time consuming process w1tha%ow through_put of samples. The structure of
the sample may also be changed du.ri'ng theypreparation process. The field of view is
relatively small, raising the possibility that the region analyzed may not be characteristic
of the whole sample. There is potential that the sample may be damaged by the electron
beam, particularly in the case of biological materials.

To measure the spectrum of electron energy losses, an EELS spectrometer can be
mounted after the projector lenses of the TEM. The heart of most EELS spectrometers is
a magnetic sector, which provides the energy dispersion of the electrons. In the

homogeneous magnetic field of the sector, Lorentz forces will bend electrons of equal

energies into arcs of equal curvature. Some such electron trajectories are shown in
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Figure 2. From the figure we can see that electrons are selected by a variable entrance
aperture. Electrons travel down a “drift tube” through the spectrometer and are deflected
through = 90° by the surrounding magnetic field. Electrons with greater energy loss
(dashed line) are deflected further than those suffering zero loss (full line). A spectrum
is thus formed in the dispersion plane which consists of a distribution of electron counts
versus energy loss. This process is exactly analogous to the dispersion of white light by

a glass prism.

2. Ultraviolet-visible spectros-copyx(U\./Nis)4 _

Experimentally, the efficieney O.t: I%ht a.bsorpti_on at a wavelength 4 by an
absorbing medium is defined by 'fthe.Beer-Lamber:t law, which is most often used in a
quantitative way to determine concentrations of an absorbing species in solution.

A=-log(l/1l,))=¢-c-L
where A is the measured absorbance, [ is the intensity of the incident light at a given
wavelength, / is the transmitted intensity, L is the path length through the sample, and c
is the concentration of the absorbing species. For each species and wavelength, € is a
constant known as the molar absorptivity or extinction coefficient. This constant is a

fundamental molecular property in a given solvent, at a particular temperature and

pressure. The Beer-Lambert Law is useful for characterizing many compounds but does
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not hold as a universal relationship for the concentration and absorption of all
substances. UV/vis spectrophotometer measures the intensity of light passing through a
sample (/), and compares it to the intensity of light before it passes through the sample
(1p). The I/ Ijratio is called the transmittance, and is usually expressed as a percentage
(%T). The absorbance, A4, is based on the transmittance
A =—log(%T)

The basic set of a spectrophotometer contains a light source, a holder for the sample, a
diffraction grating or monochromater to separate the different wavelengths of light, and
a detector. The detector is typically‘a p_ho}odi_pd_e on,a CCD. Photodiodes are used with
monochromator, which filter th§ light SO ti.i:ztonly light_ of a single wavelength reaches
the detector. Diffraction gratings "a're. ilsed with-C__CD, which collects light of different
wavelengths on different pixels. An ultraviolet-visible spectrum is essentially a graph of
light absorbance versus wavelength in a range of ultraviolet or visible regions. Such a
spectrum can often be produced directly by a more sophisticated spectrophotometer, or
the data can be collected for one wavelength at a time by simpler instruments.
Wavelength is often represented by the symbol A. For a given substance, a standard
graph of the extinction coefficient (¢) vs. wavelength (1) may be made or used if one is

already available. Such a standard graph would be effectively "concentration-corrected"

and thus is independent of concentration.
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3. Steady-State Fluorescence

Emission and excitation spectra are recorded by an Edinburgh (FS920)
spectrofluorometer. The light source is Xe lamp emitting a constant photon flow, i.e. a
constant amount of photons per unit time, whatever their energy. Let us denote by N
the constant amount of incident photons entering, during a given time, a unit volume of
the sample where the fluorophore concentration is [A] (Ny and [A] in unit of mol L.
oNy represents the amount of absorbed photons per unit volume involved in the
excitation process.

"A+hv—Lesl g%
Let us recall that the pseudp-ﬁrst_ ordfc;rate consta_lnt for this process is very large

(ke~10" s) whereas the subsequent: stepsi@fide-excitation occur with much lower rate

constants(k; and kn~ 107-10'" s™), according to

A TA+hv'

Under continuous illumination, the concentration ['A"] remains constant, which
means that 'A” is in a steady state. Measurements under these conditions are then called
steady-state measurements.

The rate of change of ['A"] is equal to zero:
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d[' A%

1 g%
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kaa Ny represents the amount of absorbed photons per unit volume per unit time. It can
be rewritten as aly where [ represents the intensity of the incident light (in moles of
photons per liter per second).

The constant concentration ['A’] is given by

[4%] = al,
ki‘ + k.’?i‘

The amount of fluorescence photons,emitted per unit time and per unit volume, i.e.

the steady-state fluorescence intensity, 1s then given'by .

k
i =k ['4¥]=al,

—=a P,
k, +k

y T,
This expression shows that the steady-state-ﬂu()reécence intensity per absorbed photon
ir/aly is the fluorescence quantum yield ®r.

Figure 3 shows the components of a conventional spectrofluorometer. The light
source is generally a high-pressure xenon arc lamp, which offers the advantages of
continuous emission from 190 nm to the 2600 nm with intense lines between 800 and
1000 nm. A monochromator is used to select the excitation wavelength. Fluorescence is
collected at right angles with respect to the incident beam and detected through a

monochromator by a photomultiplier. Automatic scanning of wavelength is achieved by

the electronic devices and the computer where the data are stored.
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The optical module contains various parts: a sample holder, shutter, polarizers if
necessary, and a beam splitter consisting of a quartz plate reflecting a few percent of the
exciting light towards a quantum counter or a photodiode. A quantum counter usually
consists of a triangular cuvette containing a concentrated solution of a dye whose
fluorescence quantum yield is independent of the excitation wavelength. At such high
concentration, the solution absorbs all incident photons and the light collected at right
angles by a reference photomultiplier is proportional to the photon flux of the incident
light over the excitation wavelengthirange corrgsponding to the absorption range of the
dye. However, a quantum counter 4s lim%ted in wavelength to the absorption range of
the dye. Therefore, a photodiode whcl)sé%vj.é.ve.length_is as flat as possible may be

preferred to a quantum counter.

4. X-Ray Diffraction (XRD)"

The three-dimensional structure of nonamorphous materials, such as minerals, is
defined by regular, repeating planes, namely a crystal lattice. When a focused X-ray
beam interacts with these lattice planes, a portion of the beam is diffracted. Diffraction
of X-ray occurs according to the type of atoms and how these atoms are arranged in the
crystal. In X-ray powder diffractometry, X-rays are generated within a sealed tube that

is under vacuum. A current is applied for heating a filament within the tube. The number
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of electrons emitted from filament is proportional to the applied current. Generation of
electrons is analogous to the production of electrons in a television picture tube. A high
voltage, typically 15-60 kilovolts, is applied within the tube. This high voltage
accelerates the electrons, which then hit a target, commonly made of copper. When
these electrons hit the target, X-rays are produced. The wavelength of these X-rays is
characteristic of that target. These X-rays are collimated and directed onto the sample,
typically a powder form in which particle size is less than 10 micrometers. Signals are
then detected and processed either by a micropr_ocessor, or electronically, converted to a
count rate. Changing the angle between _th? X-:ray source, the sample, and the detector at
a controlled rate between prese.t limit_sl 1s%nX-ray scan. When an X-ray beam hits a
sample and thus is diffracted, diét'an.c:e betWween lattice planes of the sample could be
deduced by applying Bragg's Law,
nAd=2dsiné

where the integer n is the order of the diffracted beam, 4 is the wavelength of the
incident X-ray beam, d is the distance between adjacent planes of atoms (the d-spacing),
and 0 is the angle of incidence of the X-ray beam. Since the 1 is known and 0 is
measured, the d-spacing could be calculated. The geometry of an XRD unit is designed

to accommodate this measurement (Figure 4). The characteristic set of d-spacings

generated in a typical X-ray scan provides a unique fingerprint of the samples. When
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properly interpreted, by comparison with standard reference patterns and measurements,

this fingerprint allows for identification of the desired material.

5. Confocal Microscopy®’

Confocal microscopy offers several advantages over conventional optical
microscopy, including shallow depth of field, elimination of out-of-focus glare, and the
ability to collect serial optical sections from thick specimens. Figure 5 illustrates the
principal light pathways in a basic confocal microscope configuration. Coherent light

emitted by the laser system (excitation source) passes-through a pinhole aperture that is

\
e

situated in a conjugate plane (confocal) w:fh a §cannir_1g point on the specimen and a
second pinhole aperture positioned ir.l'fr(mt of the detector (a photomultiplier tube). As
the laser is reflected by a dichromatic mirror and scanned across the specimen in a
defined focal plane, secondary fluorescence emitted from points on the specimen (in the
same focal plane) pass back through the dichromatic mirror and are focused as a
confocal point at the detector pinhole aperture.

When fluorescent specimens are imaged using a conventional widefield optical
microscope, secondary fluorescence emitted by the specimen that appears away from
the region of interest often interferes with the resolution of those features that are in

focus. This situation is especially problematic for specimens having a thickness greater
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than about 2 micrometers. The confocal imaging approach provides a marginal
improvement in both axial and lateral resolution, but it is the ability of the instrument to
exclude from the image the “out-of focus” flare that occurs in thick fluorescently
labeled specimens, which has caused the recent explosion in popularity of the technique.
Because the resolution possible in the laser scanning confocal microscope is somewhat
better than in the conventional widefield optical microscope, but still considerably less
than that of the transmission electron microscope, it has in some ways bridged the gap

between the two more commonly used techniques.

