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Abstract
Contemporary nanotechnology has great interest in the assembly and study of hybrid structures
composed of different materials that can offer enhanced properties or achieve new functions
through the interaction between different constituents. ZnO nanowires, with the wide direct
band gap and large exciton binding energy of the material, have attracted intense research
interests for their potential optoelectronic applications in the near ultraviolet spectral region.
They have also been studied for use in energy conversion and storage. They are promising can-
didates as photoanodes in nanostructured photovoltaic devices. Their high electron mobility
favors a quick collection of the photogenerated charge carriers. Semiconductor quantum dots
represent another research focus due to their striking size-tunable band gap, which provides a
convenient approach to tune the spectral region of absorption and emission of the materials.

In this work, a hybrid nanostructure is built by surface functionalization of ZnO nanowire
arrays with colloidal CdSe quantum dots (QDs), which has potential applications in photo-
voltaics and sensing applications. The QDs are synthesized by a wet-chemical method and
stabilized with bifunctional 3-mercaptopropionic acid (MPA) molecules. The growth kinetics
and optical properties of the QDs are studied. The average QD size can be tuned in the range
of 1.4–2.5 nm by adjusting the growth time. The photoluminescence of the dry QD powder is
found to be very sensitive to the ambient environment, which is attributed to oxygen-related
surface effects. Adsorption of oxygen molecules can passivate the surface defects of the QDs
which otherwise act as trap centers during photo-excitation and induce nonradiative and fast
Auger recombination processes in the QDs.

The attachment of the CdSe QDs on the ZnO nanowire surface is achieved by using the stabi-
lizers of the QDs as molecular linkers, which further favors the charge transfer between these
two systems. The photoconductivity of the nanowire/quantum-dot hybrid structure is studied
under selective photoexcitation of the QDs. An enhancement of of the photoconductivity up
to 10 times is observed in air. The dynamics is further found to strongly depend on the gas
environment. Desorption of surface oxygen from the ZnO nanowires, activated by charge tun-
nelling between the nanowires and the QDs, is found to be the dominating process for the
photoconductivity enhancement. The gas environment influences the charge relaxation in the
QDs through oxygen-related surface passivation, which impacts the charge tunnelling between
the nanowires and the QDs and, hence, the photoconductivity dynamics.

Defects in ZnO materials can significantly influence their physical properties such as the elec-
trical conductivity and luminescence spectra. Photoluminescence spectroscopy is a conve-
nient, non-destructive technique for studying the crystal quality and defect states of semicon-
ductors. ZnO generally shows an ultraviolet emission band due to the near-band-edge recom-
bination processes and several defect-related emission bands in the visible spectral region. The
dependence of the photoluminescence properties on the excitation intensity of ZnO nanowires
and bulk wafers is studied. It is found that the relative strength of the band-edge emission and
the defect-related emission dramatically varies with the excitation intensity. The increase of
these two emission bands with excitation intensity further exhibits sample-specific behaviors,
which depends on the defect species and concentrations and the microscopic origins of the
defect-related emission processes. Low-temperature measurements further reveal that biexci-
tons or even an electron-hole plasma (EHP) may be formed in ZnO nanowires for excitation
intensities > 103 W/cm2, which causes the broadening of the donor-bound exciton emission
peak and the superlinear increase of the band-edge emission with excitation intensity.
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Chapter 1

Introduction

Semiconductor nanomaterials have attracted wide interest from fundamental research to tech-
nical applications. They are interesting building blocks for functional devices to achieve minia-
turization and high sensitivity. They can further exhibit novel physical properties due to the
enhanced interactions between charge carriers and the strong confinement effect on their mo-
tion. Modern nanotechnology has great interest in the assembly and study of hybrid structures.
Through the interactions between different constituents, they can achieve enhanced properties
or new functions [1–3]. Benefitting from the size effect and the small volume, nanostruc-
tured devices can obtain improved performance compared to their conventional bulk counter-
parts [1, 4, 5].

Semiconductor nanowires are among the most investigated nanomaterials. Their quasi-one-
dimensional structures make them ideal as transport channels for charge carriers, electromag-
netic fields, acoustic waves, and thermal energy, which are crucial building blocks in nan-
odevices for linking and communicating between different functional components [6–8]. Due
to their lager surface-to-volume ratio, the electrical and optical properties can be strongly
modified by surface effects. Thus, semiconductor nanowires have been explored intensely as
ultrasensitive gas sensing devices [9]. They have also been studied for applications such as
short-wavelength nanolasers [10], field-effect transistors [11], and nanoresonators [12].

Zinc oxide (ZnO) is a II-VI compound semiconductor with a wide direct band gap of ∼ 3.37
eV at room temperature, making it an attractive material for optoelectronic applications work-
ing in the ultraviolet (UV) spectral region. One important consequence of its wide gap is the
transparency of ZnO to visible light, which promotes its applications as transparent conducting
electrodes in light emitting and photovoltaic devices. ZnO exhibits high resistance to radia-
tion, which makes it a suitable material for space applications. In addition to its wide direct
gap, the attraction of ZnO can be mainly attributed to its large exciton binding energy of ∼ 60
meV, which implies that excitons can be stable at room temperature or even higher tempera-
tures. This might pave the way for efficient room-temperature exciton-based lasing with low
threshold current.

The research of ZnO goes back to many decades ago. The renewed interest from the mid
1990s is fuelled by the availability of high-quality nanostructures and potential new p-type
doping techniques. ZnO nanowires can now be synthesized in large quantities through both
gas phase and solution phase methods. A variety of growth techniques such as metal-organic
chemical vapor deposition (MOCVD), molecular beam epitaxy (MBE), pulsed laser deposition
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1 Introduction

(PLD), and the widely used vapor transport methods have been developed. ZnO nanowires can
also be grown from low-temperature solution based techniques. The nanowires are prepared
with smooth surfaces and well-defined end facets. About ten years ago, nanolasers based on
vapor transport grown ZnO nanowires were demonstrated [10]. The well-faceted side and
end faces of the nanowires form a natural resonance cavity for lasing. Due to its non-centro-
symmetric hexagonal crystal structure, ZnO possesses a highly piezoelectric nature. Based
on this property, ZnO nano-piezogenerators have been fabricated by depositing ZnO nanowire
arrays on flexible substrates [13]. A shape change in the substrate can induce the deformation
of the nanowires, which acts as the driving force for electrical energy generation.

ZnO nanowires have also been explored for applications in energy conversion and storage.
They were tested as photoanode in nanostructured photovoltaic devices to support photosen-
sitizers like dye molecules. Compared to the bulk counterparts, nanostructured solar cells can
provide a larger effective surface area for adsorbing sensitizers. In addition, ZnO nanowire
arrays can provide direct electrical pathways to achieve quick collection of the photogenerated
charge carriers due to their high electron mobility of ∼ 200 cm2V−1s−1 [14, 15].

Due to the quantum size effect in nanomaterials, their fundamental properties can be signif-
icantly modified. One representative example are the semiconductor quantum dots (QDs).
They represent so-called zero dimensional semiconductor nanocrystals with sizes less than
∼ 10 nm, in which the motion of charge carriers is confined in all three dimensions. The
most striking property of QDs is their size-tunable band gap. As the QD size decreases, the
energy gap significantly broadens. One direct consequence of this effect is the blueshift of the
emission wavelength.

Semiconductor QDs have been prepared by a variety of physical and chemical methods. Some
examples of the physical techniques include the top-down (e.g. lithography [16]) and bottom-
up (e.g. epitaxially self-assembly [17] methods. Another kind of QDs, synthesized from
solution phase by wet-chemical methods, referred to as colloidal semiconductor QDs, have
inspired wide research interest in the last two decades. Such QDs are capped with a layer of
organic molecules, called ligands which provide electronic and chemical passivation of the QD
surface. They are free-standing in solutions with the solubility defined by their ligands. This
allows convenient conjugation of the QDs with other nanomaterials to build hybrid functional
devices.

Colloidal semiconductor QDs now can be synthesized with high crystalline quality and good
control of the particle size and size distribution. The size-tunable band gap makes them in-
teresting for applications like light emitting devices and photosensitizers in solar cells. For
the most investigated CdSe QDs, when the particle size decreases to 1 nm, the band gap en-
ergy will increase from the bulk value of 1.74 eV to ∼ 3.5 eV. Together with QDs made of
other semiconductor materials, the optoelectronic applications can cover the full visible spec-
tral region. Full-color QD-based displays have been realized recently using differently sized
semiconductor QDs working as luminescence media for the red, green, and blue emitting pix-
els [18].

Semiconductor QDs have also been studied as photosensitizers in solar cells. It is convenient
to tune their absorption to cover the solar spectrum by changing the QD size. In addition,
QDs possess high extinction coefficients and the potential to generate multiple electron-hole
pairs by single photon absorption, which is of great interest to further improvement of the
light-to-energy conversion efficiencies.
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1 Introduction

However, there are till many open questions present in the research and technical applica-
tions of ZnO nanowires and semiconductor QDs. The photoluminescence properties of ZnO,
especially its defect luminescence, is not completely understood yet. The assignments of
the defect-related emission bands still have wide controversy [19]. In addition, many re-
search works have been carried out on the photovoltaic devices based on semiconductor-QD-
functionalized ZnO nanowires to combine the merits of these two material systems [15,20,21].
Despite possessing the above-mentioned advantages, the energy conversion efficiencies of
such devices are still much lower than that of the conventional silicon-based solar cells. Some
practical problems, such as the low coverage of the nanowires with QDs as well as the lim-
ited understanding of the charge-transfer mechanisms between the constituents, still hinder the
breakthrough in the performance [2, 15, 22].

In this dissertation, the fundamental properties of ZnO and semiconductor QDs are first pre-
sented in chapter 2. The crystal and energy band structures of ZnO and its elementary optical
excitations are introduced. The size-dependent energy level structure and the wet chemical
synthesis of colloidal semiconductor QDs are described. In chapter 3, an overview of the state
of research on the optical properties of ZnO, the synthesis and applications of semiconductor
QDs, and the nanowire/quantum-dot hybrid structures are presented. Chapter 4 describes the
preparation of the ZnO nanowire samples, the experimental techniques and setups used in this
work. In chapter 5, the synthesis of CdSe QDs by a wet-chemical method is presented. The
photoluminescence quenching of the QDs in oxygen-deficient environments is investigated
and the chemical stability of the QDs is examined. Hybrid structures built from surface func-
tionalization of ZnO nanowires with CdSe QDs is presented in chapter 6. The electron transfer
mechanism in the hybrid structure is studied through photoconductivity measurements, and the
influence of gas environment is investigated. In chapter 7, the excitation intensity dependence
of the photoluminescence properties of ZnO nanowires and bulk wafers is investigated. A
theoretical model is proposed and discussed for simulation of the recombination processes in
ZnO. The generation of biexcitons at high excitation intensity is analyzed. Finally, a summary
of the results obtained in this work and an outlook are presented in chapter 8.

3





Chapter 2

Fundamentals of Zinc Oxide and
Semiconductor Quantum Dots

In this chapter, an overview of the fundamental properties of zinc oxide (ZnO) and colloidal
semiconductor quantum dots is presented as a background for the discussion of the experimen-
tal results in the later chapters. The first section describes the crystal structure and the energy
band structure of ZnO as well as its fundamental optical properties. The second section gives
a short introduction of the energy band structures for low-dimensional semiconductor mate-
rials. After that, colloidal semiconductor quantum dots and their size-tunable band gaps are
introduced. The next large section presents the fundamental properties of colloidal cadmium
selenide (CdSe) quantum dots, including the crystal and the energy level structures, and the
fundamental optical properties. The last section describes the wet-chemical synthesis methods
of colloidal semiconductor quantum dots.

2.1 Properties of zinc oxide

2.1.1 Crystal structure

Zinc oxide (ZnO) is a group II-VI compound semiconductor which almost exclusively crys-
tallizes in the hexagonal wurtzite structure [23]. The cubic zinc-blende structure of ZnO can
be obtained only in epitaxial growth ZnO films on zinc-blende type substrates [24], while the
rocksalt structure is stable only under pressure (> 9 GPa) [25].

The ZnO wurtzite structure is schematically shown in Fig. 2.1 and has a hexagonal unit cell
with two lattice constants a = 0.325 nm and c = 0.520 nm [26]. It belongs to the space group
C4

6v in the Schoenflies notation and P63mc in the Hermann-Mauguin notation. The structure
is composed of two inter-penetrating hexagonal close packed (hcp) sublattices, each of which
consists of one type of atoms displaced with respect to the other along the c-axis by 0.195
nm. One zinc atom is surrounded tetrahedrally by four oxygen atoms, and vice versa. This
tetrahedrally coordinated structure is characteristic for crystals with sp3 hybridized chemical
bondings. The bonding in ZnO is largely ionic with the bond radii of 0.074 nm for Zn2+ and
0.140 nm for O2− [26]. This property accounts for the preferential formation of wurtzite rather
than zinc-blende structure, as well as the strong piezoelectricity of ZnO.
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2 Fundamentals of Zinc Oxide and Semiconductor Quantum Dots

Figure 2.1: Schematic of the hexagonal wurtzite crystal structure of ZnO. a and c are the
corresponding lattice constants.

2.1.2 Energy band structure

ZnO is a direct-gap semiconductor with the global extrema of the uppermost valence band
(VB) and the lowest conduction band (CB) at the center of the Brillouin zone, namely the Γ-
point where the wave vector k = 0. Figure 2.2 shows a schematic representation of the energy
band structure near the Γ-point. The lowest energy level in the conduction band is formed from
the empty 4s states of Zn2+ or the antibonding sp3 hybrid states. It has a symmetry Γ1⊗Γ7 = Γ7

with inclusion of electron spin. The effective electron mass is almost isotropic, with a value
around me = 0.28mo [27].

The uppermost energy level in the valence band is formed by the occupied 2p orbital of O2− or
by the bonding sp3 orbitals. It is split under the influence of the hexagonal crystal field and the
spin-orbit interaction into three two-fold degenerate sub-bands with symmetries of Γ7, Γ9 and
Γ7 (Fig. 2.2). In all wurtzite-type semiconductors, these sub-bands are labeled from highest to
lowest energies as A-, B-, and C-band. There was a long standing debate about the symmetry
ordering of the valence bands in ZnO. Based on studies of the polarization dependence of
reflectivity spectra, the A-Γ7, B-Γ9 and C-Γ7 ordering was proposed by Thomas and Hopfield in
1960 [28,29]. The A-Γ9, B-Γ7 and C-Γ7 ordering is also supported by many works [30,31]. In
the present work, the most commonly accepted A-Γ7, B-Γ9 and C-Γ7 ordering is used [32,33].
The effective hole masses in ZnO are nearly isotropic, with typical values of mh,A,B = 0.59mo

for the A and B bands, and mh∥C = 0.31mo and mh⊥C = 0.55mo for the C band with the wave
vector direction perpendicular and parallel to the c-axis, respectively. [27].

The optical band gap Eg is defined by the energy difference between the conduction band
bottom and the valence band top as depicted in Fig. 2.2. Eg is around 3.437 eV at T = 1.6 K,
and it is reduced to 3.37 eV at room temperature [26].
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2.1 Properties of zinc oxide

Figure 2.2: Schematic description of the band structure of ZnO near the center of the Brillouin
zone. The band gap Eg corresponds to the value at T = 1.6 K.

2.1.3 Elementary excitations in ZnO associated with its optical proper-
ties

This subsection presents an overview of the elementary excited states in ZnO that dominate its
band-edge luminescence properties. This includes the free excitons, excitons bound to donor
or acceptor centers. Their transitions and coupling with lattice vibrations as well as the biex-
citon complexes formed at high excitation are introduced.

Free excitons and exciton polaritons

When ZnO is irradiated with light at a photon energy equal to or larger than its band gap,
electrons can be excited into the conduction band while holes are generated in the valence
band. Due to the Coulomb attraction between the electrons and holes, they can form electron-
hole pair bound states, known as excitons. An exciton is a electrically neutral complex and has
a slightly lower energy than the unbound electron and hole pair.

The Schrödinger equation of the exciton state within the effective-mass approximation can be
written as [34] 

−
~2

2me
▽2

e −
~2

2mh
▽2

h −
e2

4πεreh


ψex = Eexψex (2.1)

where reh is the electron-hole distance, ε is the dielectric constant. me and mh are the electron
and hole effective masses, respectively. Eex is the energy eigenvalue. The equation yields
a series of discrete hydrogen-like energy levels below the continuous free electron-hole pair
energy states, as schematically depicted in Fig. 2.3(a).

The dispersion relation of the exciton states with the total wave vector k = ke + kh is described
as

Eex(n, k) = Eg −
1
n2

µ

m0ε
Ry +

~2k2

2M
(2.2)
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2 Fundamentals of Zinc Oxide and Semiconductor Quantum Dots

Figure 2.3: Schematic of the dispersion of (a) excitons with main quantum number n and (b)
exciton polaritons resulting from the coupling of the excitons with photons in ZnO [35].

with

n = 1, 2, 3, ... principal quantum number
M = me + mh total exciton mass

µ =
memh

me + mh
reduced exciton mass

Ry = 13.6 eV the Rydberg energy

Eg is the energy band gap of the material, and ~ is the reduced Planck constant.