W

6. Pendant Drop Method®® : "

The pendant drop method is prgbably the.most convenient, versatile and popular
method to measure interfacial tension between molten polymers, which involves the
determination of the profile of a drop of one liquid suspended in another liquid at
mechanical equilibrium. The profile of a drop is determined by the balance between
gravity and surface forces. As shown in Figure 5, a typical pendant drop apparatus
consists of three parts: an experimental cell, an illuminating and viewing system to
visualize the drop, and a data acquisition system to infer the interfacial tension from the
pendant drop profile. Using a pendant drop system it is possible to register the evolution
of a drop. Images of the drop are taken automatically at a certain frequency which
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depends on the time duration of the test. The images are digitized by a frame grabber
resident in the computer and are analyzed immediately during measurement. The
contours of the drops are analyzed to infer interfacial tension from the profile of the
drop using different programs. The whole process of digitalization and analysis includes
four steps: 1. Capture and digitalization of the image of the pendant drop. 2. Extraction
of the drop contour and determination of the radius of curvature at the apex necessary
for the calculation of interfacial tension. 3. Smoothing of the extracted contour of the
drop using polynomial regression. 4." Shape qomparison between the theoretical and

experimental drop, inferring the interfacial tension value,

_—
-
S
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Chapter 3.

2D Self-Bundled CdS Nanorods with Micrometer Dimension

ting Process

Irec

the Absence of External Di

In

Abstract

In the absence of an external direction-controlling process, exclusive self-bundled

arrays of CdS nanorods are formed using a facile solution-based method involving

trioctylphosphine (TOP) and tetradecylphosphonic acids (TDPA) as co-surfactants. CdS
self-bundled arrays with an area of as large as 2.0 um’® could be obtained. Detailed
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mechanistic investigation leads us to conclude that the matching in nanorod
concentration, intrinsic properties of CdS, and the hydrocarbon chains of the surfactants
between adjacent CdS rods play key roles in the self-assembly. In sharp contrast to the
defect dominant emission in solutions, the self-bundled CdS nanorods exhibit optical
emission nearly free from the defect-states, demonstrating their potential for

applications in luminescence and photovoltaic devices.

1. Introduction

_—
-
S

In addition to zero dimensi(?pal _sclzmi'c-;(')ndubtor nénoparticles (also referred to as
“quantum dots”), one dimensional semiconductor nanocrystals that are several
nanometers in diameter and have different aspect ratios have also drawn much attention
due to their fascinating size-dependent optical and electronic properties. Pioneering
works have unravelled unique linear polarized emission along the c-axis of crystals in
CdSe and CdSe/CdS (core/shell) nanorods owing to their intrinsic dipolar structure.'”
Concurrently, tremendous efforts have been devoted to the alternative synthesizing
routes and the growth mechanism of semiconductor nanocrystals.®** Regarding the
updated progress, the Gibbs-Curie-Wulff theorem, which concludes that minimization

of total free energy in the reaction system is essential to determine the crystalline shapes,
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may not be valid in explaining the anisotropic shape-controlling models of

1,6-8,13,16 1,7-8,16

nanocrystals. Alternatively, the models of effective-monomer,

. . . . 713
selective-adsorption,® and the presence of “magic-sized” nuclei”" turn out to be more

appropriate in rationalizing the kinetic growth mechanism of the semiconducting

nanorods.

Elongated semiconducting nanocrystals, such as CdSe or CdTe nanorods, are

highly attractive for photovoltaic applications due to their ability to transport charges

23,24

along the long axis. Nowadays, state-of-the-art synthetic techniques can provide

6+8,11513,19

nanorods with uniform size and:shape-distribution. These nanorods can also

offer a route to systematically study the et;;ct of shape.on the phase behavior, namely
the liquid crystalline phase and séif—aésembled superstructures. Moreover, macroscopic
assembly of nanorods might have advantages for applications in photovoltaic, field
emission, and data storage devices. Onsager first claimed that anisotropic particles may
form a liquid crystalline phase, which shows long range ordering in orientation but
disordering in position.”> Further research supports this notable theory, and large-scale
spatial organization has been obtained by depositing concentrated solutions of CdSe and

CdSe/CdS heterostructure aggregates onto substrates.”*>*

Recently, Alivisatos and

coworkers reported the assembly of CdS nanorod superlattices by the combination of a

DC electric field and controlled solvent evaporation.”” During gentle evaporation of
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toluene, the CdS nanorods were confined into an array by the DC electric field, making
the long axis of the rods in the same direction. The net effect was a 2D superlattice
“standing” on the substrate. Concurrently, Gupta et al. discovered similar results with
CdSe nanorods.” The surface of CdSe nanorods was modified by polyethylene oxide
(PEO) or polystyrene (PS). Poly(methyl methacrylate) (PMMA) or
poly(3-hexylthiophene) (P3HT) were added to the CdSe solution to serve as the
polymer matrix. In the presence of an electric field, alkane-covered CdSe nanorods
were corralled into densely packediarrays beqause of the polymer-ligand interaction.
Since poly(3-hexylthiophene) is:a common photoaetive polymer, the polymer-nanorod
assembly appears to have the potentiall f.(l)'%ﬁﬁot.ovoltai_c applications. In 2007, Ryan’s
group reported supercrystallization o.f' CdS nanorods into perpendicular superlattices.”’
Via the assistance of highly oriented pyrolytic graphite (HOPG), hexagonal oriented
domains of CdS nanorods bundles can be obtained on a variety of substrates without an
external electric field. More recently, Manna’s group synthesized CdS nanorods through
a seeded-growth approach in which CdSe nanoparticles were used as seeds to produce
asymmetric core-shell CdSe/CdS nanorods. By evaporating the solvent at the

toluene/water interface or under the applied electric field, large areas of vertically

aligned nanorods arrays were obtained.”
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To investigate the internal force that laterally bunches nanorods together, Korgel
and the coworkers calculated the dipole-dipole attractive force and van der Waals
attraction of self-alignment CdS nanorods.”> The result of calculations suggested that
side-by-side alignment was more favourable than the end-to-end case. Conversely,
experimental results from the same report showed networks of end-to-end stripes
instead of side-by-side assembly, and it was thus proposed that the formation of stripes
was kinetically limited, or mediated, by solvent evaporation. Also, He et al. studied the
self-assembly of CdSe nanorods at the oil-tolugne water interface.”* During the solvent
evaporation, as the surface areaof the__drcgple? decreases, the in-plane compression and
the interfacial tension play in.lportan? rgfes ip the _formation of two dimensional

assembled structures.

Although the bundling of 1D semiconductor nanostructures has been theoretically
predicted and experimentally observed, exclusively well-aligned arrays of nanorods
without an external direction-controlling force, e.g. applying an external electric field or
evaporation in the presence of ordered substrate, have not been reported yet. In this
work, upon capping CdS with tri-n-octylphosphine (TOP) and tetradecylphosphonic
acid (TDPA) with the optimum ratio, exclusive formation of arrays of self-bundled CdS
nanorods (~5 nm in diameter and ~15 nm in length) without the presence of an external

electric field or the direction-controlling substrates was observed. It is found that as the
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solvent evaporates and the concentration of the solid increases, the decreasing of the
interfacial energy of the nanorods caused by interlacing the alkyl chains of surfactants
plays a key factor to account for the driving force. Details of the results and discussion

regarding the assembled CdS nanorods are elaborated as follows.

2. Experimental Section

Tetradecylphosphonic acid (TDPA,.~98 %') was purchased from Alfa Aesar.
Tri-n-octylphosphine (TOP, > 85 %), a_l;.lnd .n-hexadecylamine (HDA, 909% ) were
purchased from TCI. Cadmium oxide I(Cd%)', 99'.99%)- and sulfur (S, 99.59%) powder

were obtained from Strem Chemicals and ACROS; respectively. Chemicals were used

as received.

CdS nanorod was synthesized according to the literature methods® with
modification by varying surfactants. Briefly, a sulfur injection solution containing 0.072
g of sulfur (2.25 mmol) was prepared by dissolving sulfur powder in 2 mL of
tri-n-octylphosphine. 0.1 g of CdO (0.78 mmol) and 0.4565 g of TDPA (1.64 mmol)

were loaded into a 50 mL three-neck flask and heated to 200 °C under Ar flow. After
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the CdO was completely dissolved, judging by the disappearance of the brown color of

CdO, the Cd-TDPA complex was allowed to cool to room temperature.

As for the addition of TOP (or HDA), the weight percentage has been optimized
such that the formation of the CdS self-bundle array was maximized. In detail, 5 mL of
TOP or 1.35 g of HDA was added to the flask, and the temperature was raised to 330 °C
to produce an optically clear solution. At this temperature, the sulfur injection solution
was swiftly injected into the hot solution. The reaction mixture was maintained at 330°C
for growth of CdS crystals. After Sfminutes, tﬂe temperature was quenched to 40°C to
terminate the reaction. 5 mL of toluer.l.e'-%ynza_s...tl.len intréduced to dissolve the reaction
mixture, and yellow precipitate f\?vas_ (I)btz;;ﬁed by adding 5 mL of isopropanol and
centrifuged at 3,000 rpm for 5 minutes:- The precipitate was washed with toluene and
isopropanol three times and re-dispersed in toluene for the TEM characterization. The
dried powder of the precipitate was obtained for the XRD measurement. The shapes and
size distributions of the nanocrystals were measured with a JEOL JEM 1230
transmission electron microscope (TEM). The surface energies of suspensions with
different CdS concentrations were determined using the pendant drop method,’® and the
data was analyzed with DataPhysics SCA20 software. The crystal structure and phases

of the synthesized samples were analyzed by X-ray powder diffraction (XRD) on a

PANalytical X’Pert PRO with Cu Ka X-ray. Emission spectra were recorded with an
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Edinburgh (FS920) fluorometer. In order to investigate the possible differences in
photoluminescence between nanorods in solution and those in self-assembled bundles,
the latter were measured with a confocal microscope (WITec AlphaSNOM) coupled
with a red-sensitive charge coupled detector (CCD, Princeton Instruments, PI-MAX).
Note that in the confocal microscopy, the probing laser (406 nm, 0.3 um in diameter)
was located on the region of self-assembled bundles determined by TEM. Ti:sapphire
laser (Tsunami, Spectra-Physics ) with an 80MHz repetition rate was used as the
excitation source for the lifetime measuremen_t._ This.laser beam (820 nm) was directed
into a doubling crystal (BBQ) to yield an Uy_beam (406 nm) as a pulsed excitation
source for the solution study. A§ for th? sgff-bundled CdS nanorods, the 406 nm beam
was then guided to a telescope for fp:cusing. The_:confocal microscope was applied to
monitor the self-bundled CdS nanorods in an area of 0.5 um in diameter. The

fluorescence signal was analyzed by the time-correlated single photon counting system

(SPC-300, Becker & Hickl) and high speed photodetector module (OT900, Edinburgh).

3. Results and Discussions

Figures 1a and 1b show TEM images of TDPA and TOP capped, self-assembled

CdS nanorods in different scales. Evidently, as depicted in Figures 1a and 1b, exclusive
56



honeycomb structures were formed. Note that the results are independent of the TEM
probing area, as supported by the observation of whole self-bundled CdS nanorods in a
largely extended area of micrometer dimensions depicted in Figure lc. Because the
crystal structure of CdS is wurtzite and the growing direction is along the c-axis,
nanorods with a hexagonal cross-section are anticipated. The single-crystal-like
selective-area diffraction pattern (inset in Figure la, note that the effective aperture size
is ~100 nm and multiple nanorods in the same domain contribute to the pattern)
indicates that in addition to the alignment along the c-axis, the basalplane (a- and b-axis)
is also self-aligned. The slightly diffased c}iffrac_tion spots suggest that the basalplane of
the rods are rotated within 10 degrees, mmfizar to .the res_ults reported by Ryan’s group.”'
Note Figure 1b shows nearly pefféc‘F 2D.assembly; in‘which only one vacancy in the
lower right part (marked by a red circle) is seen from the uniform hexagonal packing of
the CdS nanorods perpendicular to the substrate. The intriguing issue therefore lies in
the reason for the predominant corralling of the nanorods. According to previous reports

29-31,34 .
=" evaporation of the solvent causes the

about the self-assembled CdS superstructure,
corralling-together of the nanorods. However, without direction-controlling external
interference,”* the nanorods should form three phases of packing, namely smectic,

columnar, and crystal, due to the reduction of interfacial energy. Capillary attraction

might help the formation of an ordered structure but could not force the nanorods to
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rearrange normal to the interface. Note that the outer edge of the bundled structure in
Figure la shows a slight tilt of the nanorods, being depicted as a columnar structure,”
(also see Figure 2; the Fourier filtered micrograph with enhanced contrast is presented
to view the leaning behavior of edges) the result of which implies that in our
experiments, evaporation-induced corralling of the nanorods might be the origin of the
self-assembled CdS superstructure. On the other hand, direction-controlling processes
such as external DC electric field,” polymer matrix,”® and highly oriented pyrolytic
carbon’' all have the purpose of orientating thq nanorods perpendicular to the substrate
during gentle evaporation of solvent. Howe;v_er, these external direction-controlling
methods are not used in this study to colnt.rl'%jfﬁe gssemb_ly behavior. As a result, besides

the evaporation-induced aggregation -ofsthe.nanorods, we may narrow down the

discussion to the following aspects.

We first consider the concentration effect of the nanorods in the solvent. The
sample shown in Figure 1 was prepared with a (toluene) solution that contains 2.5 %
CdS in weight. With increasing the weight percentage from 2.5 % to 5 %, the same 2D
assembly with an area as large as micrometer dimension was obtained (see Figure 3).
However, as shown in Figures 4a and 4b, with a decrease of the concentration of the
CdS nanorods from 2.5 to 0.5 weight percent, the 2D framework gradually collapsed. At

concentration of ~0.5 weight percent, as shown in Figure 4b, a lying-down monolayer
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of CdS nanorods with their c-axis parallel to the plane of the grid was clearly observed.
Therefore, it is reasonable to predict that the critical concentration of the CdS nanorods
in toluene for obtaining the assembled structure might be between 0.5 % and 2.5 % in

weight.

Nevertheless, despite the lack of a 2D framework of the CdS nanorods, judging
from the TEM image shown in Figure 4b, most of the nanorods are still aligned side by
side. The results imply the possible existence of the influence of the surfactants between
nanorods, and surfactants that surround:the CdS nanerods might play an important role

in the self-bundled superstructure. Initially, ;the reaction system contains Cd-TDPA

\
i— -,
g

complex, sulfur and TOP, among which .%é.surfactants that affect shape and aspect
ratios are ascribed to TDPA and TOP Therefo.r-e, ‘interaction between the alkyl groups
of surfactants might serve as the direction-controlling agent. The tendency of
self-association of the hydrocarbon part on the surfactant is known to be the driving
force for the micelle formation. Wishnia®® has measured the solubility of hydrocarbons
such as ethane, propane, butane, and pentane in sodium dodecyl sulfate (SDS) solution
and concluded that the hydrocarbon contribution to the standard free energy is in the
range of -12.0 RT to -18.2 RT. To a certain degree, the intercrossed hydrocarbon groups
of TOP and TDPA that occupy the space between two neighboring CdS nanorods would

reduce the free energy and help the self-assembly of CdS nanorods as well. To further
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manifest this viewpoint, we thus measured the surface energy of solutions containing
different concentrations of CdS nanorods. As shown in Figure 5, at the interval of CdS
nanorod concentration from 0.4 to 1.5 weight percent, the surface energy of the solution
gradually decreases as the surface concentration of the nanorod increases with the total
concentration. Above 1.5 wt.-%, the surface energy of the solution is independent of the
total concentration, indicating a constant surface concentration of the nanorod. In other
words, the nanorod is saturated in the solution, and aggregates will form to minimize
the energy. According to the plot depicted in Eigure 5, the critical concentration of the
CdS nanorods in toluene should be b_etyveep 1.08% and 2.0 % in weight, in good
agreement with the concentration used for‘I’%e TEM obs_ervation of 2D self-bundled CdS
nanorods (vide supra). This Varfatigri ofsSurface. encrgy supports the fact that upon

increasing the concentration of nanorods in the solution, CdS nanorods saturate and

self-assemble into bundles.

Considering a self-assembled monolayer composed of the organic molecules with
a head group and a long-chain alkane tail on the surface of semiconductor, Bent’’
recently concluded that the net result of competition between intermolecular and
interfacial forces tends to alter the behavior of the monolayers. Good alignment of the
alkane tails could be achieved in the case if intermolecular forces overcome the

molecule-substrate and lattice forces. On the contrary, if the interfacial forces appear to
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dominate over the inter-chain forces, the head groups form commensurate bonding with
the underlying surface. Hence, extensively ordered coverage of the head groups on the
surface causes mismatch between the semiconductor lattice and molecule-molecule
spacing among the head groups. This strain could be released by disordering of the
alkane tails, such that the ordered packing of the alkane chains may not be available
eventually. These viewpoints further support our observations in the
concentration-dependent experiments of the surface energy. In other words, after the
concentration of CdS nanorods reaches the criti_cal value (0.4 wt.-%), the intermolecular

forces among the alkane-chains;of‘surfactants on adjacent CdS nanorods surpass the

\
i

interfacial forces between the adserbed hé;d '.groups and the surface of the nanorods.
Consequently, the construction of self-assefiibled arrays of CdS nanorods comes with a

lowering of surface energy.

In addition to the solvent-evaporation induced self-assembly, the other key topic
would be the direction-controlling effect of the surfactants. We further propose that the
three octyl chains from one single TOP molecule might establish a stronger
unidirectional superstructure than those surfactants with single hydrocarbon chains. To
verify this hypothesis, we thus tentatively used hexadecylamine (HDA) to substitute
part of TOP. Figure 6 shows the X-ray powder diffraction (XRD) patterns of the CdS

nanorods prepared by using two sets of surfactants: (a) TDPA and TOP (molar ratio of
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1:15) and (b) TDPA, HDA and TOP (molar ratio of 1:3.5:6, see experimental section
for details). Both patterns show the diffraction peaks matching exactly that of the
wurtzite CdS standard pattern (see bottom part of Figure 6). The significantly sharp and
narrowed (002) peak at 26.7 degrees (20) clearly supports the extended c-axis stacking
domain of the wurtzite lattice. Note that the broadening of other peaks is due to the
corresponding quantized dimensions. Figure 7 shows the TEM image of the CdS
nanorods synthesized by using TDPA, HDA, and TOP as surfactants. With control of
the concentration of the nanorods (2:0"wt,-%), §elf-assembly of the nanorods could also
be seen on the carbon coated copper g_r_id: However, more than half of the nanorods in
the bundle leaned on the substrate, everizthough the_ crystalline structure (XRD) is
identical for both cases. Further' ingfease of the .concentration of HDA capped CdS
nanorods did not seem helpful for the assembly. Furthermore, upon an increase of the
HDA concentration from 1.35 g (used for obtaining Figure 5) to 4.0 g, the percentage of
self-bundled CdS nanorods decreased, accompanied by the elongation of CdS nanorods.
As a result, types of surfactants should influence the self-assembly. Since a large
amount of the TOP was replaced by HDA, the observation of randomly packed bundles
suggests that the three octyl groups on the TOP molecule regulate the bundling direction

more readily than the single hexadecyl group on the HDA molecule. Moreover,

tetradecyl groups on the TDPA might serve as bridges to enhance the corralling
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structure. Certainly, other minor intrinsic properties of the CdS nanorods, such as the
dipole-dipole interaction and van der Waals attraction, might also influence the
observed self-assembly. As previously concluded by Korgel and coworkers,”
side-by-side assembly of CdS nanorods was favored in both dipole-dipole interaction
(~470 meV or ~18 KT at room temperature) and van der Waals attraction (~140 meV or

~5.4 KT) for CdS with an aspect ratio of 9.9.