The energy distance between the ground exciton state (n = 1) and the bottom of the free
electron-hole pair (n = ∞) continuum is referred to as the exciton binding energy,

Eb
ex =

µ

m0ε
Ry (2.3)

In ZnO, there are three kinds of excitons, namely A-, B-, and C-exciton, corresponding to its
three valence sub-bands. Their exciton binding energies are Eb

ex ≈ 60 meV [36], which is about
2.4 times of the thermal energy at room temperature (kBT = 25 meV, kB is the Boltzmann
constant). Thus excitons can stably exist in ZnO at room temperature, which is an efficient
source for the band-edge luminescence of ZnO due to the tightly binding electron-hole pair
states that favor efficient recombination. The recombination of an exciton gives rise to a photon
emission with an energy defined by Equ. 2.2.

The spatial size of an exciton state is described by its Bohr radius,

aex
B =

4πε~2

µe2 (2.4)
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2.1 Properties of zinc oxide

The Bohr radius is approximately 1.8 nm for the A-exciton in ZnO [27]. The value is much
larger than the lattice constants of ZnO, implying that the exciton state exists over many unit
cells. Such excitons are commonly called Wannier excitons [37].

Moreover, light propagates in a semiconductor in the form of electromagnetic field and can
excite excitons. Those excitons can recombine and emit photons. The whole state can be
deemed as a mixture of the electromagnetic field of the light and the excited excitonic polar-
izations. This mixed state is quantized and its energy quanta are known as exciton polaritons.
For A-excitons in ZnO, both the electron and the hole states have a Γ7 symmetry with angular
momentum l = 1/2. Thus the total angular momentum of A-excitons is L = 0 (singlet state)
or L = 1 (triplet state). Only excitons at the singlet state are dipole-allowed for optical transi-
tions, and hence called bright excitons. They can couple with photons to form polaritons. This
singlet state is split into two levels by the Coulomb interaction between electrons and holes,
referred to as the longitudinal and the transverse excitons.

Figure 2.3(b) schematically shows the dispersion of the exciton polaritons in ZnO. The disper-
sion of the longitudinal (EL) and the transverse (E0) excitons are drawn as dashed lines. The
dispersion of the dark triplet exciton is also plotted below the bright excitons. The two dotted
straight lines are the dispersions of photons with slopes of ~c/

√
εb and ~c/

√
εs, respectively,

where c is the speed of light in vacuum. εb and εs are the background and static dielectric
constants of the material for electromagnetic fields with high and low angular frequencies,
respectively. The dispersion of polaritons has two branches (solid lines): the lower polariton
branch (LPB) and the upper polariton branch (UPB). The LPB curve starts first with a photon-
like dispersion and then bends over to an exciton-like dispersion. The UPB branch with higher
energy starts along the longitudinal exciton dispersion and then transits to be photon-like. The
transition regions between the photon-like and exciton-like dispersions are called “bottleneck”.

Longitudinal optical phonon replicas

An efficient luminescence channel of the exciton polaritons in semiconductors is formed through
strong coupling with the lattice vibrations. The quanta of the lattice vibrations are known as
phonons. Wurtzite-type ZnO has s = 4 atoms per unit cell in the lattice structure. Therefore, it
has 3 acoustic phonon modes, and (3s− 3) = 9 optical modes with 3 longitudinal optical (LO)
and 6 transverse optical (TO) types. The exciton polaritons can strongly couple with the LO
phonons while their coupling with the TO and acoustic phonons is much weaker [26].

As schematically illustrated in Fig. 2.4, a polariton located at the exciton-like part of the LPB
can be scattered into the photon-like branch by emission of one or more LO phonons. After-
wards, the photon-like polariton is converted to a photon and transmit through the semicon-
ductor surface, yielding luminescence. Such transitions are referred to as LO-phonon replicas
of exciton polaritons. The luminescence energy of the n-th LO-phonon replica is given by

~ωn = Eg − Eb
ex − nELO (2.5)

where ELO is the LO phonon energy.

The luminescence intensity is related to the polariton-phonon coupling efficiency, which can
be described by [35]

In = E1/2
kin exp


−

Ekin

kBT


Wn(Ekin) (2.6)
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2 Fundamentals of Zinc Oxide and Semiconductor Quantum Dots

Figure 2.4: Schematic of the decay mechanisms of the exciton polaritons via longitudinal
phonon (LO) replicas [35].

where Ekin = (~2k2)/(2M) is the kinetic energy of exciton polariton. Wn(Ekin) is the transition
probability, which depends on Ekin by a power law as

Wn(Ekin) ∝ Eln
kin (2.7)

where ln is the scaling exponent with its first two values of l1 = 1 and l2 = 0.

Bound excitons and two-electron satellites

Free excitons can move around in semiconductor material and they may hit a trapping center to
form a bound exciton complex. Excitons can be bound to neutral donors (D0X) and acceptors
(A0X), as well as their ionized states (D+X and A−X), as schematically shown in Fig. 2.5.
However, excitons bound to ionized acceptors are usually very unstable. The binding energy
or localization energy of a bound exciton Eb is defined as the energy distance between the
bound exciton state and the lowest free exciton state. Its magnitude for different kinds of
bound exciton complexes usually obeys the following relationship

Eb
D+X < Eb

D0X < Eb
A0X (2.8)

For ZnO, they are typically in the range of 3-30 meV [38, 39]. In high quality ZnO single
crystals, emission from neutral donor bound excitons (DBE) often dominates the near-band-

Figure 2.5: Visualization of free exciton (FX) and excitons bound to neutral donor (D0X),
ionized donor (D+X), and neutral acceptor (A0X).

10



2.2 Energy band structures in low-dimensional semiconductor systems

edge photoluminescence due to the abundance of intrinsic shallow donor-type defects. These
bound excitons have no translational degrees of freedom. Therefore, at low temperature their
recombination can give rise to very narrow luminescence bands with spectral widths below 1
meV [27].

During the recombination of a neutral donor bound exciton, the donor could be left at its
excited state ultimately. Such transition is referred to as two electron satellite (TES). The
energy of the emitted photon is smaller than that of a normal DBE recombination by an amount
equal to the energy difference between the ground state of the donor and its final excited state
after recombination.

At low temperatures, the transitions of donor bound excitons and their LO phonon replicas as
well as their TES generally dominate the band-edge luminescence of ZnO. With increasing
temperature, the bound excitons gradually dissociate and tend to disappear for T > 80 K while
the free exciton emission is significantly enhanced [27].

Biexcitons at high excitation

The above excitation states and their recombination are discussed in the linear optics regime,
where the excitons and bound-exciton complexes are treated as separate particles and the in-
teractions among them are not considered. When excitation intensity is increased, the concen-
trations of excitons and free charge carriers accordingly increase. Thus the effect of exciton-
exciton collision and interaction becomes stronger. At low temperature, the collision processes
can give rise to new excitation states like biexcitons — the bound states of two excitons. Apart
from collision between two free excitons, biexcitons can also be created by direct two-photon
absorption. The binding energy of a biexciton Eb

xx with respect to the energy of two free
excitons is around 15 meV in ZnO [40].

In the recombination process, a biexciton normally decays into a free exciton with emission
of a photon. The emission band is usually called the M band [41], which often appears in the
spectral region of the A0X and D0X bound exciton transitions [27].

2.2 Energy band structures in low-dimensional semiconduc-
tor systems

The motion of charge carriers in semiconductors possesses wave-particle duality, as depicted
in the concept of de Broglie waves. The wave property of the carriers is characterized by their
de Broglie wavelength, which is given as

λ =
2π~

√
3m∗kBT

(2.9)

where ~ is the reduced plank constant, m∗ is the effective mass of the carrier, kB is the Boltz-
mann constant, and T is temperature in Kelvin. The value of λ is typically in the order of
10 nm for most semiconductors. In a semiconductor crystal with its size comparable to the
de Broglie wavelength of the internal carriers, the quantum confinement effect occurs. In this
case, the motion of the carriers and their excitations is confined by the physical dimensions
of the semiconductor, leading to a profound change in the energy band structure. Such a so-
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2 Fundamentals of Zinc Oxide and Semiconductor Quantum Dots

Figure 2.6: Evolution of the density of states in semiconductor materials from bulk to low-
dimensional regimes.

called low-dimensional material system commonly shows novel properties compared to its
bulk counterpart [42].

According to the degree of freedom in the carrier motion, the low-dimensional materials are
commonly referred to as quantum well (2D), quantum wire (1D), and quantum dot (0D), as
schematically shown in Fig. 2.6. The last case describes the semiconductor crystals in which
the carrier motion is confined in all three dimensions. The density of states in the energy bands
for these three systems are given by

D3D(E) =
(2m∗)3/2

2π2~3

√
E (2.10a)

D2D(E) =
m∗

π~2Lz
Σ
n
H[E − En] (2.10b)

D1D(E) =

√
2m∗

π~LyLz
Σ
n,l

1
E − En,l

(2.10c)

D0D(E) =
2

LxLyLz
Σ

n,l,m
δ[E − En,l,m] (2.10d)

where E is the energy measured from the band edges. H[x] is the unit step function with
H[x ≥ 0] = 1 and H[x < 0] = 0. δ(x) is the delta function. En, En,l and En,l,m with the
quantum numbers n, l, and m denote the quantized energy levels in 2D, 1D and 0D materials,
respectively. The density of states for different confinement cases are schematically shown in
Fig. 2.6. For bulk materials, energy levels are quasi-continuously distributed in each energy
band separated by the forbidden gaps. Reduction of the dimensions of a semiconductor induces
two main aspects of changes in its band structure: the energy states gradually converge to
atom-like discrete levels while the band gap broadens. These effects significantly modify the
optical properties of low-dimensional materials.
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2.3 Colloidal semiconductor quantum dots and their size-dependent energy band gaps

Figure 2.7: Finite depth potential well model for the theoretical treatment of the size-dependent
band gap in semiconductor QDs. Eg,core is the band gap of QDs. Eg,matrix is the band gap of the
surrounding matrix. For colloidal QDs, this corresponds to the surfactant ligands. V0,e and
V0,h represent the confinement potential for photoexcited electrons and holes, respectively.

2.3 Colloidal semiconductor quantum dots and their size-
dependent energy band gaps

Semiconductor nanocrystals (NCs) or quantum dots (QDs) are crystalline semiconductor par-
ticles with typical sizes ranging from 1 to 10 nm, consisting of hundreds to a few thousands of
atoms. The QDs still maintain the bulk crystallinity of the material. However, as a result of the
enhanced quantum confinement effects, the bulk energy band structure converges into discrete
levels. The spacing between the levels can reach several hundred meV for QDs [43], which is
much larger than the thermal energy at room temperature (25 meV).

Many techniques, including physically top-down (e.g. lithography [16]) and bottom-up (e.g.
epitaxial self-assembly [17] and chemical [44]) approaches, have been developed for the prepa-
ration of semiconductor QDs. One of the most investigated type is the colloidal QD synthe-
sized in liquid phase by wet chemical methods. The produced QDs are free-standing in so-
lution and capped outside with a layer of organic molecules termed as surfactant ligands or
stabilizers. These ligands are bound to the outer atoms of the QDs and saturate the dangling
bonds, which ensures the chemical stability of the crystal core and in the meantime defines
the solubility of the QDs in different solvents. In addition, these molecules can prevent the
QDs from aggregation by the provided steric barriers or electrostatic repulsion among their
outgoing head groups.

A unique property of semiconductor QDs is their size-tunable energy band gaps. The band
gap of a semiconductor QD increases as the particle size decreases. In addition, the band gap
also depends on the surrounding matrices of the QDs, e.g. the capping organic ligands of the
colloidal QDs [45]. Many theoretical models have been developed for calculation of the size
dependence of band gap in semiconductor QDs. One of the most successful models is the
finite-depth square-well effective-mass approximation (FWEMA) [45, 46] for colloidal QDs.
In this method, the QD is treated as a spherical potential well with finite depth in which the
motion of carriers is confined.

In the FWEMA model, the stationary Schrödinger equation for the lowest excited state is
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2 Fundamentals of Zinc Oxide and Semiconductor Quantum Dots

written as

Hψ(r) = Eψ(r) (2.11)

with the Hamiltonian

H = −
~2

2m∗e
▽2

e −
~2

2m∗h
▽2

h +V0,e(re) + V0,h(rh) −
e2

εreh
(2.12)

where m∗e and m∗h are the effective masses of electrons and holes, ε is the effective dielectric
constant, and reh = |re − rh| is the electron-hole distance. V0,e(re) and V0,h(rh) are the con-
finement potentials for electrons and holes. They are constants (V0,e and V0,h) outside the QD
and zero inside the dot, as schematically shown in Fig. 2.7. These confinement potentials are
related to the surfactant ligands used for the colloidal QDs. From Equ. 2.11, the variation of
the band gap energy of a QD with radius a with respect to its bulk gap is given by

△Eg = Eg,QD − Eg,bulk =
~2π2

2a2


η2

e

m∗e
+
η2

h

m∗h


+ Eeh (2.13)

where ηe and ηh are dimensionless parameters depending on V0, m∗ and a, which can be cal-
culated numerically. The first term is the quantum energy of localization of electron and hole
due to the confinement of their motion inside the QD. It increases with a−2. The second term
Eeh is the Coulomb attraction between electrons and holes. With the potential depth V0 → ∞,
Equ. 2.13 is converted to [47]

△Eg =
~2π2

2a2


1

m∗e
+

1
m∗h


−

1.8e2

εa
(2.14)

As shown in Fig. 2.8(a), the calculated band gap by this FWEMA model shows a good agree-
ment with the experimental data of CdSe QDs. Even though this model is based on an effective
mass approximation which is only proper for the wide gap semiconductors characterized with
nearly parabolic energy bands, a reasonably well agreement was also obtained in the cal-
culations for the band gaps of narrow-gap semiconductor QDs (Fig. 2.8(b)). The band gap
broadens significantly when the particle size decreases. For CdSe QDs with a particle size of
0.5aB and 0.25 aB (aB = 5.6nm is the bulk excitonic Bohr radius), the band gap increases from
its bulk value of 1.74 eV to 1.95 eV and 2.3 eV, respectively.

2.4 Properties of colloidal CdSe quantum dots

Cadmium selenide (CdSe) is an important II-VI compound semiconductor. CdSe QDs are
the most investigated colloidal semiconductor QDs due to their mature synthesis techniques
[48]. Bulk CdSe has three crystalline forms: hexagonal wurtzite, cubic zinc-blende, and cubic
rocksalt. The thermodynamically stable crystalline form is wurtzite structure, with two lattice
parameters of a = 4.3 Å and c = 7.01 Å [49]. The zinc-blende structure is unstable and
converts into the wurtzite type under moderate heating. Colloidal CdSe QDs can crystallize in
either zinc-blende or wurtzite structures, or in some cases the coexistence of both structures,
depending on the synthesis methods and conditions [44, 50, 51].
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2.4 Properties of colloidal CdSe quantum dots

Figure 2.8: Calculated and experimentally measured band gaps in dependence on the QD
radius for wide-gap CdSe QDs (a) and narrow-gap PbS QDs (b) [46]. The bulk band gap
is 1.74 eV for CdSe and 0.41 eV for PbS, respectively. The solid line represents the result
calculated with the FWEMA model. The solid squares in (a) represent the results predicted by
an empirical pseudopotential method (EPM) and those in (b) are the results calculated based
on a tight binding (TB) model.

2.4.1 Energy level structure

In the effective mass approximation model described in the above section, the energy bands
are simplified to be parabolic. To obtain more accurate calculations, more realistic band struc-
tures have been considered. For binary semiconductors having zinc blende or wurtzite lattice
symmetry, their conduction bands are formed by s-like atomic orbitals of the cations while the
valence bands originate from p-like orbitals of their group VI elements. Therefore, the hole
levels in the valence band are generally six-fold degenerate when spin is taken into account.

Figure 2.9 shows the schematic of the bulk band structures for zinc-blende and wurtzite type
crystals. The valence band is split into three subbands by the spin-orbit interaction for each
symmetry. Their dispersions are neither parabolic nor isotropic, with distinctly different ef-
fective hole masses. These valence subbands are classified with reference to the total angular
momentum j, representing the sum of the orbital angular momentum and the spin angular mo-
mentum. The top two subbands have j = 3/2 and the lowest subband has j = 1/2 (Fig. 2.9).
The subscript of j represents the projection of the total angular momentum. For zinc-blend
symmetry, the valence subbands are referred to, from top to down, as heavy-hole (HH) band,
light-hole (LH) band, and the spin-orbit split off (SO) band, respectively. The top of the HH
and LH bands overlap and form a four-fold degenerate state at k = 0. This degeneracy is lifted
in the k space away from the Brillouin zone center. In wurtzite-type crystals, as described for
the band structure of ZnO, the degeneracy of the two uppermost valence bands is eliminated
due to the crystal-field splitting. These separated three valence bands are denoted, like in ZnO,
as A-, B-, and C- band.

Based on the zinc-blende type energy band model, Ekimov et al. developed a theoretical
calculation for the energy levels and the transition oscillator strengths in CdSe QDs [53]. Due
to the wide band gap of CdSe (1.74 eV), the coupling between carriers in the conduction
band and the valence band is ignored. The energy levels of electrons and holes are calculated
independently. The Coulomb attraction between them is added afterwards. This theoretical
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2 Fundamentals of Zinc Oxide and Semiconductor Quantum Dots

Figure 2.9: Schematic of the band structures of zinc-blende-type and wurtzite-type semicon-
ductors [52].

model is referred to as a six-band model, corresponding to the six-fold degenerate valence
band of the QDs.