As the emission of quantum confined semiconductors is greatly affected by the
dimensions of the nanocrystals; lumineseent pfoperties of the bundled nanorods might
differ from those of nanorods in solutié.n.'-x_Gn;lfl\_fe. (a) of Figure 8 shows emission spectra
of CdS nanorods synthesized wit? TD_PA a;ld TOPand dispersed in a toluene solution
(0.1 wt.-%). In comparison, curve (b) is that ‘of e: single bundled array deposited thin
film and measured by a confocal microscope focused on an array area of 0.5 um in
diameter using a GaN laser (406 nm). Clearly, the intensity of the broad emission band
from 525 nm to 700 nm, which arose from defect states of CdS nanorods in solution,
decreased significantly when the nanorods were corralled together. This result was also
supported by the corresponding relaxation dynamics, in which the lifetime of the
band-edge emission (monitored at 465 nm) of CdS in toluene solution was measured to

be 550 ps. On the other hand, probing the area of the CdS self-bundle array with

confocal microscope revealed that the lifetime was as long as 4.5 ns, implying the
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significant suppression of the radiationless quenching processes. Variation of the
emission spectra might be due to the great reduction of the lateral surface area in
self-bundled arrays. In the CdS bundles, electrons may hop to the neighboring rods,
causing the process of recombination at the defect states to be quenched. Supplementary
support of this viewpoint is rendered by tuning the GaN laser to the peripheral region
(observed with a microscope) of the self-bundle arrays where the assembly is in a
relatively loose structure, resulting in an increase in the intensity ratio for CdS versus
defect emission (cf. curve (c) versus (b)). Fina_lly, by re-dispersing the assembled CdS
bundles into toluene, emission of defect states retuens to the same magnitude as curve

(a), demonstrating the physically revers"ﬂ;l-é: phenomenon in the self-bundled CdS

nanorods.

To gain further insights into the bundling-up phenomenon, Quantifoil holey grids
were used for TEM measurements. Figure 9 shows the TEM image of CdS nanorods
obtained using the Quantifoil grid. Similar to what was observed using Formvar grids,
outside the hole, self-organizing CdS nanorods with honeycomb packing were observed
(not shown here). However, inside the hole, a lying-down monolayer of CdS nanorods
with their c-axis parallel to the plane of the grid was seen. Judging from the TEM image,
most of the nanorods are still aligned side by side, implying the existence of the

influence of the surfactants between nanorods even when there is no carbon film
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beneath. Combining the results gathered from the Formvar and Quantifoil grids, we
tentatively propose that during solvent evaporation, highly solvent swollen surfactants
may pull neighboring nanorods together. In addition to the octyl groups on the TOP, as
shown in Figure 10, tetradecyl groups on the TDPA might serve as bridges to enhance
the corralling structure. With a Formvar grid, the self-assembled arrays of nanorods tend
to stand on the carbon film due to the relatively large bottom area as compared with the
height of the array, as shown in Figure 11a. Conversely, with a Quantifoil holey grid, as
solvent molecules vanish, sets of iarrays are likely to loosen, and because of the

stretching-out of the surfactants,”a thin film “ef-nanorods with a side-by-side

\
i

arrangement is formed, as depictediin Figlif‘.; T1b.

In the synthesis of semiconductor nanorocis, alkylphosphonic acid is thought
mainly to maintain the efficiently high concentration of the cadmium precursor.
However, variation of alkyl chains of alkylphosphonic acids may have different effects
on the structure-directing templates. Bearing this concept in mind, octadecylphosphonic
acid (ODPA) or octylphosphonic acid (OPA) was used to replace TDPA. Figure 12a
shows a TEM image of nanorods synthesized by using ODPA, TOPO, and TOP, the
same chemicals that were used in Alivisato’s report” but slightly different in
experimental protocol. The result is similar to that report, in which both perpendicularly

aligned and progressively tilted nanorods were observed in self-assembled CdS arrays.
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In addition, the result of nanorods capped by ODPA and TOP is shown in Figure 12b.
Judging from the TEM image, dispersed nanorods with side-by-side alignment are
obtained, while the self-bundled CdS are obscure. Apparently, by changing the

alkylphosphonic acids in the reaction, remarkably different results are observed.

Considering the length of the TDPA molecule is about twice that of TOP, TDPA
may act as a bridging agent to stabilize the templates. When TDPA is replaced by ODPA,
since the octadecyl groups are longer, the ends of alkyl chains will excess the bi-layer of
self-aligned TOP. Therefore, the templates in t.he experiment using ODPA, TOPO, and
TOP will be strongly disturbed, thus forml_gg .m.lnorods .instead of nanowires, as shown
in Figure 13a. In other words, in t?l.e cgsle of:{(‘)DPA and TOP, nanorods are separated due
to the long hydrocarbon chains of QDPA. Meanwl.:lile, the octadecyl groups that stretch
into the octyl layer of TOP on the surface of the nanorods contribute to the release of

total free energy. Therefore, the net effect produces side-by-side aligned nanorods, as

shown in Figure 13b.

Furthermore, OPA, which has much shorter chains than TDPA and ODPA, but
which is comparable to the TOP, is also used in synthesizing nanorods. Figure 14a
shows TEM images of bundled long nanorods synthesized by using OPA, TOPO, and

TOP, and Figure 14b shows those synthesized by using OPA and TOP. At this stage, all
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hydrocarbon chains of the surfactants are octyl group. As a result, self-corralling
behavior due to interaction between octyl groups is anticipated. Moreover, templates
might be present in the reaction system, but the lack of bridging agents (TDPA) may
cause the long range templates to be relatively unstable. Thus, long nanorods instead of

nanowires are obtained.

Combining the results by using different alkylphosphonic acids, we therefore
tentatively conclude that during the formation of CdS nanocrystals, kinetically balanced
templates may be formed by . surfactants. Tﬁe dimensions of the templates can be
changed by the hydrocarbon chains o.f.'tlirgji.k&lphospl.lonic acids. Only with suitable
lengths (e.g. TDPA) would the alkyl Icha;ﬁs s_t'abilize- the templates by bridging the
neighboring layers of templates. Surfactants like 6DPA, which has longer chains than
optimal, would disturb the alignment of surfactants and prevent the formation of
long-range stable templates. On the other hand, surfactants like ODA, which has a

similar length to TOP, cannot act as a bridge to generate the long-range stability of the

template, although these short surfactants will not disturb the template.
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4. Conclusion

In summary, exclusive self-assemblies of TDPA and TOP capped CdS nanorods in
the absence of external direction-controlling processes (e.g., external electric field,
polymer matrix, or highly oriented pyrolytic carbon) are reported. Combining the results
and discussion elaborated above, we thus conclude that by using TDPA and TOP as
surfactants, the as-prepared CdS nanorods start to corral together with concentration
higher than 2.0 % weight percent in toluene. It is believed that the first portion of
nanorods, standing normal to the substrate;, serves as‘a nucleation site. Subsequently, the

neighboring nanorods tend to assemble 'in.:f_he.- same direction with the assistance of the

0]

hydrocarbon chains on surfactarit§ .or the inf’érac_tions arhong nanorods. The net result is
self-assemblies with outer edges of leaning bUn(iles and an inner part of hexagonal
packing perpendicular to the substrate. In comparison to the dominant defect emission
of CdS nanorods in toluene solution, the single bundled arrays in a deposited thin film a
show dramatic decrease of the defect emission, implying the possibilities of enhancing
electron transport between nanorods. Also, three other kinds of alkylphosphonic acids
are involved in the investigation of the properties of the templates. A growth mechanism
based on multiple functions of surfactants is thus proposed to render the rationalization.
Accordingly, based on a simple, straightforward bottom-up solution method, it is

feasible to construct a monolayer of nanorod bundled polarizer with thickness in the
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dimension of nanometers and area in the dimension of micrometers in an aim to greatly

facilitate the future preparation of light emitting devices.
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Figure 1. (a) TEM image of TDPA and f'dP"ég'pped CdS nanorods with self-assembled
organization in large scale. The inset shows the diffraction pattern of the bundle. (b)
TEM image of bundled-up CdS nanorods in higher magnification. (c) An extended

TEM image of self-assembled CdS nanorods.
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Figure 2

Figure 2. Contrast-enhanced Fourier filtered micrograph of the same region in Figure
la. The dots are the bundled CdS nanorods standing on the copper grid, and the stripe

patterns are the leaning nanorods.
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Figure 3

Figure 3. An extended TEM image of self-assembled CdS nanorods synthesized with

TDPA and TOP.
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Figure 4
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Figure 5
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Figure 5. The surface energy, measured by pendent drop method, with respect to
different concentrations of CdS nanorods. (0, 0.4, 0.8, 1.5, 3.125, and 6.25 weight

percent)
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Figure 6
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Figure 6. Powder X-ray diffraction (XRD) of CdS nanorods synthesized by using (a)
TDPA and TOP, (b) TDPA, HDA, and TOP, and that of standard CdS (wurtzite) pattern

(lower).
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Figure 7

Figure 7. TEM image of TDPA, HDA, and TOP capped CdS nanorods with

concentration of 2.0% weight percent (see text for detail).
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Figure 8
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Figure 8. The normalized emission spectra of (a) CdS nanorods (synthesized by using
TDPA and TOP) solution. (b) peripheral and (c) central region of a single array in the
deposited thin film measured by a confocal microscope. The excitation wavelength is

406 nm (GaN laser) for all measurements.
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Figure 9

Figure 9. TEM image of a monolayer of CdS nanorods in the hole of a Quantifoil grid.
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Figure 10
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Figure 10. Proposed model of self-assembled CdS arrays synthesized by using TDPA

and TOP as surfactants.
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Figure 11
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Figure 11. Drawings that illustrate the corralling behavior of CdS nanorods upon the

evaporation of solvent on (a) Formvar grid and (b) Quantifoil grid.
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Figure 12

Figure 12. TEM images of CdS nanorods synthesized by using (a) ODPA, TOPO, and

TOP and (b) ODPA and TOP.
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Figure 13
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Figure 13. Proposed model of formation of CdS nanorods synthesized by using (a)

ODPA, TOPO, and TOP and (b) ODPA and TOP.
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Figure 14

Figure 14. TEM images of CdS nanorods synthesized by using (a) OPA, TOPO, and

TOP and (b) OPA and TOP.
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Chapter 4.

Surfactant/Temperature  Controlled CdS  Nanowires

Formation

Abstract

By optimizing the use of surfactants, we report the solution-based growth of CdS

nanowires from either zinc blende or wurtzite structure. The aspect ratio can be tuned

by varying temperatures. This simple and straightforward synthetic route may open a

new door to the bottom-up synthesis of semiconductor nanowires.

87



1. Introduction

Besides nanorods, the 2D-confined nanowires show promising applications in the

10-13

field of nanoelectronics, ™ photoconductivity,*® lasing,”” and sensing. There have

been studies that nanowires, with width similar to that of nanorods, could be obtained

either according to solution-liquid-solution (SLS) mechanism'**’

or by spontaneous
organization of single nanoparticles, known as oriented attachment.”'* In SLS
mechanism, metal nanoparticles are involved in the reaction by providing catalytic sites
for both precursor adsorption "and decompésition. With the assistance of these
supersaturated liquid droplets, nucleat.i.orijﬁk_e's. place .with subsequent growth of the
nanowires. On the other hand, inf .the_olrier?t'éd attachmeént method, CdTe?! and PbSe*
nanocrystals unidirectionally selfrassemble to ﬂanowires due to the dipole-dipole
attraction and dipolar interactions, respectively. The intermediate state of the pearl
necklace aggregation was also observed. In 2006, by using alkylamines as the surfactant,
Peng and the co-workers™ also reported the syntheses of CdSe nanowires, in which the
oriented attachment was achieved by the relatively weak interaction between the
magic-sized cluster precursors. Herein, we report a facile solution-based synthesis of
CdS nanowires free from metal catalysts. Although synthesis of short nanorods by using

mixture of surfactants has been studied widely, to our knowledge, until the present day,

the synthesis of catalyst free CdS nanowires by using mixture of surfactants has not
38



been achieved yet.

By simply varying temperatures, the aspect ratio of nanowires with diameter of 3.5

nm can be tuned up to 300. More importantly, on the basis of high resolution

transmission electron microscope (HRTEM) analysis, the seeding site can be either zinc

blende or wurtzite structure, while the wire is in a wurtzite structure. These findings

imply that the above mentioned selective-adsorption mechanism could be extended and

suited for interpreting the kinetics driven growth of CdS nanowires.

T

2. Experimental Section

In brief, a sulfur injection solution containing 0.072 g of sulfur (2.25 mmol) was
prepared by dissolving sulfur powder in 2 mL of tri-n-octylphosphine. 0.1 g of CdO
(0.78 mmol) and 0.4565 g of TDPA (1.64 mmol) 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 vanishment of the brown color of CdO, the Cd-TDPA complex was
allowed to cool down to room temperature. Subsequently, 1.35 g of TOPO was added to
the flask, and the temperature was raised to 320°C to produce an optically clear
solution.
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As for the subsequent addition of the sulfur precursor, through optimization, four
prototypical experiments for growing distinct CdS nanowires are presented here. (A)
after the sulfur injection to a 320°C mixture containing Cd-TDPA complex and TOPO,
the temperature of the reaction system was dropped to and maintained at 280°C
throughout the end of reaction (B) The temperature of the reaction system was allowed
to cool down to 280°C (due to the sulfur injection) and subsequently raise to 315°C for
the crystal growth. (C) Prior to injection, the sulfur solution was initially heated to 320
C so that the temperature of the system remaiped unchanged amid injection. Note this
pre-heating step is to avoid the prompt temperature fluctuation when the sulfur
precursor is introduced into the reactior} S;S:tem .(D) Si_milar to process (C) except that
the pre-heated sulfur solution was pre-heatéd.to'330°C ~prior to the injection into a 330
‘C reaction mixture. Note that despite the temperature equivalence, the injection still
caused a 5°C decrease of the temperature, which was then re-heated and maintained at
330°C. For (A)-(D) the reaction was lasted for 5 minutes to allow the growth of CdS
crystals with different lengths and then was terminated by quenching the reaction to 40
C. Subsequently, 5 mL of toluene was introduced to dissolve the reaction mixture, and
yellow precipitate was obtained by adding 5 mL of isopropanol followed by

centrifugation at 3000 rpm. The precipitate was dispersed in toluene for the TEM

characterization, and dried powder of the precipitate was used for the XRD
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measurement.

The shapes and size distributions of the nanocrystals were measured with a JEOL
JEM 1230 transmission electron microscope (TEM), and high resolution (HRTEM)
images were taken with a JEOL JEM 2100F. The conventional Formvar coated 200
mesh Cu grids were used. The crystal structure and phases of the synthesized samples
were analyzed by X-ray powder diffraction (XRD) on a PANalytical X Pert PRO with
Cu Ko X-ray. UV/Vis steady-state absorption and emission spectra were recorded with a
Hitachi (U-3310) spectrophotometer: ‘and “:an " Edinburgh (FS920) fluorimeter,

respectively.

=
el
=

3. Results and Discussions

We have made attempts to prepare CdS nanowires by virtually using the method to
prepare CdX (X= Te, Se and S) nanorods with CdO as a precursor.”* Adopting the same
surfactant mixtures reported, i.e. a combination of hexylphosphonic acid (HPA),
tetradecylphosphonic  acid (TDPA), trioctylphosphine oxide (TOPO) and
trioctylphosphine (TOP), we could reproduce the CdS nanorods with a length in the
range of 10-20 nm (aspect ratio: 3-5). However, intriguingly, upon optimizing the types

of surfactants to only TDPA, TOPO and TOP as well as their respective molar ratio, we
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then successfully obtained CdS nanowires with aspect ratio varied from 20 to 300,

depending on the controlled temperature elaborated in the experimental section (vide

infra).

Figures la-d show the transmission electron microscope (TEM) images of CdS
nanocrystals synthesized under different temperatures Figure 1a depicts the TEM results
of CdS nanorods prepared at 280°C (process (A), see experimental section). Clearly,
nanorods with 3 nm in width and 30-50 nm in length are observed, in part, accompanied
by the formation of tetrapod. The results _are “in ‘consistent with that reported
previously.** As reported by AliViS&tO.S.gs'-k.gl;l_(.i. .P.eng,%'zg. during the nucleation stage of
the CdS and CdSe systems, mag%c.-siz_eld z;nc blende structured seeds tend to be more
stable at lower temperature, which promotes the f.ormation of elongated structure with
nearly monodisperse lateral dimension. However, since the energy difference between
zinc-blende and wurtzite phases is merely a few meV for CdSe, CdS, and ZnS,*> at 280
C, formation of CdS nanocrystal exclusively in one phase seems to be impractical,
rationalizing the existence of tetrapods and nanorods for the as-prepared samples. Upon
elevating the reaction temperature from 280°C to 315°C, ie. the process (B, sce
experimental section), as shown in Figure 1b, the width of the nanocrystals increases

only slightly from 3 nm to 3.5 nm, while the length drastically increases to as long as

300 nm.
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Since the only difference between processes (A) and (B) is temperature, it seems
that the length of CdS nanocrystals is determined by the growth rate along the c-axis of
a wurtzite structure. Accordingly, we anticipate to produce longer nanowires upon
increasing and maintaining of the reaction system at higher temperature than 315°C. To
support this viewpoint, methods (C) and (D) were conducted, in which the temperature
for growing nanocrystals was set to be at 320°C and 330°C, respectively. It is
noteworthy that the added sulfur solution in (C) and (D) processes was kept at the
designated temperature in order toiavoid sudden temperature drop upon swift sulfur
injection. The results, shown in Figure__lcf and_1dfer«(C) and (D), respectively, clearly
demonstrate a nearly unchanged width qf tl:l:‘ECdS nanowires, whereas the aspect ratio is

increased, i.e. the elongation of the c-axis;@s temperature is increased from 315, 320 to

330°C. At 330°C, CdS nanowires with an aspect ratio of as large as 300 were obtained.

As depicted in Figure 2, X-ray powder diffraction (XRD) pattern of the elongated
nanowires prepared at 320°C (upper part of Figure 2) shows the diffraction peaks
matching exactly that of the wurtzite CdS standard pattern (lower part of Figure 2). The
significantly sharp and narrowed (002) peak at the 26.7 degrees (20) clearly supports the
extended c-axis stacking domain of the wurtzite lattice. Note the broadening of other
peaks is due to the corresponding quantized dimensions. Though not shown here, a

similar structure was obtained for CdS nanowires prepared at 315 and 330°C.
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The anisotropic growth of the nanocrystals is viewed to be due to the high

. . 26,28,29
monomer concentration after nucleation stage,” ™

which is achieved by applying
strong ligands, namely, TDPA, to form a stable complex with cadmium (Cd-TDPA).
During the growth stage of nanorods, phosphonic acid molecules tend to selectively
bind the lateral facets of the rods. Accordingly, the growth rate of the (000) facet of CdS
is increased, resulting in the anisotropic growth along c-axis of the wurtzite structure.*
Intriguingly, in addition to the nanowires with solely wurtzite structure, imagery of

TEM (Figure 3) and high resolution transmission:electron microscopy (HRTEM, see

insert of Figure 3) reveals certain® CdS nanowires-originating from a zinc-blende

\
i

structure, while the arms possess'a wu{tzi'"t.?sfru.cture. As shown in insert of Figure 3,
the lattice spacing of the arm poés;es.s'es aswurtzite structure, which is elongated along
the c-axis. The 109.5° separation angle between the {111} faces refers to that the core of
the bipods is zinc-blende structure with a <-110> zone axis. The wurtzite-structured
arms are clearly epitaxially grown from the {111} plane of the zinc-blende core. Note
the HRTEM of bipods shown in insert of Figure 3 is reminiscent of that reported by

Alivisatos et al. and Cheon et al.?**°

That is, wurtzite-structured arms epitaxially grow
along the c-axis from {111} planes of a zinc blende core, with an angle of 109.5 degrees
between the arms.