In Fig. 2.10(a) the calculated energies of electron and hole levels with respect to the band
edges for CdSe QDs are plotted versus the reciprocal of the squared QD radius. The notation
for the hole states is as follows: for nL j, j is the total angular momentum, L = S , P,D, ... is the
notation for the minimum orbital angular momentum (0, 1, 2, ...), and n is the ordinal number
of the level with a given symmetry (e.g. S3/2). The superscripts in nPl

1/2 and nPso
1/2 denote the

states of light holes and holes in the split off band, respectively. The P-type hole levels are
indicated by dashed lines. The hole ground state is an even state with total angular momentum
j = 3/2 and orbital momenta 0 and 2. The energy levels deviate from a linear dependence
on the reciprocal of the squared QD radius, due to the nonparabolicity of the energy bands.
When the QD size decreases, all levels retreat away from the band edges, corresponding to the
broadening of the band gap.

2.4.2 Optical transitions

The change in the energy band structure of semiconductor QDs has essential influence on their
optical properties. As a result of their discrete energy levels, the absorption spectra of semicon-
ductor QDs are generally characterized with multiple peaks and size-dependent onsets. The
transition probability between different electron and hole energy levels is determined by the
square of the wave function overlap [53]:

K = |⟨k, l,m | n, J,M⟩|2 (2.15)

where k,l,m and n,J,M are quantum numbers denoting the electron and hole states, respec-
tively. The transition energy is given by

~ω = Eg,bulk + ∆Ee + ∆Eh + Eeh (2.16)
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Figure 2.10: (a) Calculated electron and hole levels in CdSe QDs are plotted versus the re-
ciprocal of the spared QD radius. The electron energies are relative to the bottom of the
conduction band and the hole energies are referred to the top of the valence band. Only those
levels involved in transitions with significant oscillator strength are shown. The P-type hole
states are indicated by dashed lines. (b) Absorption spectra of CdSe QDs with three different
mean radii (from top to bottom 3.8, 2.6 and 2.1 nm) compared with the theoretically cal-
culated transition positions indicated by vertical bars. The height of the bars indicates the
relative transition strength. The inset shows the assignments of these transitions. The pictures
are from Ref. [53].

where Eg,bulk is the bulk band gap. ∆Ee and ∆Eh are the energy retreats of electron and hole
levels from the band edges as shown in Fig. 2.10(a). The last term Eeh is the Coulomb attrac-
tion energy between electron and hole, which decreases the transition energy. Figure 2.10(b)
shows the absorption spectra measured for CdSe QDs with three different mean radii (from
top to down, 3.8, 2.6, and 2.1 nm), compared to the calculated transition positions (vertical
bars) by the six-band model. The height of the vertical bars represents the calculated relative
transition strength. The inset shows the assignments of these transitions. The absorption spec-
tra have rich features with multiple well-resolved peaks. The absorption onset shifts to higher
energy for smaller QDs. The curve shape also changes significantly with the QD size. The
resolved peaks coincide well with the calculated positions.

The optical transitions in semiconductor QDs have the following important properties:
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2 Fundamentals of Zinc Oxide and Semiconductor Quantum Dots

Figure 2.11: (a) Schematic of splitting of the ground exciton state in CdSe QDs. The resulting
levels are denoted by the projection of the total angular momentum of the exciton state. (b)
The size dependence of the ground exciton fine structure in CdSe QDs with elliptical particle
shape. Solid (dashed) lines indicate optically active (inactive) levels. (c) Comparison between
the experimental size dependence of the Stokes shift (crosses) and the theoretical calculation
(solid line) which is defined as the energy spacing between the lowest optically active and
inactive levels in image (b). The images (b) and (c) are reprinted from Ref. [57].

(1) The transition energies increase with decreasing QD size.
(2) Selection rules exist to fulfill that the integration in Equ. 2.15 is nonzero. Transitions to
the S e electron states are permitted from the S 3/2 and S 1/2 hole states. Transitions to the Pe

electron level are possible from the P3/2, Pl
1/2, Pso

1/2, and P5/2 hole states. Moreover, transitions
between the De electron levels and the S 3/2, S 1/2, D5/2, and D7/2 hole levels are permitted.
(3) The relative transition strength strongly depends on the particle size of the QDs, as shown in
Fig. 2.10(b). Transition 3 (1S1/2-1Se), for instance, is only observed in the absorption spectrum
of 2.1 nm CdSe QDs (bottom).

In addition, it is demonstrated by later work that the energy levels of CdSe QDs are quite
insensitive to the zinc-blende type or wurtzite type crystal structure used for calculations. Both
of them give rise to similar results [54, 55].

2.4.3 Stokes shift and the fine structure of the ground exciton state

In the optical spectra of semiconductor QDs, their photoluminescence is normally red-shifted
in energy with respect to the lowest absorption peak arising from the fundamental transition
1S 3/2-1S e. This shift is in the order of 100 meV for CdSe QDs with a diameter of 1.6 nm. In
addition, the lifetime of the photoluminescence is unusually long (up to 1 μs observed at 10
K) compared to that of the bulk material (τ ∼ 1 ns) [56]. Such phenomena have been observed
in many semiconductor QDs, like CdSe, InP, and InAs QDs, and are referred to as the Stokes
shift [57]. The origin of this effect involves the splitting of the ground exciton state of the QDs
and the presence of so-called dark excitons.

While the absorption spectra of semiconductor QDs are mostly defined by the oscillator strengths
of optical transitions between electron and hole levels, the excitonic photoluminescence is fur-
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2.4 Properties of colloidal CdSe quantum dots

ther dependent on the population of electron-hole pairs at the band edges. As presented above,
the ground exciton state in zinc-blende type CdSe QDs consists of the two-fold degenerate
1S e electron state and the four-fold 1S 3/2 hole state. It is in total eight-fold degenerate. This
degeneracy can be lifted in a practical dot due to the asymmetry in the particle shape, the
electron-hole exchange interaction, and perhaps the crystallization of the QD in hexagonal
symmetry [58]. These effects become more significant in smaller QDs. As a result, the ground
exciton state is split into five levels.

Figure 2.11(a) schematically shows the splitting of the band-edge exciton state. The resulting
five levels are labeled by the projection of the exciton total angular momentum mex: there
are one level with mex = ±2, two with mex = ±1, and two with mex = 0. In addition, the
| ± 2⟩ and one of the |0⟩ states are optically inactive in the electric dipole approximation.
They can neither be excited by a photon nor recombine directly. These excitons are called
dark excitons [58]. The energetic ordering of these five levels is very sensitive to the particle
size and shape. In Fig. 2.11(b), the theoretically calculated size dependence of the exciton
band edge structure in ellipsoid-shaped CdSe QDs is shown. The ellipticity of the dots used
for calculation is derived from experimental data. The lowest exciton state is the dark | ± 2⟩
state, and the lowest bright exciton state is a | ± 1⟩ state. For absorption measurements, the
absorption onset is arising from the fundamental transition of the lowest bright excitons | ± 1⟩.
After photo-excitation, the bright excitons will relax quickly to the dark exciton state with
lowest energy. These dark excitons finally recombine via interaction with phonons. Thus
the lifetime for this recombination process is long. The emission energy is shifted relative
to the fundamental absorption peak with amount of the energy spacing between the lowest
dark exciton level and bright exciton level of the QDs. Fig. 2.11(c) compares the theoretical
results of the size-dependent Stokes shift and the experimental observations, giving reasonable
agreement in the order of the magnitude.

2.4.4 Phonon bottleneck in hot electron relaxation

When a bulk semiconductor is photo-excited over the band gap, the generated hot electron-
hole pairs will relax to the band edges through efficient phonon coupling typically within
a subpicosecond time scale, as depicted in Fig. 2.12(a). The situation is different for low-
dimensional QDs, in which the energy level spacing is significantly increased. In CdSe QDs,
as shown in Fig. 2.10(a), the energy spacing between the lowest two electron levels (1S e and
1Pe) is several hundred meV. It is far larger than the longitudinal optical phonon energy of
∼ 25 meV in CdSe [60]. In comparison, the spacing of hole levels is much narrower, mostly
due to their larger effective hole masses. As a result, the thermal relaxation of hot electrons
at higher levels via phonon emission is hindered dramatically in QDs (Fig. 2.12(b)), which is
referred to as a phonon bottleneck phenomenon [61, 62].

A significantly prolonged lifetime of hot electrons, however, is not commonly observed in
semiconductor QDs. Several mechanisms are proposed to help the electron relaxation [59].
The hot electrons can relax by transferring their energy to holes which have a higher density
of states and thus can relax afterwards via coupling with phonons (Fig. 2.12(c)). In addition,
surface defects in QDs may insert energy states between the electron levels, which can pro-
vide relaxation channels for hot electrons (Fig. 2.12(d)). The electrons can also transfer their
energy to the vibrations of surfactant ligands of the QDs (Fig. 2.12(e)). Long lifetimes up
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Figure 2.12: (a) Charge carrier relaxation in bulk semiconductor via emission of phonons. (b)
Hot electron relaxation via phonon emission in semiconductor QDs is unlikely. (c) Electron
can cool by transferring its energy to a hole with higher density of states. (d) Electron can relax
via surface trap states. (e) Electron can transfer its energy to the high-frequency vibration of
the surfactant ligands. The figure is based on Ref. [59].

to 1 nanosecond in CdSe QDs has been reported by growth of multiple semiconductor shells
outside the QDs to eliminate their surface defects and modify the confinement of charge carri-
ers [59].

2.5 Synthesis of colloidal semiconductor quantum dots

A typical reaction system for wet chemical synthesis of colloidal semiconductor QDs con-
sists of three components: precursors, the organic surfactant and the solvent, while in some
cases one chemical acts as both surfactant and solvent [63]. The precursors are chemical
sources serving one or more atomic species for the desired QDs. Under specific reaction con-
ditions, e.g. temperature and precursor concentrations, the precursors chemically react and
form atomic or molecular complexes that work as basic building blocks for the QDs. These
fundamental species are called monomers. The formation of the QDs can be generally di-
vided into two stages: the nucleation of the active monomers and the subsequent growth of the
formed nuclei [44,63]. The first stage relies on a quick decomposition and reaction process of
the precursors, which can induce a transient supersaturation of the monomers. This supersat-
uration is reduced by the nucleation process of the monomers. Afterwards, the formed nuclei
grow gradually by incorporation of the residual monomers from the solution.

There are two important factors for the preparation of QDs: one is the quality of the dots
including their crystallinity and the surface passivation quality with surfactant ligands. The
other is the QD size distribution. Narrow size distribution is crucial for research on the size
dependent properties of QDs and the related applications, like lasing and light-emitting de-
vices. Generally, the preparation of QDs with narrow size distribution requires an instanta-
neous nucleation stage of the monomers to generate homogeneous QD “seeds”. Therefore, an
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important issue for QD synthesis is the choice of suitable precursors which should react rapidly
at a specific temperature during the synthesis to yield quick supersaturation of the monomers.
The subsequent growth is largely affected by the surfactant molecules. During growth, these
molecules are dynamically bound on the QD surfaces. The binding energy needs to be at such
a level that it permits the surfactants to be transiently removed from the QD surfaces to allow
the addition of extra monomers for particle growth, while at long time scale the QDs are still
effectively capped to avoid aggregation [63].

2.5.1 Synthesis mechanism

In this subsection, the general synthesis mechanism for colloidal semiconductor QDs is pre-
sented. A solution under supersaturation possesses a high Gibbs free energy, which would be
reduced by forming a solid phase. For formation of a spherical nucleus with a radius r, the
total change of the Gibbs free energy is given by

∆G = ∆µv + ∆µs

=
4
3
πr3Gv + 4πr2γ (2.17)

with

Gv = −
kBT
Ω

ln(S ) (2.18)

where Gv is the Gibbs free energy per unit volume of the solid phase and γ is its surface energy
per unit area. Ω is the molar volume of the material, kB is the Boltzmann constant, and T is the
absolute temperature. S is the supersaturation of the solution defined by S = C/C0, wherein C
and C0 are the solute concentration and its concentration at soluble equilibrium, respectively.
The two terms ∆µv and ∆µs in Equ. 2.17 are arising from the changes in the volume and surface
area of the solid nucleus, respectively. According to Equ. 2.18, formation of solid volume in
a saturated solution (S > 1) always reduces the Gibbs energy. However, this reduction is
balanced by the increase of surface energy ∆µs.

Figure 2.13 schematically shows the change of the volume free energy ∆µv, the surface free
energy ∆µs and the total free energy ∆G as a function of the radius of the generated nucleus.
The absolute magnitudes of ∆µv and ∆µs increase with increasing nucleus radius. There is a
critical nucleus size r∗ for the variation of the total free energy ∆G. Nuclei smaller than r∗ will
dissolve gradually into the solution to reduce their total free energies, whereas nuclei larger
than r∗ are stable and will continue to grow to to further reduce their free energies. It is easy to
obtain this critical radius at a given supersaturation S by solving the differential d∆G/dr = 0,
which yields

r∗ =
2Ωγ

kBTln(S )
(2.19)

with the corresponding free energy maximum in the growth process of nuclei

∆G∗ =
16πγ
9G2

v
(2.20)
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Figure 2.13: Schematic illustration of the variations of the volume free energy ∆µv, the surface
free energy ∆µv, and the total free energy ∆G as a function of the nucleus radius [64].

Equation 2.19 defines the minimum radius that will persist and continue to grow to bigger
particles. Thus, to initiate the nucleation process of a supersaturated solution, S should reach
an sufficiently high level for the system free energy to overcome the critical energy barrier
∆G∗.

Figure 2.14 schematically shows a nucleation burst scheme proposed by LaMer et al. for the
synthesis of monodisperse colloids [65]. It can be used to illustrate the change of the monomer
concentration during the nucleation process in the synthesis of semiconductor QDs. The super-
saturation boundary S = 1 and the critical supersaturation level S c corresponding to the free
energy barrier (∆G∗, Equ. 2.20) for monomer nucleation are marked. In stage I, the monomer
concentration in the solution continuously increases by either external addition or in situ gen-
eration. As long as the supersaturation is below the critical level S c, no nucleation occurs.
Once the supersaturation exceeds this critical level in stage II, the monomers agglomerate to-

Figure 2.14: LaMer plot: the change of supersaturation degree as a function of reaction time
during nanocrystal synthesis [65].
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2.5 Synthesis of colloidal semiconductor quantum dots

Figure 2.15: Growth rate of nanoparticles versus particle size at high (red line) and low
(blue line) monomer concentrations [63]. The dashed lines represent size distributions of
nanoparticles present in solution and their variations after a short period. At high monomer
concentration, a size focusing occurs while the size distribution broadens at low monomer
concentration, as a result of the Ostwald ripening.

gether and nucleate, which quickly reduces the monomer concentration and thus the degree
of supersaturation to under S c. Afterwards, the produced nuclei act as nanocrystal seeds and
continue to grow on the expense of the residual monomers in stage III.

The average size and size distribution of the prepared QDs depend on the subsequent growth
process. This growth process can be illustrated by the classic crystallization theory. The
chemical potential µr of a crystal nucleus with a radius r and that of the monomers µm in
solution can be expressed as [66]

µr = µ∞ + 2γΩ/rkBT (2.21a)
µm = µ

◦
m + kBTln(RmS ) (2.21b)

where µ∞ is the chemical potential for crystal with infinite size, and µ◦m is the standard chemical
potential of the monomers. Rm is the chemical activity coefficient of the monomers, which can
be tuned by the surfactant ligands and their concentration in the reaction solution for QD syn-
thesis. When µr < µm, the monomers will deposit onto the nucleus surface for particle growth.
Otherwise, the nucleus will shrink and dissolve into the solution. According to Equ. 2.21,
µr and µm are dependent on the nucleus size and the monomer concentration in the solution,
which vary continuously during the growth process. The interaction between them dominates
the growth dynamics of the QDs.

Figure 2.15 schematically illustrates two growth rate curves dependent on the QD size for
high (red line) and low (blue line) monomer concentrations in the reaction solution, according
to a model proposed by Sugimoto [67]. The positive growth rate represents particle growth
whereas the negative rate implies the shrinking of the particles. The critical particle size (r0)
for zero growth rate shifts to larger value with decreasing monomer concentration.

The growth of the QDs after monomer nucleation can be divided into two stages. At the early
stage, the concentration of the residual monomers is high (red line in Fig. 2.15) and r0 is small.
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All nuclei have positive growth rates while the growth rates for smaller particles are larger.
Thus, they grow quickly by incorporation of the monomers from the solution. As a result,
an important size-focusing process occurs. When the monomers in solution are depleted,
the critical size r0 significantly increases. Ultimately, there will be a part of the particles
having sizes smaller than r0 (blue curve). Then an Ostwald ripening process starts, in which
smaller particles shrink gradually while the larger ones continue to grow at the expense of the
dissolved particles. The monomer concentration in this stage keeps nearly constant while the
total number of the particles reduces. As a result, the particle size distribution broadens. To
avoid this size-defocusing stage, new monomers can be added which would shift the critical
size r0 back to smaller values [68].

Generally, the synthesis of QDs requires to be carried out at elevated temperatures. This on
the one hand, ensures the sufficient reactivity of the reagents. On the other hands, the elevated
temperature also provides effective annealing of the QDs to improve their crystallinity. The
temperature that can achieve atomic rearrangement is therefore correlated to the melting point
of the material, which is significantly reduced in nanometer-scale QDs. It is typically in range
of 200-400 ◦C and can be realized in common organic solvents [63].

According to the used solvent environments, the wet chemical synthesis methods of semicon-
ductor QDs are commonly classified into two categories: organic phase synthesis and aqueous
phase synthesis [69].

2.5.2 Organic phase synthesis

Up to now, the most successful synthesis of colloidal semiconductor QDs in terms of crys-
tallization quality and monodispersity is achieved in organic phase [44, 48, 71]. A typical
synthesis setup and the temporal variation of the precursor monomer concentration in the re-
action system are schematically shown in Fig. 2.16. The solvent is placed in a flask and heated
to typically 150–350 ◦C. Synthesis has to be carried out under inert gas atmospheres in some
cases. The precursor reagents are rapidly introduced into the hot solvent with a syringe, which
results in a quick decomposition and reaction of the precursors and raises instantaneously the
supersaturation of the monomers. This supersaturation leads to a short nucleation burst. After-
wards, the formed nuclei gradually grow under gentle heating. The growth should be stopped
before the Ostwald ripening process to avoid the size-defocusing effect.

Commonly used organic solvents include trioctylphosphine (TOP), trioctylphosphine oxide
(TOPO), fatty acids, and amines [44, 72, 73].

2.5.3 Aqueous phase synthesis

Aqueous phase synthesis shares the similar nucleation and growth processes with the organic
phases [69, 74].Typically, the metal salts of the cation precursor and surfactants are dissolved
in water to form a reaction solution. The pH value is adjusted with a basic solution (e.g. NaOH
solution) to a specific value. Then the separately prepared anion precursor is added, resulting
in supersaturation of the monomers and nucleation burst. Generally, the nucleation in aqueous
phase is much slower than that in high temperature organic phases. It could coexist with the
nuclei growth process for a period. The formed nuclei grow under further thermal treatment
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2.5 Synthesis of colloidal semiconductor quantum dots

Figure 2.16: Scheme of crystal growth over time (left) and representation of the simple syn-
thetic apparatus (right) employed in the preparation of monodisperse semiconductor QDs,
taken from Ref. [70].

of the reaction system (refluxing, microwave irradiation, or UV light irradiation). The most
commonly used surfactants in aqueous phase synthesis are various thiols [74–76]. Sometimes,
carboxyl compounds and amines are also used for this purpose.

Due to the low boiling point of water relative to the organic solvents, the highest available
synthesis temperature is confined, inducing low reactivity of the chemicals. Thus QD growth
in aqueous phase is much slower than the organic phase synthesis, and in some cases it takes
several days to reach the desired particle sizes. Moreover, the slow nucleation process of the
monomers will produce QD seeds with large nonuniformity in their sizes. The low synthesis
temperature cannot provide an effective annealing of the QDs during growth as well. There-
fore, QDs synthesized in aqueous phase commonly suffer from low crystallinity and broad size
distribution. However, aqueous phase methods are simpler and more friendly to the environ-
ment. More inorganic salts can be well dissolved in water, providing flexible sources for the
metal precursors. Furthermore, by choosing proper bifunctional surfactants, it is possible to
vary the surface functionality of the produced QDs, which is of great interest for conjugation
of QDs with other materials to build hybrid structures. Therefore, aqueous phase methods
provide important alternatives for the preparation of colloidal semiconductor QDs.
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Chapter 3

State of Research

This chapter presents a brief overview of the state of research on ZnO materials, their photo-
luminescence, and the research on ZnO nanowires. It also includes the state of research on
colloidal semiconductor quantum dots and hybrid structures of ZnO nanowires functionalized
with semiconductor quantum dots.

3.1 ZnO and its optical properties

The research on ZnO can be traced back to the 1930s starting with the analysis of its crystal
structure, ion radii, density, and basic electrical and optical properties, etc. [77]. Driven by the
availability of high quality bulk single crystals and the epitaxial layers, ZnO research obtained
its first peak between the end of the 1960s to the mid 1980s. Vibrational properties of ZnO
were studied by Damen et al. [78] in 1966 by Raman scattering spectroscopy. ZnO growth by
chemical vapor transport was obtained in 1970 [79]. In terms of devices, Au Schottky barriers
were formed in 1965 [80]. ZnO based light emitting diodes were demonstrated in 1967 [81]
wherein Cu2O was used as the p-type material. Metal insulator semiconductor (MIS) structures
were reported in 1974 [82]. ZnO/ZnTe p-n junctions were fabricated in 1975 [83], and Al/Au
ohmic contacts were reported in 1978 [84].

3.1.1 Near-band-edge emission

Due to its wide direct band gap and efficient exciton emission, ZnO has attracted wide research
interest for its promising applications in optoelectronics. The optical properties of ZnO, es-
pecially its near-band-edge excitonic emission, were widely studied since the 1960s. High
resolution measurements at low temperatures found that the near-band-edge emission of ZnO
has rich features [85] and shows many resolved emission lines. These emission lines with
specific energies are mainly arising from transitions of different free excitons, excitons bound
to donor and acceptor centers, their two electron satellites and phonon replicas. There are in
total about twelve different emission lines in the near-band-edge luminescence that have been
reported in literature, which are listed in Table 3.1, summarized by Meyer et al. [38]. These
emission lines were generally numbered from I0 to I11 in the early work of Reynolds et al. [86].
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Table 3.1: Free and bound exciton recombinations and related properties (T = 4.2 K) [38].

line wavelength
(nm)

energy
(eV)

localization
energy
(meV)

two-electron-satellite
separation (2Pxy−1S)
(meV)

donor bind-
ing energy
(meV)

chemical
identity

AL
∗ 367.12 3.3772

AT
∗ 367.26 3.3759

I0 367.63 3.3725 3.4
I1 367.71 3.3718 4.1
I1a 368.13 3.3679 8.0
I2
∗∗ 368.19 3.3674 8.5

I3
∗∗ 368.29 3.3665 9.4

I3a 368.34 3.3660 9.9
I4 368.34 3.3628 13.1 34.1 46.1 H
I5 368.86 3.3614 14.5
I6 368.92 3.3608 15.1 38.8 51.55 Al
I6a 368.96 3.3604 15.5 40.4 53
I7 369.01 3.3600 15.9
I8 369.03 3.3598 16.1 42.1 54.6 Ga
I8a 369.08 3.3593 16.6
I9 369.37 3.3567 19.2 50.6 63.2 In
I10 369.76 3.3531 22.8 60.2 72.6
I11 370.28 3.3484 27.5
* AL and AT are the longitudinal and transversal free A-exciton states. AT is the reference for
the determination of the bound exciton localization energy.
** I2 and I3 are assigned to ionized donor bound exciton recombinations.

In bulk ZnO crystals, the free exciton is observed at about 3.377 eV. The emission lines I2

and I3 at around 3.367 eV were assigned to ionized donor bound excitons by Reynolds in
1965 [86]. The assignments of the emission lines with lower energies still have controversy.
The lines positioned between 3.3628 and 3.359 eV (I4–I8a) were attributed to neutral donor
bound excitons by some experimental studies [87]. However, based on detailed high-resolution
magneto-optical and excitation spectroscopy measurements, Gutowski et al. [88] in the 1990s
comprehensively analyzed the electronic states and emission of acceptor-exciton complexes
in ZnO, and they attributed the recombinations from I5 to I10 to acceptor bound excitons. In
addition, through the investigations on the emission line strength dependent on the doping
extent, Tomzig assigned two emission lines at 3.356 and 3.353 eV (I9 and I10) to excitons
bound to neutral Li and Na acceptors [85].

Meyer et al. recently carried out extensive studies on the near-band-edge excitonic recom-
binations in undoped ZnO crystals by photoluminescence and spatially resolved cathodolu-
minescence measurements [38]. They reported the binding energies of four shallow donors
(H, Al, Ga, In) and assigned the emission lines observed between 3.353 and 3.363 eV to the
corresponding donor bound excitons, as listed in Table 3.1. They also identified emission
bands originating from donor-acceptor pair transitions in which nitrogen was believed to be
the involved acceptor. Thonke et al. [89] observed transitions at 3.32, 3.33 and 3.333 eV in
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undoped bulk ZnO, and assigned them to two-electron satellite transitions of neutral donor
bound excitons.

3.1.2 Excitation-intensity-dependent photoluminescence

The photoluminescence spectra of a direct band gap semiconductor generally consist of two
main parts of emissions: one is the near-band-edge emission originating from interband tran-
sitions. The other part is related to deep levels in the band gap induced by defects or chemical
impurities, resulting in one or several emission bands. The relative strengths of these emission
bands vary with excitation intensity. In other words, the luminescence properties of a semi-
conductor are excitation-intensity-dependent. Analysis of the dependence can give insight into
the recombination processes in the material and the information about the deep centers.

One typical work on the excitation intensity dependence of the photoluminescence properties
in a semiconductor was performed by Reshchikov and Korotkov in 2001 on undoped GaN
films [90]. A continuous-wave He-Cd laser (photon energy 3.81 eV) was used as excitation
source with its power density varying in the range of 10−5–35 W/cm2. The photoluminescence
of the GaN films at room temperature exhibited a typical deep-level related yellow lumines-
cence (YL) band peaking around 2.2 eV and a near-band-edge emission band. They measured
the evolution of the YL band with excitation intensity. A model was established in the lin-
ear optics regime for the photo-excitation and relaxation processes in GaN. The interactions
among charge carriers and excitations are ignored except for recombination processes. It as-
sumed two types of deep centers: acceptor-type and donor-type centers, which are respon-
sible for the YL emission and the non-radiative relaxation, respectively. The recombination
rates were represented by the corresponding bimolecular recombination coefficients. Based on
the balance between the generation and recombination of charge carriers at equilibrium, they
calculated the dependence of the recombination rates of different channels on the excitation
intensity.

Figure 3.1(a) shows the calculated evolutions of the deep-level emission intensity (IPL
i ), the

photogenerated electron (δn) and hole (p) concentrations in GaN with the electron-hole pair
generation rate G. At low excitation intensity (region I), IPL

i increases linearly with G. In-
creasing excitation intensity induces a saturation-like behavior of the IPL

i (region II). How-
ever, further increase of the excitation intensity makes IPL

i rise again (region III). After another
saturation-like stage (stage IV), the IPL

i finally changes to a square-root dependence on the gen-
eration rate (stage V). The fitting results of the calculation to the experimental YL emission
are shown in 3.1b, through which the authors determined the concentration of the acceptors in
the GaN film responsible for its YL emission.

Cui et al. studied the excitation power dependence of the photoluminescence of ZnO in
2009 [91]. They investigated three types of ZnO samples, including sintered polycrystalline
pellets, pulsed laser deposited thin films, and electrochemically grown nanowires. Figure 3.2
(a) and (c) present the photoluminescence spectra of ZnO pellets for different excitation in-
tensities at room and low temperatures, respectively. With increasing laser power, the relative
intensity of the band-edge emission (3.0–3.4 eV) and the deep-level emission (1.5–3.0 eV)
change noticeably. Figure 3.2(b) plots the change of the emission maxima for those two bands
against the laser power at room temperature. Both emission bands increase nonlinearly with
excitation. The intensity ratio between the defect emission and the band-edge emission de-
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Figure 3.1: (a) Calculated defect-related emission intensity (IPL
i ) and concentrations of pho-

togenerated electrons (δn) and holes (p) versus excitation intensity in GaN with the linear
optics model. (b) Dependence of the deep-level emission intensity on excitation intensity of
GaN films at room temperature fitted with the calculated result (solid line). The images are
from Ref. [90].

creases from about 125 for laser power of 0.015 mW to 17 for 12.8 mW. The low temperature
spectra (Fig. 3.2c) show two defect emission bands peaking around 2.35 eV (green band) and
1.82 eV (red band), respectively. With increasing laser power, the green band becomes stronger
and dominates the defect emission finally. Figure 3.2(d) plotted the change of peak positions
of these two bands with laser power. When the laser power is increased, these two bands shift
to higher energies (Fig. 3.2(d)), which is consistent with the properties of donor-acceptor pair
(DAP) emissions. The energy of the DAP transition is estimated by [91]

EDAP = Eg − ED − EA +
e2

4πε0εrDA
(3.1)

where Eg is the band gap of the material, ED and EA are the donor and acceptor binding en-
ergies, respectively. The last term is the Coulomb attraction energy between the donor and
the acceptor, where rDA represents the average donor-acceptor distance. When the excitation
intensity is increased, the number of occupied donor and acceptor centers increases and their
average distance rDA decreases. Thus, the DAP recombination energy EDAP increases. The
authors accordingly assigned the defect emission in the ZnO pellet samples to DAP-type re-
combinations [91], as schematically shown in the inset of Fig. 3.2(d). Similar results were also
observed on their investigated nanowire and film samples.

With increasing excitation intensity, the concentrations of the photogenerated charge carriers
and excitons increase, and the interactions between them become more and more important,
which gives rise to new phenomena and features in the optical properties. The scenario of the
high excitation of ZnO was gradually developed from the 1970s [40, 92, 93]. In 1973, Hvam
reported his studies on the exciton-exciton interaction in ZnO single crystal platelets at low
temperatures (T = 10 K) [93]. The samples were excited with a pulsed electron beam with an
acceleration voltage of 40 kV and a maximum current density of 7 A/cm2. A new emission
band at 3.327 eV was observed, which was interpreted as a result of exciton-exciton scattering
in which one exciton is scattered into a higher energy state while the other is scattered onto
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Figure 3.2: (a) Room temperature photoluminescence spectra of ZnO pellets excited with
different laser powers. (b) Intensities of band-edge emission and defect related emission, and
their ratio as a function of excitation power. (c) Photoluminescence spectra of ZnO pellets
excited with different laser powers at T = 10 K. (d) Shifts of the luminescence peaks of the
green (2.35 eV) and red emissions (1.82 eV) with the excitation power at 10 K. The images are
from Ref. [91].

the photon-like part of the exciton-polariton dispersion and leaves the sample as a photon. The
resulting new emission bands are commonly called the P bands [27].

Another effect at the high excitation regime of ZnO is the formation of biexcitons through the
collision of two excitons at low temperature. The binding energy of a biexciton relative to two
free excitons is around 15 meV in ZnO. The recombination of biexcitons gives rise to new
emission band, called the M band [92]. Jen et al. studied the biexciton and donor bound biex-
citon emissions in high-quality ZnO thin films at low temperature [94]. Figure 3.3(a) shows
the high resolution band-edge emission spectra they recorded with different excitation inten-
sities. The band-edge emission is dominated by transitions of donor bound excitons (D0X) at
3.37 eV. Increasing the laser intensity (1–6 kW/cm2 at 360 nm) produced two extra bands at
3.361 and 3.353 eV, which were identified by the authors as the transitions of biexcitons (the M
band) and the donor bound biexcitons (the D0M band), respectively. They studied the excita-
tion intensity dependence of these three emission bands. The results are shown in Fig. 3.3(b).
The integrated luminescence intensities of all these three bands increase with excitation inten-
sity by power law but with different exponents. The increase of the D0X band has a slope of
∼ 0.93, i.e. a sublinear dependence on excitation. The other two biexciton emission bands M
and D0M were found to increase superlinearly with excitation power.
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Figure 3.3: (a) Excitonic luminescence spectra of a ZnO thin film at 10 K for different exci-
tation intensities. (b) Integrated luminescence intensities of the donor-bound exciton (D0X),
the M band of the biexciton, and the donor bound biexciton (D0M) bands as a function of
excitation power. The images are from Ref. [94].

3.2 Electrical properties of ZnO modulated by surface chem-
istry

The importance of the surface has been well-known in controlling the properties of semicon-
ductors, which is especially true for nanostructured materials due to their much larger surface-
to-volume ratios. In the atmosphere, many kinds of gas molecules and water vapor can be
adsorbed on the surface of semiconductor crystals, which impacts their electronic structures
and physical properties. Among these adsorbed molecules, oxygen is an important species due
to its high reactivity, which has been widely studied.

As early as in 1957, Melnick studied the oxygen adsorption on porous sintered ZnO sam-
ples [95], which is one of the pioneering works on gas molecule adsorption on ZnO. He mea-
sured the photoconductivity of the samples with ultraviolet light illumination in gas environ-
ments with different oxygen pressures. Under illumination, the conductivity of the samples
was found to increase dramatically and it was persistent for several hours after stopping the
illumination. Based on the experimental observations, a model about oxygen adsorption on
ZnO was proposed: in darkness, oxygen molecules are adsorbed on the ZnO surface and cap-
ture electrons to form oxygen ions. Under photoexcitation, these oxygen ions can react with
the generated holes and are converted to be physically adsorbed and can be easily desorbed
from the ZnO surface afterwards.

Adsorption of O2, H2, CO, NH3, and NO2 gas molecules on ZnO nanotubes was theoretically
studied by An et al. using density functional theory (DFT) in 2008 [96]. The calculation in-
dicated that surface defects are essential for gas molecules to form stable adsorption states on
ZnO surface. For a defect-free ZnO single-walled nanotube (SWNT), O2 and H2 molecules
are only physisorbed by van der Waals forces while the other three species are molecularly
chemisorbed to form surface ions, acting as electron donors (CO and NH3) or acceptors (NO2).
The adsorption on ZnO nanotubes containing oxygen vacancies (VO) is more stable with in-
creased binding energies. All gas molecules except H2 are chemisorbed while O2 adsorbates
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act as strong electron acceptors. In addition, O2 and NO2 were found to dissociate near a VO

defect and one resultant atomic O would fill in the VO site.