The fast growth of the anisotropic nanocrystals might accompany with an increase
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of the defect sites and the existence of which could perhaps be examined by the
ptotoluminescence of the as-prepared nanorods and nanowires. Accordingly, UV/Vis
steady-state absorption and emission spectra of CdS nanocrystals were performed and
the results are shown in Figure 4. As depicted in Figure 4, independent of the
temperature, the appearance of the first exciton peak at 450 nm indicates that there is a
control of the size distribution (~3.5 = 0.2 nm) at the transverse direction. Thus the
corresponding luminescence peak around 455 nm originates from the band edge of the
as-prepared CdS nanorods and nanowires. In._addition to the excitonic emission, the
broad band emission from 525 .nm ext_enc}ed to thewregion of near infrared arises from
the defect states of CdS nanocrystals! Nout%bly, .the rat_io of emission intensity for the
defect emission (~525 nm) versus .Band-edge emission (455 nm) increases as the
anisotropic nanocrystals become longer in length, evidently representing a faster
growing rate induced by the increase of temperature. Another indirect support of this
viewpoint may be given in an attempt to grow other II-VI semiconductor nanowires.
Based on a similar method, we have also made a great deal of efforts in attaining CdSe
and CdTe nanowires. Unfortunately, similar approaches failed, plausibly due to a lower
temperature required to form CdSe (CdTe) nanocrystals. Finally, attempts have also
been made to further increase the temperature above 340°C to grow CdS nanowires.
However, the results of TEM (not shown here) show CdS nanowires with a decrease of
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aspect ratio. We tentatively attribute the results to the possible reaching to the azeotrope
of the mixture at > 340°C, as evidenced by the boiling of the solution, the turbulence
from which may perturb the CdS crystal growth. Nevertheless, more robust explanation

is pending resolution.

4. Conclusion

To sum up, CdS nanowires with aspect ratio as large as 300 are reported by using a
solution-based synthesis. The  optimization-.of surfactants to enhance anisotropic

elongation plays an important role 1nth;s eipproach. This, in combination with the

temperature-dependent growth /rate on th(;-'(OOE) diréction of the wurtzite structure,
makes feasible the tuning of CdS nanowires.in lenéth. Previous studies have shown that
nanowires of II-VI semiconductors could be formed by SLS methods and oriented
attachment of nanoparticles. Experimental results demonstrated here imply that the
selective-adsorption mechanism could be extended to explain the formation of
semiconductor nanowires. Owing to the promising applications of 2D-confined
nanowires in nanoelectronics and photovoltaic devices, etc, we thus believe that the
simple, straightforward and reproducible solution-based synthesis of CdS nanowires
reported here may spark a broad spectrum of interest in the in the fields of nanoscience

and nanotechnology.
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Figure 1

Figure 1. TEM images of CdS nanocrystals synthesized under different temperatures of

(a) 280°C, (b) 315°C, (c) 320°C and (d) 330°C.
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Figure 2
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Figure 2. Powder X-ray diffraction (XRD) of CdS nanocrystals synthesized under 320

‘C (upper) and that of standard CdS (wurtzite) pattern (lower).
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Figure 3

Figure 3. A prototype of CdS nanowires synthesized under 330°C. HRTEM image

(inset) clearly shows the junction of bipod that consists with a zinc-blende core with

wurtzite arms epitaxially grown from the {111} plane of the core.
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Figure 4
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Figure 4. (a) absorption and (b) emission spectra of CdS nanocrystals synthesized under
different temperatures. Solvent: toluene. The excitation wavelength was fixed at 400 nm
for all emission spectra. (note: The multiple peaks at longer wavelength of the defect
emission prepared at 320°C and 330°C are due to the increase of scattering light upon
increasing the length of CdS, such that some stray light from the excitation lamp was

accidentally acquired.)
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Chapter 5.

Axial  heterostructured Pt-CdSe-CdS  semiconducting

nanorods

Q @ O

Growth of Growth of
Pt nanoparticle CdS nansrod

o T T

Abstract

Recently, heterojunction structure of one-dimensional (1D) semiconducting
nanorods, with distinct intersection between each segment, could be fabricated without
the need of organic linkers. This emerging field in nanoscience represents an effective
approach in fine tuning chemical and physical properties of nanocrystals. By
incorporation of different nanostructured components, multifunctional capabilities with
tunable or enhanced characteristics could be achieved in the hybrid nanostructures. In
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this study, Pt-CdSe-CdS heterojuncted nanorods are produced via a different
methodology from the solution-liquid-solid (SLS) method. By controlling the ratio of
nanorods and Pt-precursor, matchstick structured nanorods, with single tip of Pt
nanoparticles on one end of CdSe nanorods, are synthesized in advance. The function of
Pt nanoparticles is therefore viewed as a protecting group, namely blocking one
terminal of CdSe nanorods. Second segment of CdS nanorods is sequentially grown on
the unprotecting side of CdSe nanorods. The result shown in this report could help
tailoring the complex heterojunction - ; nanocrystals in the field of

nanomaterial-architecture.

AN ||

1. Introduction

Over the past decade, fabrication of one-dimensional (1D) semiconducting
nanocrystals has drawn much attention because of the fascinating size and shape
dependent optical and electronic properties.'> These phenomena make 1D
semiconducting nanocrystals good candidates for fundamental studies and possible
technological applications in various fields, such as lasing,’ electroluminescence,”®
photovoltaics,”'* and nanoelectronics.'"'* Also, numerous reports have been published

about synthetic routes and growth mechanism of nanorods with well-controlled size and
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aspect ratios.'>

Recently, heterojunction structure of 1D semiconducting nanorods, with distinct
intersection between each segment, could be fabricated without the need of organic
linkers.’**" This emerging field in nanoscience represents an effective approach in fine
tuning chemical and physical properties of nanocrystals. By incorporation of different
nanostructured components, multifunctional capabilities with tunable or enhanced
characteristics could be achieved in the hybrid nanostructures. Among them, metallic
tips grown on nanorods by using; reductionélo'n’44 or-other routes® could serve as
preferential anchoring points for conne.ctiighg;“rigﬁorods m different surroundings or have
potential in catalytic reaction. B'efsides:., fol}s"equ_e'ntial chalcogenide precursor injection,
maintaining the monomer concentration in-the st.:age of 1D growth, CdS/CdTe/CdS*’
and CdTe/CdSe/CdTe’”*3*%4  heterostructured nanorods could be obtained, and
different optical properties were also reported. In addition, by incorporating
nanoparticles (CdSe, CdTe, ZnTe, or ZnSe) as seeds, highly Iuminescent,
self-assembled, or type-II heterostructured nanorods were synthesized via
seed-mediated growth approach.*** Also, heterostructures such as tetrapods with cores

d.*** Furthermore,

and arms composed of different compositions, could be synyhesize

upon injection of different kinds of chalcogenide precursor in solution-liquid-solution

(SLS) growth with Bi nanoparticles as catalytic agents, axial heterostructured CdS/CdSe,
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ZnSe/ZnTe, and heterobranched CdSe/ZnSe nanowires were produced.”**'”® These
studies set good examples in architecture of one-dimensional nanometerials. Since the
multifunctionally heterostructured nanocrystals are of great interest, a general approach
to selectively fabricate 1D heterostructured nanorods would be essential in designing

the synthetic route of nanomaterials.

Bearing the idea in mind, we thus tentatively search a possibility of adjusting the
role of metallic nanoparticles during the synthesis of 1D heterojunction nanorods.
Concerning general chemical synthesis; protecﬁng group often refers to the site with

lower activity. In the structure of a nanorods 0 lends|on the long axis are thought to be

i

more reactive than other facets fige to th'e;’"eff_e'ctive-r-nonomer model.'*"*”"*? In this
study, by controlling the ratio of hanorods: and ft—precursor, a matchstick structured,
with single tip of Pt nanoparticles on one end of CdSe nanorods, were synthesized. The
function of Pt nanoparticles is therefore viewed as a protecting group, namely blocking
one terminal of CdSe nanorods. Second segment of CdS nanorod is sequentially grown
on the unprotected side of CdSe nanorods. The concept and experimental results shown
in this report, in combination with traditional methodology of chemical synthesis, might
help in tailoring the flexibility of complex heterostructured nanocrystals, and hence
further support the development of multifunctional nanomaterials and devices in

nanoscale.
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2. Experimental Section

Hexylphosphonic acid (HPA, 989) and Tetradecylphosphonic acid (TDPA, 98%)
were purchased from Alfa Aesar. Tri-n-octylphosphine (TOP, > 85 9% ) and
n-hexadecylamine (HDA, 9095) were purchased from TCI. Tri-n-octylphosphine oxide
(TOPO, 90%) was purchased from Fluka. Cadmium oxide (CdO, 99.999%)) powder was
obtained from Strem Chemicals. Selenium (Se, 99.59%) powder, oleic acid (909%),
oleylamine (90 % ), and diphenylether (95 96 ) were obtained from ACROS.
1,2-hexadecanediol (909), platinum acetylace.'tonate (97%), and 1-octadecene (909%)

were obtained from Aldrich. Chemicals were usSed as received.