Oxygen adsorption was also found to significantly influence the properties of other semicon-
ductor materials. Collins et al. reported the extreme sensitivity of the electronic properties of
carbon nanotubes to gas environments in 2000 [97]. They investigated the electrical conduc-
tivity of single-walled carbon nanotubes (SWNT) in different gas environments. The electrical
resistance R of the SWNT samples was found to decrease by up to 15% solely by changing the
measuring environment from vacuum to air or oxygen. This effect is reversible. Alternating
evacuation of the sample chamber and inflation with air or oxygen induced stepwise changes in
the electrical resistance of the samples with reasonably a quick response (about 10 min) [97].
In contrast, inflation with an inert gas brought no change in R. The authors concluded that
oxygen is the source that is modulating the conductivity properties of the carbon nanotubes.

Using scanning tunneling microscopy (STM), they further studied the effect of oxygen adsorp-
tion on the local density of electronic states in individual nanotubes. The results demonstrated
that oxygen adsorption can induce a significant rearrangement of the electronic states of the
nanotubes, which results in a shrinking of their band gaps to be metallic or semimetallic. In
addition, electron transfer from the nanotubes to the adsorbed oxygen molecules was also
proposed to be one important factor for the decrease in the resistivity, which could induce a
hole-dominating (p-type) conductivity in the nanotubes.

3.3 ZnO nanowires

Semiconductor nanowires have become one of the most active research fields in the nanoscience
community within the last decades. In 1965, Wagner et al. [98] proposed the dynamic equation
Rmin = [(2Vl/(RTlns))]σlv for the vapor-liquid-solid (VLS) whisker growth, where Rmin is the
minimum whisker radius, Vl is the molar volume of the metal droplet, σlv is the liquid-vapor
surface energy, and s is the degree of supersaturation of the vapor. Based on this, in the early
1990s, Yazawa et al. developed the growth of III-V nanowhiskers [99]. Later, good positional
and orientational control was achieved in the same group as well as the demonstration of the
first p-n junction based on heterostructured nanowhiskers [100].

The growth of ZnO nanowires via the VLS mechanism was developed gradually from 2000
with several important structural control capabilities on the orientation, position, and dimen-
sion of the nanowires [10, 101–103]. In a typical VLS growth process developed by Yang
et al. [103], single crystalline silicon or sapphire wafer is used as substrate for the nanowire
growth. The substrate is coated with a thin Au film. Equal amounts of ZnO powder and
graphite powder are ground together and used as source material. The substrate and the source
powder are placed in a quartz tube furnace connected with argon gas flow. The substrate is
placed downstream of the argon flow. The source and the substrate are heated to over 800 ◦C
at which the source powder vaporizes. The zinc and oxygen vapor are brought to the substrate
by the argon flow. The Au film on the substrate melts and breaks up into discrete liquid parti-
cles. When zinc and oxygen in the liquid Au particles saturate, they solidify and grow into the
nanowires. In 2003, Vayssieres developed the growth of ZnO nanorods and nanowires from
aqueous solution [104]. In addition, other techniques, such as metal-organic chemical vapor
deposition (MOCVD) [105], pulsed laser deposition (PLD) [106], and epitaxial electrodepo-
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Figure 3.4: (a) and (b): SEM images of ZnO nanowire arrays grown on sapphire substrate by
vapor phase transport method. (c) Emission spectra from nanowire arrays below (line a) and
above (line b and inset) the lasing threshold. The pump powers for these spectra are 20, 100,
and 150 kW/cm2, respectively. The images are from Ref. [10].

sition [107], have also been developed for successful growth of highly oriented arrays of ZnO
nanowires and nanorods.

The properties of ZnO nanowires and their potential applications have been intensively studied
and explored since their successful growth. In 2001, Huang et al. [10] reported the lasing in
VLS-grown oriented ZnO nanowires at room temperature. The nanowires were vertically
grown on sapphire substrate, as shown in the scanning electron microscope (SEM) images
shown in Fig. 3.4 (a) and (b). The nanowires had diameters varying from 20 to 150 nm and
lengths up to 10 μm. They were optically pumped by the fourth harmonic of a Nd:YAG laser
(266 nm, 3 ns pulse width) with an incidence angle 10◦ to the symmetry axis of the nanowires.
Light emission was collected in the direction along their symmetry axis. When the excitation
intensity exceeded a threshold ∼ 40 kW/cm2, surface-emitting lasing action was observed at
385 nm, with an emission linewidth less than 0.3 nm (Fig. 3.4(c)). In this process, the single-
crystalline, well-faceted nanowires were thought to act as natural resonance cavities for the
lasing.

Recently, ZL. Wang’s group reported a series of works about the fabrication of nanogenera-
tors from ZnO nanowires using their piezoelectric effect [13, 108–110]. In these works, ZnO
nanowires were transferred to a flexible substrate to form horizontally aligned arrays. Then,
Au parallel stripes were deposited to connect all of the nanowires (Figure 3.5). By introducing
a mechanical deformation of the device, a macroscopic piezoelectric potential can be gener-
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Figure 3.5: (a) Schematic diagram of a ZnO nano-piezogenerator without mechanical defor-
mation. (b) Output generation when mechanical deformation is induced, where the “±” signs
indicate the polarity of the local piezoelectric potential created in the nanowires. The images
are from Ref. [108].

ated. Using a single layer of the nanowire piezogenerator structure, an open-circuit voltage of
up to 2.03 V and a peak output power density of 11 mW/cm3 have been achieved [108].

3.4 Colloidal semiconductor quantum dots

3.4.1 Synthesis

The research on colloidal semiconductor quantum dots (QDs) started from several pioneering
works in the early 1980s [111–114]. The used synthesis methods were mostly based on tradi-
tional colloidal chemistry, such as arrested precipitation [111], reverse micelle [113], etc. The
quality of the prepared QDs was generally very low while the particle size distribution was
quite large.

The first major breakthrough in the preparation of high quality semiconductor QDs is the in-
vention of the organometallic approach in coordinating solvents for the synthesis of cadmium
chalcogenide QDs by Steigerwald et al. in 1990 [115], which was further developed to a prac-
tical level by Murray and co-workers in 1993 [44]. The synthesis begins with a rapid injec-
tion of organometallic reagents into a hot coordinating solvent to realize temporally separated
nucleation of the precursor monomers and the growth of the formed nuclei. Organometal-
lic compounds, such as Cd(CH3)2, Zn(CH3)2, were usually used as cation precursors. Tri-
octylphosphine (TOP), tributylphosphine (TBP), and trioctylphosphine oxide (TOPO) were
used as solvents. The synthesis has to be carried out in non-aqueous and air-free environments
since the precursors are extremely reactive. High reaction temperatures, typically between 150
and 400 ◦C, are also required. The prepared QDs are soluble in non-polar organic solvents,
and are highly crystalline, due to the high reaction temperatures [44, 116].

In addition to the crystalline quality, control of the particle size distribution is another impor-
tant target in QD synthesis, which is essential for research on the size-dependent properties
of semiconductor QDs. Peng et al. studied the QD growth kinetics in the organometallic ap-
proaches in 1998 [68]. It was found that in the early stage of growth, wherein the monomer
concentration in the reaction system is high, the QDs grow by incorporation of monomers
while the size distribution quickly narrows, i.e. a size focusing process. When the monomers
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Figure 3.6: UV-Vis absorption spectra (a) and transmission electron microscopy (TEM) image
(b) of the as-prepared CdSe QDs synthesized through organometallic approaches [116].

in solution are nearly exhausted, the QD growth initiates an Ostwald ripening process, in
which smaller particles dissolve gradually into the solution while the larger ones continue to
grow. Thus the QD sizes disperse gradually in this process, referred to as a size-defocusing
process. Through control of the precursor concentrations and experimental conditions, the
size-defocusing process can be avoided before reaching the desired QD sizes, thus yielding a
narrow size distribution [68].

Figure 3.6 shows typical absorption spectra and a transmission electron microscopy (TEM)
image of CdSe QDs produced by Peng et al. [116]. The absorption peaks are very sharp,
indicating a narrow size distribution (reported to be 5–10% for the standard deviation of the
particle sizes relative to the mean particle size) which can also be seen in the TEM characteri-
zation.

However, the organometallic precursors used in synthesis, such as Cd(CH3)2, are extremely
toxic. To solve this problem, In 2001, Peng et al. proposed a so-called alternative synthesis
route [73,117]. Low-toxic precursors, such as metal oxides, were developed. In addition to the
traditional TOPO, fatty acids and amines can be used as ligands in the alternative route [72,73].
These chemicals are air-stable. Thus, the synthesis can be performed in open air. CdSe QDs
prepared by this alternative route are comparable in crystallinity and size distribution to those
by traditional organometallic approaches [72].

Later, Peng’s group introduced the synthesis of CdS QD in non-coordinating solvents [71,
118, 119]. CdO and elemental sulfur were used as precursors while 1-octadecene (ODE) as
non-coordinating solvent. Oleic acid and other fatty acids were chosen as the ligands. The
key advantage of non-coordinating solvents is that the reactivity of the precursors can be tuned
by varying the ligand concentrations in the solvents [71], which thus provides a better control
on the particle growth. This simple and also much environmentally friendly synthesis yielded
CdS nanocrystals of extremely high quality [71]. It was afterwards successfully applied to QD
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3.4 Colloidal semiconductor quantum dots

Figure 3.7: (a) Energy band diagram of the QD-LEDs. (b) Optical image of simultaneous red-
green-blue (RGB) electroluminescence emission from all pixels of the QD-LEDs fabricated
with differently sized QDs. The images are from Ref. [18].

synthesis of other semiconductor materials, like CdSe [120,121], CdTe [119,122], ZnSe [123],
PbS [124], and some III-V materials [118]. Due to its simplicity, safety and high reproducibil-
ity, this alternative route in non-coordinating solvents has been developed to be the most used
method today for preparation of colloidal semiconductor QDs.

As mentioned above, semiconductor QDs prepared from the organometallic approaches and
the subsequent alternative routes are capped with hydrophobic ligands and only soluble in non-
polar organic solvents. Water solubility of QDs is required for some applications such as bio-
logical analysis [125–127]. In addition, QDs capped with hydrophilic bifunctional molecules
are also very interesting for conjugation with other materials to produce functional hybrid
devices.

Water solubility of the QDs synthesized in organic phase can be achieved by a surface lig-
and exchange process, using water-soluble bifunctional molecules to replace the original hy-
drophobic ligands. The commonly used water-soluble molecules for ligand exchange are mer-
captocarboxylic acids with different alkyl chain lengths (HS-(CH2)n-COOH, n = 1–15) with
their thiol groups bound onto the surface cation of the QDs [128, 129]. However, the trans-
fer of QDs from organic phase to aqueous phase generally results in significant reduction in
their quantum efficiency and chemical stability due to the degradation of their surface passiva-
tion [130–135].

In parallel to the organic phase synthesis, QD synthesis in aqueous phase was also devel-
oped. In general, QDs synthesized in water possess a relatively low quality and a broad size
distribution, mainly due to the relative low boiling point of water that confines the synthesis
temperature. First steps towards a successful alternative to the organometallically synthesized
QDs were done by NozikÂŠs [136] and later by Weller [75] in their preparation of CdTe QDs.
Short-chain thiols were chosen as stabilizers in these works. Their methods were subsequently
adapted for synthesis of other II-VI semiconductor QDs, such as CdS [137], CdSe [50, 76],
CdTe [138,139], HgTe [140], and ZnSe [141], which represent useful alternatives to the high-
temperature organic phase methods.
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3.4.2 Applications

The luminescence properties of semiconductor QDs, like high quantum yields, narrow spectral
widths, and size-tunable colors, are very interesting for applications in light-emitting devices.
The Alivisatos group reported the first QD-based light-emitting diodes (LEDs) in 1994 [142].
A CdSe QD film and a layer of semiconducting polymer p-paraphenylene vinylene (PPV) were
used as emitting medium. Light emission arised from the recombination of holes injected into
the polymer layer with electrons injected into the QD film with a low operating voltage of 4 V.
The emission color can be varied from red to yellow by changing the QD size.

In 2011, Samsung scientists reported their full-color quantum dot displays with high bright-
ness [18]. They developed a new transfer printing technique that allows spatially patterning
differently sized QDs onto the pixelated display panel. Figure 3.7(a) schematically shows a
schematic diagram of the structure and the energy band alignment of their QD-LEDs displays.
TiO2 and a polymer TFB are used as electron transport layer (ETL) and hole transport layer
(HTL). Different core/shell QDs were used for red (CdSe/CdS/ZnS), green (CdSeS/ZnS), and
blue (CdS/ZnS) emitting pixels. Figure 3.7(b) shows a picture of the simultaneous RGB elec-
troluminescence emission of QDs from the pixelated area during operation. The maximum
brightnesses are 16380, 6425 and 423 cd m−2 for red (615 nm), green (530 nm), and blue (480
nm) pixels, respectively.

3.5 Hybrid structures of ZnO nanowires and semiconductor
quantum dots

Hybrid nanomaterials have been widely studied for new-generation photovoltaic devices. Com-
pared to conventional bulk counterparts, they possess a much larger surface-to-volume ratio,
promising more effective surface areas available for adsorption of photo-sensitizers and thus
higher conversion efficiencies.

In 2007, Leschkies et al. reported photovoltaic devices made from ZnO nanowires function-
alized with colloidal CdSe QDs [15]. Figure 3.8(a) shows the schematic of the QD sensitized
solar cells (QDSSCs). CdSe QDs are attached on the surface of ZnO nanowire grown vertically
on a fluorine-doped tin oxide conducting substrate. The QDs act as photo-sensitizers. When
electrons in the QDs are excited by sunlight, they will transfer into the ZnO nanowires due to
their low-lying conduction band. They are further transported to the nanowire substrate which
acts as photoanode. The holes left in the QDs can transfer into the filled liquid electrolyte
containing triiodide/iodide (I−3 /I

−) couples by a redox process. These holes are collected by the
top glass substrate coated with a 10 nm Pt layer, acting as photocathode.

The CdSe QDs they used were synthesized in organic phase and capped with TOPO molecules.
A ligand exchange with hydrophilic 3-mercaptopropionic acids (MPA) was performed after-
wards to transfer the QDs into the water phase. The ZnO nanowires were grown by a hy-
drothermal method. The QDs were attached onto the nanowires by the carboxylic groups of
the MPA molecules bound to the zinc ions on the nanowire surfaces.

Figure 3.8(b) shows the wavelength dependence of the incident photon-to-current conversion
efficiency (IPCE) for their solar cells using bare and QD sensitized ZnO nanowires, respec-
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3.5 Hybrid structures of ZnO nanowires and semiconductor quantum dots

Figure 3.8: (a) Schematic of the quantum-dot-sensitized solar cell. (b) IPCE spectrum of
the quantum-dot-sensitized and unsensitized ZnO nanowire solar cell. The images are from
Ref. [15].

tively. The IPCE for the QDSSCs significantly increased in the absorption region of the QDs.
The internal quantum efficiencies were reported to be 50-60%. The open-circuit voltages un-
der illumination of 100 mW/cm2 simulated sunlight was 0.5–0.6 V with short-circuit current
ranging from 1 to 2 mA/cm2 [15].
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Chapter 4

Sample Preparation and Experimental
Methods

In this chapter, the preparation of ZnO nanowire samples and the experimental techniques and
setups used in this work are presented. The first section introduces the growth of the ZnO
nanowire samples by hydrothermal method and a thermal chemical vapor deposition method.
In the second section, the experimental techniques and the employed setups for synthesis and
investigation of colloidal semiconductor quantum dots are presented. The photoconductivity
and photoluminescence measurement setups are described in the last two parts of this chapter.

4.1 Growth of ZnO nanowire samples

4.1.1 Growth by hydrothermal method

The ZnO nanowires used for building the nanowire/quantum-dot hybrid structures in Chapter
6 are grown by Dr. A. Dev in the group of Prof. J. Gutowski at the Institute of Solid State
Physics, Universität Bremen. The nanowires are grown by a hydrothermal method on glass
sheets coated with a conductive fluorine-doped tin oxide (FTO) film.

The FTO-coated glass sheets are purchased from Solaronix. The chemicals used for growth
are purchased from Sigma-Aldrich with analytical or puriss grades if available. First, ZnO
seeds are produced on the glass substrates. 1.3 g zinc acetate dihydrate is dissolved in 10 ml
ethanol. Diethanolamine is added dropwise under stirring until the solution becomes transpar-
ent. The obtained solution is spin-coated onto the FTO glass. Then, the coated glass sheets
are annealed in air at 500 ◦C for 1 hour. This coating-annealing process is repeated twice to
obtain a large amount of ZnO seeds on the glass. 7.2 g potassium hydroxide and 4.5 g zinc
nitrate hexahydrate are each dissolved in 30 ml deionized water, and then mixed together. The
glass sheets with ZnO seeds onside are inserted in this mixed solution. This reaction system
is heated up to 80 ◦C and kept at this temperature for 3 hours. After that, nanowire arrays are
obtained on the FTO glass.

Figure 4.1(a) shows a scanning electron microscope (SEM) image of the prepared ZnO nanowires.
The diameters of the nanowires are in the range of 50–300 nm with lengths around 1 μm.
The nanowire density is estimated to be around 109 cm−2. The nanowires show approxi-
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Figure 4.1: (a) SEM image of the prepared ZnO nanowire arrays. (b) High-resolution TEM
image of a ZnO nanowire measured by K. Frank in the group of Prof. A. Rosenauer at the
Institute of Solid State Physics, Universität Bremen. The white arrow indicates the growth
direction.

mately hexagonal cross sections, illustrating their ⟨0001⟩ growth direction, as indicated in
the high-resolution transmission electron microscopy (TEM) image of the nanowire shown in
Fig. 4.1(b).

4.1.2 Growth by chemical vapor deposition method

The ZnO nanowire samples used for the studies of the excitation intensity dependence of the
photoluminescence properties of ZnO were grown by the chemical vapor deposition (CVD)
method, which are based on the transport of Zn and O vapor onto a substrate where they
react to form ZnO nanostructures. Two kinds of nanowires were prepared based on different
growth mechanisms, namely the vapor-liquid-solid (VLS) process and the direct vapor-solid
(VS) process.

The VLS growth of ZnO nanowires was performed in the group of Prof. C. Ronning at the
Institute of Solid State Physics, Universität Jena [143]. The growth is carried out in a horizontal
tube furnace with several separate heating zones. ZnO powder (99.9% purity) is put in an
alumina boat in the middle of the furnace and heated up at a rate of 200 K/h. At 600 ◦C, an
argon flow of 50 sccm is introduced to the tube at a pressure of 100 mbar, which is pumped
out from the other end. A p-Si(100) chip sputter-coated with 5 nm Au film is used as substrate
and placed in an alumina boat at a downstream position. After reaching a temperature of
1350 ◦C, the source powder vaporizes. The Zn and O vapors are carried by the argon flow
to the substrate which is heated to ∼ 1000 ◦C. At this temperature, the Au layer melts and
turns into discrete Au droplets. These Au droplets act as catalysts for the nanowire growth.
The Zn vapor forms a liquid alloy with the Au droplets, and nanowire growth begins after the
supersaturation of the alloy by reaction with the O vapor, corresponding to a vapor-liquid-solid
(VLS) growth process. The diameters of the resulting nanowire are thus defined by the sizes
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Figure 4.2: SEM images of ZnO nanowires grown by thermal CVD methods based on a Au
catalyzed vapor-liquid-solid (VLS) process (a) and a catalyst-free vapor-solid (VS) process
(b).

of the Au droplets. The growth lasts for about 90 minutes for the preparation of the nanowires
used in this work.

The VS growth of ZnO nanowires was done by Andreas Menzel in the group of Prof. M.
Zacharias at the “Institut für Mikrosystemtechnik (IMTEK)”, Universität Freiburg [144]. The
growth was performed at relatively low temperature. In this case, 1:1 weight mixture of ZnO
and graphite powders is used as source material in which the graphite can lower the decom-
position temperature of ZnO significantly. A flow of 30 sccm Ar and 1.5 sccm O2 mixture is
used as carrying gas. Silicon wafers coated with 5 nm Au film are used as substrates. The
source and substrate temperatures for the growth are 950 ◦C and 750 ◦C, respectively. At this
temperature, the Zn and O vapors react directly at the substrate through a vapor-solid (VS)
process without the catalysis of Au. The growth lasts for 40 minutes.

Figure 4.2 shows SEM images of the ZnO nanowires grown by those two methods. The
nanowires (a) are grown based on the former Au-catalyzed VLS process and have diameters
around 100 nm and length in the range of 10–100 μm. However, at the bottom of the nanowires,
nanosheets are formed. The inset shows a image of a single nanowire in which the Au particle
can be seen at the end of the nanowire. The nanowires grown by the latter catalyst-free VS
process are shown in Fig. 4.2(b) and have much shorter lengths of ∼ 4.9 μm. The average
diameter of the nanowires is around 95 nm.

4.2 Experimental techniques for semiconductor quantum dots

4.2.1 QD synthesis setup

Figure 4.3 shows a schematic of the setup used for the synthesis of colloidal semiconductor
quantum dots (QDs) in aqueous phase. The solution of the cation precursor and the surfactant
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Figure 4.3: Schematic of the experimental setup for the synthesis of CdSe QDs. The synthesis
is performed under the protection of nitrogen.

are placed in a 250 ml round-bottom flask with 3 necks. One stirring bar is put inside the
flask. The two side necks are sealed with rubber stoppers. A thermocouple is inserted into the
solution through one side neck and connected to a temperature controller. The center opening
is connected with a condenser. The condenser is further connected on its top end with a balloon
filled with nitrogen. The flask can be heated with a heating mantle over an magnetic stirring
stage. For the QD synthesis, the reaction solution is first bubbled with nitrogen for 1 hour
using a needle inserted into the solution through a side opening of the flask. Afterwards, the
anion precursor solution is quickly injected with a syringe under strong stirring. The reaction
solution is heated up and the temperature can be controlled by adjusting the power of the
heating mantle with the temperature controller. During the refluxing process, the condenser is
cooled with water. The synthesis is performed under a hood.

4.2.2 Purification of as-prepared quantum dots

For further use, the prepared QDs normally need to be purified from the crude solution to re-
move the residual reagent chemicals and byproducts. To do this, 2-propanol is added dropwise
into the crude QD solution under mild stirring until turbidity appears. The solution is further
stirred for 1 h. Then the QDs are isolated by centrifugation at 3500 rpm for 10 min. The QDs
precipitated at the bottom are washed with ethanol twice. Afterwards, the QD precipitation
is dried under vacuum for 1 h and redispersed in water. The pH value can be adjusted by
tetraethylammonium hydroxide. The obtained QD dispersion is stored in darkness.

4.2.3 Measurements of the absorption and photoluminescence spectra

The absorption spectra of the QDs are measured using a Jasco V-670 spectrometer instrument.
The QD water solution and pure water are filled in two identical cuvettes, respectively. The
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Figure 4.4: Schematic of the setup used for measuring the photoluminescence spectra of semi-
conductor QDs in solution phase.

transmission through them is recorded and the absorption of the QDs is calculated automati-
cally. The length of the effective optical path of the cuvette for measurement is 1 cm.

Figure 4.4 is a schematic of the setup used for measuring the photoluminescence (PL) spectra
of QDs in solution phase. The QD solution is filled into a cuvette with narrow cross section (2
mm in thickness), which is placed on a positioning stage. A HeCd laser operating at 325 nm is
used as excitation source. The laser light is guided to the measurement setup by a optical fiber.
It is collimated with a UV lens with a beam diameter of 3 mm. The laser light excites the QD
solution from a side of the cuvette. The luminescence of the QDs is collected by a lens and
coupled into a fiber with a second lens. The spectra are recorded using an Avantes 2048TEC
spectrometer with measurement range of 200–1100 nm and resolution of 2.4 nm.

4.2.4 Calculation of the quantum dot size and molar concentration

The band gap of semiconductor QDs is size-dependent. From the absorption measurements,
the average particle size of a given QD ensemble can be calculated. For CdSe QDs, the mag-
nitude of the average particle diameter D (in nanometer) of a QD ensemble is related to the
magnitude of their first absorption peak wavelength λ (in nanometer) by an empirical equa-
tion [145]

D = (1.6122 × 10−9)λ4 − (2.6575 × 10−6)λ3 + (1.6242 × 10−3)λ2 − 0.4277λ + 41.57 (4.1)

The molar concentration of QDs in a solution can also be extracted from the absorption mea-
surements [145]. For this purpose, the absorbance A at the first absorption peak position of the
QD sample is calibrated as

Acali = A
W

Wstd
(4.2)

where W is the half width (in nanometer) at half maximum (HWHM) of the first absorption
peak on its long wavelength side. Wstd is the value of W for a standard QD sample used in the
literature corresponding to the empirical equation (Equ. 4.1), which is 14 nm for CdSe QDs.
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The absorbance at the first absorption peak of CdSe QDs is given by [145]

Acali = ϵCL (4.3)

where ϵ is the extinction coefficient per mole of the QDs (l cm−1 mol−1) at its first absorption
peak position. C is the desired molar concentration (mol l−1) of the QDs. L is the effective
path length (cm) of the radiation beam for recording the absorption spectra, which is, in the
present case, 1 cm. The value of ϵ dependent on the QD size D (nm) can be calculated by an
empirical equation [145]

ϵ = 5857D2.65 (4.4)

Using Equ. 4.1-4.4, the particle size and molar concentration of CdSe QDs in solution phase
can be calculated.

4.2.5 Measurements of the photoluminescence quantum yield

The photoluminescence quantum yield (QY) of the CdSe QDs is determined using the dye
Rhodamine 6G dissolved in ethanol as reference. Six solution samples with different concen-
trations are prepared for the dye and the CdSe QDs, respectively. The concentrations of these
sample are at such levels that their absorbance at the excitation wavelength for the photolu-
minescence measurements (in this case 325 nm) is below 0.1 to avoid significant reabsorption
effect. The absorption and photoluminescence spectra of these samples are measured. A HeCd
laser operating at 325 nm is used as excitation source. The integrated photoluminescence of
a dye or a QD sample is linearly related to its absorbance at the excitation wavelength. The
slopes of the dependence are calculated for the dye and the QD samples, and referred to as
mre f and mQD, respectively. The QY of the CdSe QDs is calculated by:

ΦQD = Φre f
mQD

mre f

η2
water

η2
ethanol

(4.5)

where η is the refractive index of the solvent (ηwater ≈ 1.335 and ηethanol ≈ 1.362) [50]. Φre f is
the QY of Rhodamine 6G, which is known to be ∼ 95% at a concentration of 10−7 M [146].

4.3 Photoconductivity measurements of ZnO-nanowire/CdSe-
quantum-dot hybrid structures

Figure 4.5 presents a schematic setup for the photoconductivity measurements of the ZnO-
nanowire/CdSe-QD (NW/QD) hybrid samples. The sample is covered with a piece of FTO
glass sheet and mounted in a small vacuum chamber. The FTO glass forms a top electric
contact with the tips of ZnO nanowires. The contact area is around 0.4 cm2. The chamber
is equipped with a quartz window and can be pumped to high vacuum (10−7 mbar) and filled
with gas. An argon laser emitting at 458 nm (2.71 eV) is used to illuminate the sample ver-
tically through the top FTO glass. The laser has a photon energy below the band gap of ZnO
(∼ 3.37 eV at room temperature [19]). Therefore, only CdSe QDs in the hybrid structures can
be excited. The laser spot on the sample has a diameter of 1.5 cm with a laser intensity of 1.0
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Figure 4.5: Schematic representation of the experimental setup used for the photoconductivity
measurements.

mW cm−2. The top FTO glass and the FTO glass substrate of the nanowires are connected to
two electrode arms in the chamber, respectively. These arms are connected with a Keithley
2400 SourceMeter to form a circuit. The SourceMeter imposes a constant bias voltage (1.0 V)
between the top glass sheet and the substrate of ZnO nanowires, and measures the electric cur-
rent through the nanowires. Thus, the photoresponse of the conductivity of the QD decorated
nanowires is measured.

The photoresponse of the conductivity of the NW/QD hybrid samples is investigated in air,
vacuum (10−6 mbar), dry oxygen, and constant flows of nitrogen and argon, respectively. For
the measurements in oxygen, the chamber is first pumped to vacuum (∼ 10−6 mbar) for 10 min
and then connected with a balloon filled with highly pure dry oxygen gas (purity of 99.9995%).
The pressure inside the chamber is ∼ 1.1 bar. For the measurements in the nitrogen (purity of
99.999%) and argon (purity of 99.9999%) environments, the gas flow is introduced into the
chamber through one channel tube with a constant speed (40 sccm). Before the measurements,
the gas flow is applied for 15 minutes in advance to replace the air in the chamber. After every
photoresponse measurements, the chamber is left in darkness overnight to allow the sample to
return back to the original state. All measurements are performed at room temperature.

4.4 Photoluminescence measurement setup

This section introduces the experimental setups used in this work for standard photolumi-
nescence measurements at room and low temperatures and the investigation of the excitation
intensity dependence of the photoluminescence properties of ZnO.

4.4.1 The standard photoluminescence setup

Figure 4.6 shows a schematic of the experimental setup used for the standard photolumines-
cence measurements at room and low temperatures. The sample is placed in a cryostat and
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Figure 4.6: Schematic of the experimental setup for general and high resolution photolumi-
nescence measurements.

mounted on a copper sample finger which is tightly attached to a cooling tube. This tube is
connected to an external helium gas condensing and pumping machine, which can cool the
cryostat to 10 K.

For photoluminescence measurements, a helium-cadmium (HeCd) laser operating at 325 nm
(3.8 eV) is used as excitation source. The photon energy of the laser is well above the band
gap of ZnO which is around 3.437 eV at T = 1.6 K. Thus ZnO samples can be excited non-
resonantly. The laser light is coupled into a fiber and directed towards the top of the cryostat.
It is focused with a UV lens onto the sample at an angle of about 45 ◦. The laser spot size on
the sample is 1 mm with a power intensity of ∼ 0.1 W/cm2.

The photoluminescence from the sample is collected and focused with two extra UV lenses.
The light is coupled into a monochromator or a fiber spectrometer with a turning reflector, for
high resolution and general photoluminescence measurements, respectively. The monochro-
mator (Spex 1401) has two diffraction gratings with 1200 lines/mm and a spectral resolution
of ∼ 0.3 meV. The spectra are recorded using an Ames LARRY 2048 linear CCD camera.
An Avantes 2048TEC spectrometer (measurement range of 200–1100 nm and resolution of
2.4 nm) is used for the general photoluminescence measurements, which is equipped with a
thermoelectric cooling element on its detector which can cool it to T = 5 ◦C in order to reduce
noise.

4.4.2 The excitation-intensity-dependent photoluminescence setup

Figure 4.7 shows the measurement setup for investigating the excitation intensity dependence
of the photoluminescence properties of ZnO. The sample is placed in a temperature variable
cryostat which is mounted on a positioning stage. For low temperature measurements, the
cryostat is cooled with liquid nitrogen to T ≈ 70 K.

The 325 nm HeCd laser is used as excitation source with a maximum output power of ∼ 50
mW. The laser light is focused with a UV lens (L1) perpendicularly on the sample surface.
The laser intensity can be adjusted with a neutral density filter (NF) and measured using a
powermeter behind the lens. The luminescence of the sample is collected with the same UV
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Figure 4.7: Schematic of the experimental setup for the measurements of the excitation inten-
sity dependence of ZnO photoluminescence properties.

lens L1 and reflected by a beam splitter (BS2) to the spectrometers. The laser light reflected
from the sample surface is eliminated with a UV blocking filter. For obtaining high resolution
spectra, the luminescence light is focused with lens L2 into a monochromator equipped with
a CCD camera. To record the general overall emission spectra, the luminescence is reflected
with a turning reflector to a fiber spectrometer Avantes 2048TEC.

In order to obtain high excitation intensities, the laser line is focused onto the sample surface
with a rather small spot size. To accurately determine the laser spot size, a scaling reference
with a calibrated length scale is mounted together with the sample in the cryostat. The imaging
of the sample is realized with a second beam splitter BS1 that reflects the light coming from the
sample into a camera. Through adjusting the positioning stage of the cryostat, the sample can
be properly focused to form a clear image in the camera. Then, the laser spot size is determined
by calibration with the scaling reference. The spot size in the experiments is variable in the
range of 4–30 μm depending on the focusing lens used.
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Chapter 5

Synthesis, Optical Properties, and
Chemical Stability of Colloidal CdSe
Quantum Dots

Colloidal semiconductor quantum dots (QDs) are crystalline semiconductor nanoparticles with
sizes typically ranging from 1 to 10 nm which are capped with organic molecules for surface
passivation. They are synthesized in liquid phase by wet chemical methods and are free-
standing in solutions. Colloidal semiconductor QDs have attracted intense research interests
in the last two decades. The most striking property of QDs is their size-dependent band gap
as a result of the strong quantum confinement effect on the motion of the charge carriers.
This largely modifies their physical properties and brings in new phenomena. Synthesis of
colloidal semiconductor QDs has been greatly developed since the milestone work of Murray
et al. in 1993 which realized an efficient control on the crystal quality and size distribution of
the dots [44]. Generally, colloidal QDs with outstanding quality are exclusively synthesized
in organic solution. However, water-phase synthesis methods provide significant alternatives
with special advantages like simplicity and low energy consumption [147]. Moreover, water
soluble QDs capped with bifunctional ligands are of great interest for conjugation with other
materials to fabricate functional hybrid nanostructures.