Synthesis of CdSe nanorods,

CdSe nanorods were synthesized aécording to the literature methods with
modification of varying surfactants.'” Briefly, a selenium injection solution containing
0.073 g of selenium was prepared by dissolving selenium powder in 1 mL of
tri-n-octylphosphine. 0.2 g of CdO, 0.71 g of TDPA, 0.16 g of HPA, and 3 g of TOPO
were loaded into a 50 mL three-neck flask and heated to 320 °C under Ar flow. After
the CdO was completely dissolved, judging by the disappearance of the brown color of
CdO, the temperature of reaction system was kept for 30 minutes. Subsequently, the

selenium injection solution was swiftly injected into the hot solution. The reaction
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mixture was maintained at 320 °C for growth of CdSe crystals. After 5 minutes, the
temperature was quenched to 40 °C to terminate the reaction. 5 mL of toluene was then
introduced to dissolve the reaction mixture, and dark-red precipitate was obtained by
adding 5 mL of isopropanol and centrifuged at 3,000 rpm for 5 minutes. The precipitate
was washed with toluene and isopropanol three times and re-dispersed in toluene for

further measurements.
Synthesis of matchstick structured Pt-CdSe nanorods

For the synthesis of Pt nanoparticles on one end of CdSe nanorods, Pt-CdSe

nanocrystals were synthesized accordiﬁg_t_o thie Mokari’s report,’® with modification of

el
=

precursor. Briefly, 0.1 mL of-oleic acid.:'_r;_()..l ml of oleylamine, and 3.225 mg of
1,2-hexadecanediol were dissolvéd in'10-mL of dif)henylether, and the temperature was
raised to 80 °C under vacuum for 1 hour. Separately, 4.91 mg of Pt actylacetonate and
10 mg of CdSe nanorods were added into 2 mL of dichlorobenzene and heated at 70 °C
for 20 minutes. The mixture of surfactants and diphenylether was purged with argon
and heated to 210 °C. Subsequently, the Pt injection solution was swiftly injected into
the hot solution. After 5 minutes, the temperature was quenched to 40 °C to terminate
the reaction. 40 mL of ethanol was then introduced to the reaction mixture, and solution
was centrifuged at 3,000 rpm for 5 minutes. The precipitate was washed three times

with ethanol and re-dispersed in toluene for characterizations and further experiments.
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Synthesis of axial-heterostructured Pt-CdSe-CdS nanorods

The attempt of growing the second segment of nanorods, CdS, onto the preformed
Pt-CdSe nanorods was done by using three different sets of surfactants. (A) TDPA, and
TOP. (B) stearic acid and TOP. (C) oleic acid, 1-octadecene, and TOP. The Cd and S

precursor were CdO and sulfur powder, respectively.

The stock solution was prepared by mixing CdO (5 mg) and surfactants in a 50 mL
three necked flask. ((A) TDPA (0.1142 g) and TOP (4 mL). (B) stearic acid (0.1167 g)
and TOP (4 mL). (C) oleic acid«(1 _mL) and ‘1-octadecene (4mL).) After the flask was

pumped under vacuum for ~30 minutes, the mixture 'was heated to 320 °C under argon

-
S

to yield a clear and colorless-solution c:)'_?_i_ltaining Cdcomplex. The temperature of
reaction system was kept for 30 minutes, S_ubseqi:lently, injection solution, containing
7.2 mg of sulfur, 1 mL of TOP, and 0.5 mL of Pt-CdSe solution, was swiftly injected
into the flask. After reacting at 320 °C for 5 minutes, the temperature was quenched to
40 °C to terminate the reaction. In order to remove the remaining unreacted precursors
and surfactants, 5 mL of toluene was introduced to dissolve the reaction mixture, and
dark-brown precipitate was obtained by adding 5 mL of isopropanol followed by
centrifugation at 2600 rpm. The precipitate was washed with toluene and isopropanol

three times and re-dispersed in toluene for characterizations.
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The shapes and size distributions of the nanocrystals were measured with a JEOL
JEM 1230 transmission electron microscope (TEM). High resolution (HRTEM) images
were taken with a JEOL JEM 2100F microscope operated at 200 kV. Experiments of
X-ray energy dispersive spectroscopy (EDS) were performed by using a GENESIS
2000 EDS detector connected to the HRTEM instrument. The conventional Formvar
coated 200 mesh Cu grids were used. Electron energy-loss spectroscopy (EELS) was
acquired with a postcolumn filter (Tridium, Gatan, USA) using three energy windows
near the absorption edge (Cd: Mysiedge. at 4Q4 eV, energy window; 60 eV; Se: My

edge at 57 eV, energy window;:8 eV5'S: L3 edgeat165 eV, energy window; 20eV ).

\
e

UV/Vis steady-state absorption and emié".sriér:l speetra were recorded with a Hitachi

(U-3310) spectrophotometer and an Edinburgh.(FS920) fluorimeter, respectively.

3. Results and Discussions

Figures 1la shows transmission electron microscope (TEM) image of
as-synthesized CdSe nanorods. The diameter and length of nanorods are 8 ~ 8.5 nm and
30 ~ 35 nm, respectively. UV/Vis steady-state absorption and emission spectra of CdSe
nanocrystals were performed, and Figure 1b clearly shows the first exciton peak at 670

nm and band edge emission around 675 nm of CdSe nanorods. The next step would be
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blocking the undesired site, namely growing metallic or semiconducting nanocrystals on
one end of the CdSe nanorod for protection. Comparing with semiconducting
nanoparticles, synthetic conditions of metallic nanoparticles are much more simplified.
After literature search, possibilities of introducing In, Bi, Sn, and Au nanoparticles are
ruled out since they have been reported as candidates of catalytic droplets in

solution-liquid-solid (SLS) reaction.”*

Therefore, platinum (Pt) nanoparticles are
chosen to serve as protecting agents. In 2009, Habas et al. synthesized Pt-CdS,
PtNi-CdS, and PtCo-CdS hybrid nanostructures with controllable size and
composition.’* By simply adjusting t_he~ amount ef-precursors, Pt-CdSe matchstick
structured nanorods could be obtained.l T]%\/I :im.age ot_“ Pt-CdSe nanorods is shown in
Figure 2a. Judging from the image, mdst of the.nanoerods are matchstick structured, with
Pt nanoparticles (4 ~ 5 nm) grown preferentially on one tip of the CdSe nanorods.
According to Peng’s'* and Mokari’s®* report, due to difference of surface energy, the
basal polar facets have higher growth rates than the lateral nonpolar facets. Furthermore,
nanorods with wurtzite structure are composed of repeating Cd and Se (or S) lattice
planes along the (00€) direction. It is believed that the reactivity is higher on the tip
ended up with anion rich facets than that with cation rich facets, which thus offers an

opportunity for selective chemistry on different facets. As a consequence, during growth

of Pt nanoparticles, low Pt concentration or at the early stage of reaction could lead to
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growth on Se (or S) rich facets more easily. Therefore, by controlling the reaction time
interval and Pt concentration, matchstick structured Pt-CdSe nanorods could be
obtained. Crystallinity of Pt nanoparticles and CdSe nanorods could be evaluated from
high resolution transmission electron microscope (HRTEM) image. As shown in Figure
2b, d-spacing along the long axis of nanocrystals is measured as 0.35 nm, attributed to
{002} planes of wurtzite structured CdSe, and the d-spacing of the dark nanoparticles is
calculated as 0.23 nm, corresponding to {I111} facets in face-centered cubic platinum.
Note that the angle between lattice planes.of Pt.and CdSe nanocrystals varies from each

hybrid nanorod, indicating that there'1s no preferred -orientation of {111} planes of Pt

\
e

with respect to {002} facets of CdSe nanofgc-l.'s:. In addition, as shown in insert of Figure
2b, selected area X-ray energy 'dispetsivéuspectroscopy (EDS) performed on three
distinct Pt-CdSe nanorods in Figure 2b indicates the appearance of Pt and CdSe

composition.

After obtaining matchstick structured hybrid Pt-CdSe nanorods, the challenging
issue thereby lies on the growth of the second segment. Axial heterostructured nanorods

and nanowires in solution phase are reported by acquiring solution-liquid-solid

39,40,48,53,55

mechanism or multiple injection method'>>%>72%484

until present time. Since
Pt nanoparticles would not be suitable for serving as catalytic droplets, in this report,

second segment would not grow from site in between the Pt and CdSe (a typical
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appearance of SLS mechanism). On the other hand, in multiple injection method,
growth of the second composition occurs simultaneously at both tips of CdSe nanorods,
thus excluding the chance from being applied in the field of nano p-n junction. Herein
we propose a conceptual design, being in a manner different from SLS mechanism and
multiple injection method, in which a second segment (CdS nanorod) would grow from
the unprotected tip of a Pt-CdSe nanorod. This concept, in combination with traditional
methodology of chemical synthesis, could set a good example of rational design in nano

architecture.