In this chapter the synthesis of cadmium selenide (CdSe) QDs and their optical properties will
be presented. The QDs are synthesized by a wet chemical method. The synthesis procedure
will be described in the first section. Then the basic optical properties and the transmission
electron microscopy characterization of the prepared QDs are presented. In the third section,
the evolution of the QD size and concentration during synthesis are studied, giving insight
into the growth kinetics of the QDs. Afterwards, the size-dependent Stokes shift in the optical
spectra of the QDs and their photoluminescence quenching in oxygen-deficient environments
are investigated. Then the chemical stability of the prepared QDs against light irradiation and
oxidation is studied. The last section summarizes the results obtained in this chapter.
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5.1 Synthesis procedure

CdSe QDs are synthesized in aqueous phase by a wet chemical method. A short-chain thiol
3-mercaptopropionic acid (MPA) is used as surfactant. The thiol groups (-SH) of the acid
molecules are bound to the cadmium ions on the QD surfaces, which passivate the surface
dangling bonds. The outgoing carboxyl groups of the acid molecules make the QDs water
soluble. They further provide repulsion effect and steric barriers between the dots to prevent
them from aggregation and ensure a good dispersion in the solution. The experimental setup
used for the synthesis is introduced in section 4.2.1.

The synthesis method is adapted from the literature [50]. A typical synthesis process of CdSe
QDs is as follows. First, the selenium precursor is prepared. 20 mg selenium and 124 mg
sodium sulfite (Na2SO3) are mixed in 25 ml deionized (DI) water. The mixture is heated to
90 ◦C under nitrogen until the selenium is completely dissolved. Then, the 0.01 M Na2SeSO3

solution is obtained. The solution is stored under nitrogen for later use.

0.064 g (0.24 mmol) of cadmium acetate dihydrate (Cd(CH3COO)2·2H2O) and 50.2 μl (0.58
mmol) of 3-mercaptopropionic acid (MPA) are dissolved in 48 ml DI water. The pH value
is adjusted to 10.5 with a 1 M NaOH solution. The mixture is bubbled with nitrogen gas
for 1 h to replace the air. Afterwards, 2.4 ml of the prepared Na2SeSO3 solution is swiftly
injected into the mixture under strong stirring. The final molar ratio of Cd2+:MPA:Se2− in the
reaction solution is 1:2.4:0.1. Then the system is heated to 100 ◦C under nitrogen atmosphere
for several days until QDs with the desired size are obtained. During the synthesis, aliquots
are frequently taken from the reaction solution. The absorption and photoluminescence (PL)
spectra of these samples are measured with the experimental setup described in Chapter 4.

When the selenium precursor solution is injected into the reaction system, the following reac-
tions occur immediately,

SeSO2−
3 + OH− → HSe− + SO2−

4 (5.1a)

HSe− + OH− → Se2− + H2O (5.1b)

Cd2+ + Se2− → CdSe (5.1c)

The fast reactions generate an instantaneous supersaturation of the Cd2+ and Se2− monomers
which act as the basic building blocks for CdSe QDs. The solution releases the supersatura-
tion through nucleation of the monomers, forming the CdSe crystal seeds. The sizes of the
crystal nuclei depend on the initial concentrations of the precursor chemicals and the chemical
reactivity which can be controlled by the concentration of the stabilizers [48]. Afterwards, the
nuclei seeds continue to grow under heating by incorporation of the residual monomers inside
the solution,

Cd2+ + Se2− + (CdSe)m → (CdSe)m+1 (5.2)
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Figure 5.1: (a) Absorption spectrum of MPA-capped CdSe QDs taken after 22 hours of syn-
thesis. The vertical bars represent the calculated spectral positions of the first three elec-
tronic transitions for the QD sample. The spectrum is fitted with three Gaussian-shaped bands
(dotted curves) corresponding to these three electronic transitions. The dashed curve is the
superposition of the results. (b) Photoluminescence spectrum of the same QD sample.

5.2 Basic properties of the prepared CdSe quantum dots

5.2.1 Optical properties

Fig. 5.1 shows the absorption (a) and photoluminescence (b) spectrum of a CdSe QD sample
taken after 22 hours of synthesis. The absorption spectrum exhibits several weak peaks. These
peaks are arising from different electronic transitions. The first absorption peak appears around
468 nm, corresponding to a band gap of 2.65 eV, which is significantly higher than the bulk
band gap energy of CdSe (1.74 eV), indicating the significant band gap broadening of the QDs
as a result of the quantum size effect. The band gap of the QDs is strongly dependent on their
particle size. From the spectral position of the first absorption peak λ, the average QD size can
be calculated by an empirical equation (Equ. 4.1) introduced in Chapter 5 to be 2.08 nm. It is
about 0.37 times of the exciton Bohr radius in bulk CdSe (aB ≈ 5.6 nm).

Using previously developed theoretical methods (see section 2.4.1), the energies of the first
several electronic transitions of the QDs can be calculated, which are marked by vertical bars
in Fig. 5.1(a). Their assignments to transitions between electron and hole levels are listed in
the inset. The notations for the levels are introduced in section 2.4.1. The transitions 1 and
2 are from the lowest two hole levels 1S3/2 and 2S3/2 to the ground electron level 1Se. Their
energy difference (∼ 300 meV) corresponds to the energy spacing between these two hole
levels, which is 12 times larger than the thermal energy at room temperature (25 meV). The
lower energy part of the absorption spectrum is fitted with three Gaussian bands corresponding
to these three transitions. The same band width of 47 nm is used for the fitting. This band
width is mostly due to the size distribution of the prepared QDs. The dashed line in the
figure represents the superposition of the fitted bands, which shows a good agreement with the
spectrum.
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Figure 5.2: TEM image of the prepared CdSe quantum dots without post-preparative size
separation. The inset is a high resolution TEM (HRTEM) image of an isolated QD. The mea-
surements were performed by K. Frank in the group of Prof. A. Rosenauer at Universität
Bremen.

The photoluminescence spectrum of the QDs has two main emission bands. The band centred
around 500 nm originates from the band-edge exciton recombinations. The second wide band
at longer wavelengths is related to recombinations through defect states in the band gap of the
QDs. These states could be induced by surface defects or unpassivated dangling bonds of the
QDs. Defects could also be formed in the crystal core of the QDs due to the low synthesis
temperature in water phase. For longer synthesis times, the exciton emission would gradually
increase relative to the defect emission due to the improvement of the crystal quality and the
surface passivation of the QDs.

5.2.2 Structural characterization

The prepared QDs are further characterized with transmission electron microscope (TEM).
For this purpose, the prepared QDs are first purified from the crude reaction solution. The
purification of the QDs based on repeated precipitation-centrifugation process is described in
section 4.2.2. The TEM samples are prepared by dropping the diluted aqueous solution of
the QDs onto carbon-coated copper grids. Then the samples are left in air to dry naturally.
The TEM measurements were performed by K. Frank in the group of Prof. A. Rosenauer at
Universität Bremen using a FEI Titan microscope operating at 300 kV.

Figure 5.2 shows a TEM overview image of the CdSe QDs. The QDs seem to have a spherical
shape with narrow size distribution. The dark spots in the image are probably aggregations
or overlap of QDs formed during the preparation of the TEM sample. The inset is a high
resolution TEM image of an isolated CdSe QD. The lattice fringes confirm the crystallinity of
the QDs. The capping MPA molecules cannot be recognized in the image.
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5.3 Growth kinetics

Figure 5.3: (a) The absorption and photoluminescence spectra of MPA-stabilized CdSe QDs
after different synthesis times. (b) The evolution of the average size (diameter) of the QDs and
their molar concentration during synthesis. (c) The evolution of the full width at half maximum
(FWHM) of the photoluminescence of the QDs during synthesis.

5.3 Growth kinetics

5.3.1 Evolution of particle size and quantity

Figure 5.3(a) shows a series of absorption and photoluminescence (PL) spectra measured for
the CdSe QD aliquots taken after different synthesis times. The absorption spectrum after 4
hours of synthesis shows two well-resolved peaks at around 430 nm and 400 nm, originat-
ing from the interband transitions 1S3/2-1Se and 2S3/2-1Se, respectively (see section 2.4.1).
The photoluminescence spectrum has two emission bands centered at 460 nm and 648 nm,
respectively. The 460 nm band is due to the band-edge excitonic emission while the wide
648 nm band is from defect-related emission. When the synthesis is continued, the absorp-
tion and photoluminescence of the QDs shift gradually to longer wavelengths, illustrating the
size-dependence of the band gap. The band-edge luminescence becomes stronger while the
defect-related emission reduces and becomes undetectable after 23 hours of synthesis, due to
the improvement of the crystal quality and the surface passivation of the QDs. From the ab-
sorption spectra, the QD size for these aliquot samples can be calculated with Equ. 4.1. The
molar concentration of the QDs in the solution can also be deduced, as described in section

55



5 Synthesis, Optical Properties, and Chemical Stability of Colloidal CdSe Quantum Dots

4.2.4.

Figure 5.3(b) shows the evolution of the QD size and concentration in the solution with the
synthesis time. With the present experimental parameters, the smallest size of the QDs that
can be obtained is about 1.4 nm. Under 100 ◦C refluxing, the QDs grow by incorporation
of the Cd and Se monomers from the solution, as described in Equ. 5.2. The growth is fast
at the beginning. The QD size increases from 1.4 to 2.0 nm in the first 20 hours. Then the
growth gradually slows down and exhibits a saturation after about 50 hours. The final QD
size measured after 95 hours of synthesis is ∼ 2.35 nm. The reduction in the growth rate over
time is due to the depletion of the monomers, especially the selenium monomer whose initial
precursor concentration is much lower. In addition, when QDs grow bigger, they need more
monomers to deposit on the surface for increasing a quantity of the radius.

The molar concentration of the QDs in the solution (solid triangle in Fig. 5.3(b)) quickly
decreases during the growth process. At the beginning, the particle concentration is ∼ 104
μM. This value decreases rapidly to 51 μM in the first 4 hours. Afterwards, the decrease slows
down. After 95 hours of refluxing, the concentration reduces down to ∼ 30 μM. This change
is further accompanied with the change in the QD size distribution.

Figure 5.3(c) presents the full width at half maximum (FWHM) of the excitonic photolumi-
nescence (PL) band of the QDs versus synthesis time. As stated above, the band width mostly
originates from the size non-uniformity, i.e. size dispersion, of the QD ensemble. The evolu-
tion of the PL FWHM can be divided into three stages. At the beginning, the FWHM is around
30 nm. It increases quickly to 44 nm after 22 hours of growth (stage I). During the following
40 hours (stage II), the value has no big change. From 60 hours on, the PL FWHM decreases
gradually (stage III). It is reduced down to ∼ 35 nm after 95 hours of synthesis. This evolution
curve can reflect the change of the QD size distribution during the synthesis process.

As described in section 2.5.1, the growth rate of QDs in the solution is particle-size-dependent
at a given moment and varies continuously during synthesis, as presented in Fig. 2.15. There
is a critical size r∗. QDs smaller than r∗ have negative growth rates and will dissolve into the
solution while QDs larger than r∗ will grow by deposition of the monomers. When r∗ is in the
range of the QD size distribution, an Ostwald ripening process occurs.

The quick decrease in the QD concentration and the broadening of the QD size distribution
observed in stage I in the present synthesis are typical characteristics of the Ostwald ripening
growth process. After entering stage II, the QD size exceeds r∗, the Ostwald ripening stops. No
particles will shrink anymore. The concentration and the size distribution of the QDs remain
constant. When the QD sizes further increase and get to the descending part of the growth rate
curve presented in Fig. 2.15, a size-focusing process occurs. In this process, smaller particles
have larger growth rates and grow faster while larger particles grow slower. As a result, the
size distribution will be narrowed, as observed in stage III in Fig. 5.3.

This growth kinetics is significantly different from that observed in organic phase synthesis.
As reported by Peng et al. [68], QD growth in organic phase starts first with a quick size-
focusing process. When the monomers are depleted, the critical size r∗ for zero growth rate
shifts to a larger value accordingly. When it increases into the range of the size distribution
of the QDs, the Ostwald ripening process starts afterwards. In contrast, the present growth
seems to immediately enter into an Ostwald ripening process after the synthesis starts. There
could be also a short size-focusing period during the heating up process of the reaction mixture
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(around 10 min). However, the absorption spectra of the samples taken during this stage have
no well resolved peaks. Therefore, the extraction of the QD parameters is hindered.

The growth in aqueous phase could be explained by the large biased ratio between the con-
centrations of the cadmium and selenium precursors used for the synthesis (10:1 in molar).
A large excess of one precursor was thought to ensure an approximately constant concentra-
tion of the generated monomers in the solution, which could provide a desirable condition for
the construction of the most favorable surface structures of the QDs [148]. Such a scheme is
suggested initially in the molecular beam epitaxy (MBE) growth of compound semiconduc-
tors to improve their surface quality [149]. It has been found that a largely biased precursor
ratio is necessary to produce semiconductor QDs with high luminescence yield in aqueous
phase [148].

Due to the relatively low concentration of the selenium precursor used in the present synthesis,
the produced selenium monomers could be quickly depleted after nucleation at the beginning.
This results in a large critical size r∗. Its value has no big change through the whole growth
process due to the nearly constant concentration of the cadmium monomers. The QD growth
starts first with the Ostwald ripening process. When the QD sizes quickly increase and exceed
r∗, the size-focusing process is initiated.

5.3.2 Evolution of photoluminescence quantum yield

In this subsection, the evolution of the photoluminescence quantum yield (QY) of the CdSe
QDs during synthesis is presented and discussed. The PL QY of the QDs is defined as the ratio
between the number of the photons emitted through interband transitions to those absorbed.
It is calculated using an ethanol solution of a dye Rodamine 6G as reference. The detailed
process is described in section 4.2.5.

Figure 5.4 shows the temporal evolution of the PL QY of the CdSe QDs during synthesis.
The solid line is plotted as a visual guide. Initially, the band-edge emission of the QDs is
very weak. The photoluminescence is dominated by a wide defect-related band in longer
wavelength region, as shown in Fig. 5.3(a). This corresponds to a nearly zero QY. As the
synthesis proceeds, the value monotonically increases to a maximum (∼ 11%) after 47 hours
of refluxing. Then it gradually decreases. Such a phenomenon is commonly observed in
different wet chemical synthesis methods of semiconductor QDs, including the synthesis in
organic phase [146]. The position of the maximum PL QY is commonly referred to as the
“bright point”.

The origin for the existence of the bright point is still not completely understood. According
to a common interpretation [146], the band-edge photoluminescence of semiconductor QDs is
very sensitive to their surface states. Surface defects and unpassivated surface dangling bonds,
for instance, could form deep levels in the band gap of the QDs. They act as trapping centers
for the photogenerated carriers, inducing defect emission or non-radiative recombinations,
which significantly reduces the QY of the QDs. It was thought that approximate chemical
potentials of QDs and monomers in the solution would provide a favorable environment for
the QDs to construct their preferable surface structures with few defects [146]. As shown in
Fig. 5.3 (b) and (c), the bright point of CdSe QDs (47 h) appears during the stage II of the
growth. In this stage, the Ostwald ripening terminates and the size focusing stage has not
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Figure 5.4: The photoluminescence quantum yield (QY) of the MPA-capped CdSe QDs as a
function of synthesis time. The solid line is a visual guide.

started yet. The QD nuclei would not dissolve quickly into the solution while the monomers
in the solution would not preferably deposit onto the QD surface, corresponding to a growth
balance. The QD crystallinity could be improved in this stage, resulting the PL QY maximum.

In addition, the maximum QY of CdSe QDs (11%) obtained with this method is much lower
than that reported by the organic phase synthesis (over 50%). It is mostly due to the rela-
tively low boiling point of water which cannot provide sufficiently high synthesis temperature
to achieve an effective annealing for the QD crystal structure during growth. As a result,
structured defects could form in the crystal core of the QDs, inducing the low luminescence
efficiency.

5.4 Size-dependent Stokes shift

In the optical spectra of CdSe QDs (Fig. 5.3(a)), it is interesting to notice a red shift of the
photoluminescence maximum relative to the first absorption peak. This phenomenon is com-
monly observed in many types of semiconductor QDs, which is known as Stokes shift. The
magnitude of the shift is sensitive to the particle size and shape. Its origin is related to the fine
structure of the ground exciton level of the QDs and the presence of so-called dark excitons.

As introduced in section 2.4.3, in an ideal spherical CdSe QD crystallized in zinc-blende sym-
metry, its ground exciton state 1S 3/21S e has 8-fold degeneracy. This 8-fold degeneracy is lifted
by the asymmetry in the practical QD shape, the electron-hole exchange interaction, and the
possible crystallization in wurtzite structure [57, 150]. As a result, the ground exciton state is
split into five levels. Two of them are optically inactive. Direct photoexcitation or radiative
recombination for these states are impossible. Thus they are commonly called dark excitons.
The energetic ordering of these levels and their spacing are sensitive to the particle size and
shape. In most cases, the lowest energy level is a dark exciton state [57].

The excitation and relaxation processes considering the fine structure of the ground exciton
state in CdSe QDs are schematically shown in Fig. 5.5. In the weak absorption regime, the
absorbance of QDs depends exclusively on the oscillator strength of the electronic transitions.
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Figure 5.5: Schematic illustration of the excitation and relaxation processes involving the fine
structure of the ground exciton state of CdSe QDs to explain the Stokes shift effect. The Stokes
shift corresponds to the energy difference between the dark exciton level and the lowest bright
exciton level.

Thus, the position of the first absorption peak is determined by the energy of the lowest bright
exciton state. After excitation, the excitons will rapidly thermalize to the lowest dark exciton
level by emitting phonons. Subsequently, the recombination can occur via phonon assisted
process [150, 151]. The Stokes shift corresponds to the energy spacing between the lowest
dark and bright exciton levels. Due to the requirement of the participation of phonons, the
radiative lifetime of dark excitons is quite long, and it is reported to be ∼ 1 μs at 10 K for CdSe
QDs [57].