Starting from the growth mechanism.ef .ériisotropic CdSe nanocrystals constructed

0]

by Peng’s group,'* Growth ofa 'naflr.lor(:).(i is 'ciévidéd into two steps, nucleation and shape
evolution. At the stage of nucleation, presence of “magic-sized seeds” occurs at high
chemical potential by maintaining high monomer concentration, which is necessary in
producing anisotropic semiconducting nanocrystals. Altering the chemical potential as
well as the reactivity could be easily achieved by simply changing the type of
surfactants. Therefore, chemical potential of the current system, containing Pt-CdSe and
precursor for growing a second segment, should be high enough to initiate 1D growth,
and more importantly, should be in the same level of reactivity at the unprotected tip of
Pt-CdSe nanocrystals. To fulfill the above mentioned statement, firstly, a typical set of

surfactants for growing CdS nanorods,® tetradecylphosphonic acid (TDPA) and
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trioctylphosphine (TOP), was used. By injection the mixture containing sulfur, TOP, and
Pt-CdSe nanorods into stock solution at 320 °C, denoted as (A) set in experimental
section, the corresponding result of TEM image is shown in Figure 3a. CdS nanorods
are formed without any connection to Pt-CdSe nanocrystals, which means that during
CdS growth, difference of chemical potential between precursor for growing CdS and
diffusion sphere'® surrounding the Pt-CdSe nanorods is so large that growth of CdS
nanorods occurs outside the diffusion sphere. That is, CdS nanorods grow themselves
by neglecting the presence of Pt-CdSe. Secondl.y, upon replacing TDPA with stearic acid,
a traditional surfactant for synthesizing panqdots18 (set (B) in experimental section),
very different result is obtained. ‘As shou;:;fn '.in. Figur_e 3b, apparently, whiskers and
branched structures could be seen, Growth of hyper ‘structures refers to that during
initial stage of reaction, CdS nuclei, after entering into the diffusion sphere, tend to start
one dimensional growth at the unblocked tip and at surface along longitudinal direction
of CdSe annorods, regardless of the difference of reactivity between short and long axis
of Pt-CdSe. In addition, it should be noted that most of the hierarchical structures in
Figure 3b are still anisotropic, indicating the chemical potential of CdS precursor is still
in the range of 1D growth. Figure 3a and 3b show two extremes of growing

heterojunction nanocrystals. That is, in the case of TDPA and TOP (set A), surface of

Pt-CdSe nanorods might be covered thoroughly by surfactants, hence hindering the
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growth of second segment. On the other hand, while applying stearic acid and TOP as
surfactants (set (B)), the adsorption of surfactants on Pt-CdSe might be too weak to

protect the surface of nanorods, thus the hyper-branched structure is produced.

In the aim of tuning reactivity of monomers, previous reports conclude that
noncoordinating solvent, namely octadecene (ODE), might serve as an excellent

candidate.?*%

By simply adjusting the oleic acid/ODE ratio in reaction, high quality
nanocrystals could be obtained.”> Accordingly, we tentatively choosed noncoordinating
solvent (set (C) in experimentali-section) for synthesis of CdS nanocrystals on
unprotected tip of Pt-CdSe nanorods, a.r.rd-xt_lgﬁ_.r_e.sult is eﬁcouraging. As shown in Figure
4a, axial heterostructured Pt-Cfd.Se-_(idS ﬁhandrods dre observed. Comparing the
dimension with Pt-CdSe in Figure 2a, increase of: length of Pt-CdSe-CdS nanorods is
around 10 ~ 15 nm, indicating the anisotropic growth of CdS nanorods on Pt-CdSe
nanocrystals. In addition, a slight increase of the diameter (~ 1 nm) is monitored,
possibly due to a few monolayers of CdS grown on the side of Pt-CdSe nanorods, which
will be discussed later. The other evidence of the axial heterojunction is the absorption
spectra (Figure 4b). From Figure 4b, the 670 nm absorption of CdSe still remains
unchanged after the reaction of synthesizing Pt-CdSe and Pt-CdSe-CdS, and a new 450

nm absorption band is recognized, corresponding to the band edge of CdS

nanocrystals.”” Apparently, from absorption experiments, except for CdSe and CdS
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nanocrystals, there is no existence of any other composition produced, such as alloy of

CdSe and CdS, in the reaction.

To gain further detailed structural information, HRTEM measurements were
performed. Figure 5a shows a HRTEM image of a Pt-CdSe-CdS heterostructured
nanorod synthesized by using oleic acid, ODE, and TOP as surfactamts. It could be seen
that the length of the newly formed CdS nanorods is ~ 15 nm, and the d-spacing is
calculated as 0.33 nm, owing to the {002} facets hexagonal CdS. Stacking faults are
observed at the interface betweensthe two méterials, which might be due to lattice
mismatch and fast growth along the c-ei);isx.gi .rll.ar.lorods. Results of selected area EDS for
the site near Pt end (head) and CdS en_dl (ta1% ofithe Pt-CdSe-CdS nanorod are shown in
the lower-right and upper-left part-of Figure 5a, re;pectively. The tail part exhibits only
the appearance of Cd and S, while the head part reveals the composition of Pt, Cd, Se,
and S. In order to view the exact position of sulfur on head part, and to confirm
chemically that the Pt-CdSe-CdS nanorods are made up of separate segments of CdSe
and CdS, images of electron energy-loss spectroscopy (EELS) were taken. The
appearance of Cd, Se, and S could therefore be determined under the respective
absorption edges and energy windows (see experimental section). As shown in Figure

5b and Sc, distinct signals of Se and S are clearly monitored, suggesting the axial

heterojunction of CdSe and CdS. On the other hand, there seems to be a layer of CdS on
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the outer shell of the CdSe nanorod. Combining the results of HRTEM, EDS, and EELS
mentioned above, we tentatively propose that upon applying noncoordinating solvents
in the system, axial heterostructured Pt-CdSe-CdS nanorods could be synthesized by
adjusting the reactivity of monomers. During the reaction, unprotected surfaces of CdSe
serve as a template. After the initial stage, namely the nucleation, CdS nuclei are
embedded on the unblocked tip and lateral surface of CdSe. CdS precursors at high
chemical potential enter the diffusion sphere, and subsequently start fast one
dimensional growth from the unprotected end._of CdSe. Because of identical wurtzite
structure between the two materials, 1_:he~ resyltant c-axis of CdSe and that of newly
formed CdS nanorods are in .the sa_rrlle. %‘Hectlon Rglative slow growth on lateral
surfaces produces a thin layer othd.S: coating on the Pt-CdSe nanorods, which is also
pointed out in previous reports about heterojunctions synthesized by using multiple

injection method.**>

Moreover, increasing time duration for reaction would drive the
formation of nanocrystals from 1-D to 3-D growth, and further, to ripening process.'*
We thus extended reaction time from 5 minutes to 1 hour, and the corresponding TEM
image is shown in Figure 6. Interestingly, diameter of nanorods increases drastically
while the variation of length along long axis is quite small, indicating that growth of
axial heterostructured Pt-CdSe-CdS nanorods could be rationalized by the well-known
13-15,23

mechanism for growing anisotropic nanorods.
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4. Conclusion

In summary, based on a conceptual design, axial heterostructured Pt-CdSe-CdS
semiconducting nanorods are reported. The role of Pt nanoparticles in matchstick
structured Pt-CdSe nanorods is viewed as protecting agents, which allows the selective
synthesis on the unblocked tip. In addition, tuning the reactivity of CdS precursors
could be fulfilled by employing noncoordinating solvents in reaction. As a result,
second segment of CdS nanorods grow from unhindered site, and hence the axial
heterostructure is obtained. This concept; in combitiation with traditional methodology
of chemical synthesis, could help rat.i.or;é;.(i.e'éigning éf complex nanomaterials and

nanodevices in the field of nano architecture.
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Figure 1

500 550 600 650 700 750
Wavelength (nm}

Figure 1. (a) TEM image and (b) UV/Vis steady-state absorption and emission spectra

of CdSe nanocrystals.
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Figure 2

Figure 2. (a) TEM image and (b) HRTEM image of Pt-CdSe nanocrystals. (inset:

selected area EDS spectrum of this image.)
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Figure 3

Figure 3. TEM images of nanocrystals synthesized by using (a) TDPA, and TOP. (b)

stearic acid and TOP.
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Figure 4
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Figure 4. (a) TEM image of Pt-CdSe-CdS nanocrystals synthesized by using oleic acid,

ODE, and TOP. (b) UV/Vis steady-state absorption spectra of CdSe, Pt-CdSe, and

Pt-CdSe-CdS nanocrystals.
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Figure 5

Figure 5. (a) HRTEM image of a Pt-CdSe-CdS heterostructured nanorod synthesized by
using oleic acid, ODE, and TOP as surfactamts. The inset shows EDS results of (1) head
and (2) tail part of the hybrid nanorod. (b) Se and (¢) S mapping done by using EELS

measurements.
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Figure 6

Figure 6. TEM image of Pt- CdSe-CdS“fnanociystgls synthe51zed by using oleic acid,
BT

ODE, and TOP for 1 hour.
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Chapter 6.

Concluding Remarks

In summary, from growth mechanism and methodology of anisotropic nanorods,
tuning the morphology of CdS nanocrystals is achieved. Exclusive self-assemblies of
TDPA and TOP capped CdS nanorods in the absence of external direction-controlling
processes (e.g., external electric field, polymer matrix, or highly oriented pyrolytic
carbon) are reported. With concentration higher than 2.0 % weight percent in toluene,
the as-prepared CdS nanorods start/tos€orral together. Self-assemblies with outer edges
of leaning bundles and an inner part of Hé;t:?ggﬁal packing perpendicular to the substrate
are thus formed with the assistap_ce of th:e;:hyd.rocarb-on chains on surfactants or the
interactions among nanorods. In addition, by_optimizing the type of surfactants and
temperature of reaction, CdS nanowires with aspect ratio up to 300 could be obtained.
Experimental results imply that the selective-adsorption mechanism could be extended
to explain the formation of semiconductor nanowires. Furthermore, a new conceptual
design by introducing the protecting agent into the synthesis of semiconducting
nanorods has been proposed. By employing noncoordinating solvents, axial

heterostructured Pt-CdSe-CdS semiconducting nanorods could be fabricated. The role

of Pt nanoparticles in match stick structured Pt-CdSe nanorods is viewed as protecting
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agents, which allows the selective synthesis on the unblocked tip. The results and
discussion in this report could help developing the complex nanomaterials and
nanodevices in the field of nano architecture, which could be extended to applications in

nanoscience and nanotechnology.
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