The Stokes shift of the prepared CdSe QDs is plotted in Fig. 5.6 versus the QD size. Its value
varies in the range of 100–200 meV. The overall trend of the evolution is that the shift de-
creases with increasing QD size but with strong fluctuations. As described in section 2.4,
for larger QDs, the quantum confinement effect and the electron-hole exchange interaction be-
come weaker. Thus, the splitting of the ground exciton level reduces, resulting in the decreased

Figure 5.6: Stokes shift of CdSe QDs prepared by the aqueous phase synthesis method as a
function of the QD size.
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Stokes shift. However, it is difficult to find a systematic dependence in the present results. As
mentioned above, the QD shape could influence Stokes shift significantly. Thus, these fluctu-
ations in the dependence are probably due to a continuous variation in the QD shape during
synthesis.

5.5 Photoluminescence quenching in oxygen-deficient envi-
ronments

In many applications, QDs operate directly in open gas environments. Due to their small
sizes, the ambient conditions could impose essential influence on their properties. In this
section, the photoluminescence properties of the MPA-capped CdSe QDs in dry powder form
are investigated in different gas environments. The as-prepared QDs (120 hours of synthesis)
were first purified with the procedure described in section 4.2.2. Then the QD precipitation was
left in air overnight to dry naturally. The obtained QD powder was transferred onto a silicon
wafer and spread to a thin layer for full exposure to ambient gas. This sample is used for the
subsequent photoluminescence measurements. The sample is placed in a vacuum chamber
which can be evacuated to ∼ 10−6 mbar and flushed with gas flow. A HeCd laser emitting at
325 nm is used as excitation source. A mild laser intensity (∼ 0.01 W/cm2) was used to avoid
significant degradation of the QDs under irradiation.

Figure 5.7 shows the temporal evolution of the excitonic luminescence intensities of the QD
powder measured in air, vacuum and nitrogen flow, respectively. The time zero is set at the
start of the laser irradiation. All results have been normalized to their initial PL intensities for
easy comparison. In air, the PL intensity decays slightly over time. It is reduced down to 0.9
of the initial value after 10 minutes. This is probably due to a little degradation of the QDs
under laser irradiation. When the measurements are performed in vacuum, the PL intensity
significantly decreases. In the first minute, the luminescence is reduced to half of the initial
intensity. Then the decrease gradually slows down. After 10 minutes of irradiation, it decreases
to 0.24 of the initial value. When atmospherical air is filled into the sample chamber, the PL
intensity of the QD powder is observed to increase rapidly and return to the initial value within
10 minutes. The whole process is reproducible. Repeated evacuation-flooding processes yield
similar results. In addition, it is interesting to notice that the initial PL intensity of the QDs
recorded in vacuum is similar to that measured in air. This indicates that the vacuum pumping
solely could not reduce the PL intensity. These observations indicate that the PL quenching of
the QD powder in vacuum is a surface effect.

The PL measurements are further performed in a nitrogen flow. For this purpose, a constant dry
nitrogen flow is introduced to pass through the sample chamber. Before the PL measurements,
the chamber is flushed for 10 minutes with the gas to remove the inside air. A gas flow is used
with the consideration that it can carry away the molecules that could be detached from the
QD surfaces during the PL measurements. As shown in Fig. 5.7, the PL evolution of the QD
powder exhibits a very similar behavior to that in vacuum. The final intensity in nitrogen flow
is 0.3 times the initial value, which is slightly higher than that measured in vacuum. Filling of
air into the chamber restores again the photoluminescence intensity of the QDs. These results
demonstrate that nitrogen is not the component in air which controls the photoluminescence
properties of the QD powder.
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Figure 5.7: Temporal evolution of the excitonic photoluminescence maxima of MPA stabilized
CdSe QD powder measured in air, vacuum, and nitrogen flow, respectively. A HeCd laser
operating at 325 nm is used as excitation source. All the measurements are performed with
the same laser intensity. The measuring setup is presented in Chapter 4. The time zero is set
at the start of laser irradiation. The results are normalized to the initial photoluminescence
intensities for easy comparison.

In previous studies it has been found that under continuous photo-excitation, the photolumi-
nescence of individual QDs randomly switches between emission states with high and low
intensities, which are referred to as emission ON and OFF states, respectively [152–155]. This
phenomenon is known as luminescence blinking, which is not only observed in semiconductor
QDs but also in many other types of molecular emitters such as dyes [156], polymers [157],
and carbon nanotubes and nanowires [158]. These ON and OFF states are conventionally
attributed to a neutral QD and a charged QD model, respectively [155].

A schematic of the luminescence blinking phenomenon is shown in Fig. 5.8(a). In the bright
ON state, the luminescence is dominated by radiative recombinations of excitons, which is
characterized with a mono-exponential decay dynamics with a lifetime typically in the range
of 15–30 ns. The occurrence of OFF states is induced by the generation of an additional
charge in the QD core. In this case, excitons will recombine through a non-radiative Auger-
type process, in which the exciton transfers its energy to the extra charge carrier rather than
emitting a photon. The Auger recombination process further induces a significantly shortened
lifetime of the band-edge excitons (a few nanoseconds or less [155], Fig. 5.8(b)). As a result,
the photoluminescence intensity of the QD is largely reduced.

The mechanism for the QD charging during the luminescence OFF period is attributed to
surface defects of the QDs such as unpassivated dangling bonds and structured defects [159],
which could form energy levels in the forbidden gap that act as trap centers for the photoexcited
carriers, as schematically shown in Fig. 5.8(c). When a charge carrier is captured by the trap
centers, the QD core becomes charged, initiating the luminescence OFF period. During this
period, the extra free carrier could be excited to higher energy states by absorbing the energy
of excitons. This energy is, in some cases, high enough to excite the carrier into the outside
capping surfactant ligands. This also hinders the neutralization of the defect states. Therefore,
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Figure 5.8: Schematic of the luminescence blinking of CdSe QDs and the effects of oxygen and
water molecules. (a) Random switching between the ON and the OFF states in the blinking
process. The bright ON state corresponds to radiative exciton recombination in a neutral QD.
The OFF state is related to non-radiative Auger processes in a charged QD. (b) Schematic
of the PL decay during the ON and OFF period. The Auger recombination process is much
quicker than the neutral exciton recombination, leading to a shorter radiative lifetime of the
OFF state. (c) Left: surface defect level in QDs acts as trap centers for photoexcited holes,
inducing a charged QD core. Right: oxygen molecule passivates a defect state, ensuring a
neutral core and high-intensity emission. (d) Energy level alignment of CdSe QDs and the
oxygen redox potential. The oxygen redox potential level is significantly broadened under the
presence of water molecules.

a macroscopic time period (on the order of seconds) of the ON and OFF states are normally
observed.

The luminescence blinking of QDs was found to be sensitive to the gas atmospheres [153,154].
In a study of single CdSe/ZnS core shell nanocrystal, when the measuring environment was
changed from air to vacuum, the duration of the ON state was significantly shortened while the
probability of the OFF event is remarkably increased [153]. As a result, the overall lumines-
cence intensity was observed to decrease by a factor of 60 in vacuum [153]. Oxygen molecules
were proposed to account for this phenomenon. It was suggested that oxygen molecules in
air can effectively passivate the surface defects in QDs. A direct oxidation of the defects
could occur by transferring their extra electrons to surface oxygen molecules, as illustrated
in Fig. 5.8(c). This effect passivates the possible hole traps and prevents the QD core from
charging during photoexcitation. In an oxygen-deficient environment, oxygen molecules are
detached from the QD surface. As a result, the probability of the luminescence OFF state is
significantly enhanced by the active surface traps.
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Water molecules in air were also found to strongly influence the luminescence blinking prop-
erties of QDs [153]. When considering the energy level for the redox potential of oxygen,
a small barrier exists for electrons transfer from the CdSe QD to oxygen, as illustrated in
Fig. 5.8(d). Presence of strongly polar medium such as water molecules could lead to a broad-
ening of the oxygen redox level, thereby facilitating electron transfer to form O−2 species. It
was reported that the photoluminescence of CdSe/ZnS core/shell QDs in atmospheric air was
9 times stronger than that in dry oxygen, due to the water molecule-assisted passivation of the
QD surface in air [153].

The present observations for the MPA capped CdSe QD powder are consistent with the above
model. In addition, the fact that the PL of QDs remains unchanged during evacuation and
rapidly decreases in vacuum when photoexcitation starts further demonstrates that photoex-
citaton is a requisite to detach oxygen from the QD surface. One possible mechanism is
through the reduction of the oxygen ions by the photogenerated holes. As a result, the oxygen
molecules are converted to be physisorbed on the QD surface, and can be easily detached by
evacuation or nitrogen gas flow. However, when measured in air, the active surface defect sites
of the QDs could be quickly re-passivated, due to the abundance of oxygen molecules in the
surroundings. This ensures a high photoluminescence intensity of the QDs.

The effect of water vapor in air is not specially examined in this case. However, the work
presented in Chapter 6 suggests that oxygen-related surface passivation of the CdSe QDs in
dry oxygen gas is not so effective like that in the atmospheric air without the assistance of
water molecules.

5.6 Chemical stability

Water soluble semiconductor QDs usually suffer from gradual degradation of their surface
passivation during storage [160]. In this section, the chemical stability of the MPA-capped
CdSe QDs against light irradiation and oxidation is examined and analyzed.

The as-prepared QDs are purified from the crude solution following the procedure described
in section 4.2.2. The purified QDs are re-dispersed in deionized water with the same concen-
tration as in the as-prepared solution. Then, it is distributed into eight 2 ml transparent glass
vials and their pH values are adjusted with tetraethylammonium hydroxide, respectively. The
vials are covered with parafilm with small holes onside. The pH value for these QD samples
and their storage conditions are listed in Table 5.1. The samples N1–N4 and A1–A4 are placed
in two identical gas-tight glass bottles, which are evacuated and filled with dry nitrogen and
atmospheric air, respectively. Four of the samples are wrapped with aluminum paper for the
darkness storage condition.

Figure 5.9 shows the photographs of the QD samples taken after four weeks of storage ((a)
in nitrogen, (b) in air). The QDs stored in dry nitrogen still preserve excellent dispersity in
the solution. In contrast, QD samples stored in air undergo significant aggregation. The QDs
in sample A1–A3 form big agglomerates which deposit at the bottom of the vials with nearly
colorless supernatant liquid. However, the sample A4 with pH of 10.5 stored in darkness still
shows high dispersity without obvious aggregation.

There are three main mechanisms for the degradation of thiol-stabilized CdSe QDs [160]: one
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Figure 5.9: Photograph of the CdSe QD samples after two week storage in nitrogen (a) and
air (b) for the chemical stability experiments.

is the light irradiation induced photo-oxidation of the ligands in which the photogenerated
holes react with the thiol groups with the presence of oxygen. This can detach the ligands
from the QD surfaces. These detached ligands are converted into disulfide compounds after-
wards [160]. When nearly all of the ligands are removed, the QDs will aggregate together and
precipitate out of the solution.

The photo-oxidation process is probably accompanied by two additional effects, the chemical
oxidation and the hydrolysis of the thiol bindings, but at relatively lower rates. The stability
of the cadmium-thiol bonds on the QD surfaces is sensitive to the pH of the solution environ-
ment. In the solution, the thiol group could occur a hydrolysis process, which is related to its
acidity described by the acid dissociation constant pKa. An acid HA in a water solution could
dissociate and form the following equilibrium

HA
 H+ + A− (5.3)

Its pKa is calculated by the equilibrium concentrations (in mol/l) of the chemical species,

pKa = −log10


(H+)(A−)

(HA)


(5.4)

The pKa is ∼ 10.2 for the thiol group in MPA molecules. When the pH of the QD solution

Table 5.1: Parameters for testing the chemical stability of the CdSe QDs. Natural ambient
light is used for ambient light condition of the samples. The darkness condition is realized by
wrapping the sample vials with aluminum paper.

Sample Nr. pH value of QD solution Storage: atmosphere Storage: light conditions

N1 7.0 nitrogen ambient light
N2 10.5 nitrogen ambient light
N3 7.0 nitrogen darkness
N4 10.5 nitrogen darkness
A1 7.0 air ambient light
A2 10.5 air ambient light
A3 7.0 air darkness
A4 10.5 air darkness
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is below this value, the thiol ligands will gradually detach from the QD surface due to the
hydrolysis effect.

In the present study, for the QD samples stored in nitrogen (N1–N4), photo- and chemical
oxidation of the ligands are avoided. The well-preserved dispersity of the dots indicates that
the hydrolysis of the ligands in the sample N1 and N3 dissolved in pure water is quite slow and
has negligible effect during the experimental period. In comparison, the samples stored in air
suffer from severe oxidation effect. The samples A1 and A2 exposed to ambient light exhibit
severe aggregation due to the combined effects of the photocatalytic and chemical oxidation
while the hydrolysis of the ligands further occurs in A1. In A3 and A4, the photo-oxidation
effect is prevented. Compared to A4, A3 suffers from further the ligand hydrolysis degradation
in addition to the chemical oxidation, which induces the aggregation of the QDs. However,
it seems that the extent of QD aggregation becomes gradually milder from A1, A2 to A3,
demonstrating that the photo-oxidation is the dominant effect in the degradation of the QDs
during storage.

5.7 Summary

In this chapter, colloidal CdSe QDs are synthesized using a wet chemical method. The growth
kinetics of the QDs is studied. The size-dependent Stokes shift and the photoluminescence
quenching of the QDs in oxygen-deficient environments are investigated. At last, the chemical
stability of the prepared QDs is examined.

The prepared QDs are capped with bifunctional thiol-carboxyl molecules as stabilizers. TEM
measurements demonstrate the spherical shape of the QDs and their crystallinity. The ab-
sorption spectra of the QDs exhibit multiple peak features arising from different electronic
transitions. The absorption peak with the lowest energy is assigned to the transition from the
1S3/2 hole level to the 1Se electron level of the QDs. Based on a previously reported method,
the evolutions of QD size and size distribution during the synthesis are extracted from optical
measurements. CdSe QDs synthesized by this method have sizes in the range of 1.4–2.5 nm
with molar concentration of 30–100 μM in the crude solution. Based on these results, the
growth mechanism of the QDs is analyzed.

The growth of the QDs can be divided into three stages. At the beginning (0–20 h), the growth
is based on an Ostwald ripening process in which smaller particles in the solution gradually
shrink while the bigger ones continue to grow. This deviation in the growth rates results
in the quickly decreased total number of the particles and the broadening of the particle size
distribution. Afterwards, with increased average particle size, the growth enters into a balanced
stage where the growth rate slows down and the size distribution tends to be constant. This
stage lasts for another 20 hours. After that, the growth enters a size-focusing stage, which is
characterized by a gradual narrowing of the particle size distribution. During this stage, smaller
particles have larger growth rates and vice versa. This process lasts until the termination of the
synthesis. This study improves the understanding of the growth kinetics in the aqueous phase
synthesis of semiconductor QDs.

In addition, a so-called bright point phenomenon is observed for the synthesis. It represents the
fact that there exists a specific time for QD synthesis at which the photoluminescence quantum
yield of the QDs reaches its maximum (∼ 11% for the present synthesis). The appearance of
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the bright point is thought to correspond to the balancing between the QD shrinking and growth
during synthesis. For applications that prefer high luminescence efficiency of the QDs, it is
crucial to determine the bright point in order to obtain QDs with high optical quality.

The Stokes shift effect — the redshift of the photoluminescence with respect to the absorption,
is studied for the prepared CdSe QDs. Its value is found to vary in the range from 100 to
200 meV for differently sized QDs. It exhibits an overall decreasing trend with increasing
QD size but with strong fluctuations. This non-systematic dependence is probably due to the
continuous variation in the QD shape during the synthesis process.

The photoluminescence of the prepared QDs in dry powder form is studied in air, vacuum, and
nitrogen flow, respectively. The luminescence intensity is found to be strongly dependent on
the ambient gas. In air, the photoluminescence is approximately constant while it decreases
dramatically in vacuum and nitrogen flow. Referring to previous studies on the optical prop-
erties of single semiconductor QDs, this photoluminescence quenching effect is attributed to
oxygen-controlled surface effects in the QDs. Surface defects of QDs act as trap centers for
photogenerated charge carriers during excitation, which can induce a temporally charged QD
core and non-radiative Auger-type recombination channels with significantly shortened life-
times. Oxygen was found to passivate these surface defects and ensure a high luminescence
efficiency, which results in the ambient-dependent photoluminescence of QDs. The exper-
imental results indicate that the charge relaxation dynamics of semiconductor QDs is very
sensitive to the ambient environments, which should be paid special attention to during the
design of the related devices and the studies on the electronic operating properties.

The chemical stability of the prepared CdSe QDs is further examined. CdSe QD dispersions
stored in air with exposure to ambient light undergo severe aggregation after two weeks of
storage, which is maily attributed to the photooxidation of the capping ligands of the QDs.
The experimental observations suggest that an oxygen-free, dark condition and high pH value
(relative to the pKa of the thiols) of the dispersion are beneficial for maintaining the chemical
stability of thiol stabilized semiconductor QDs.
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Chapter 6

Oxygen-controlled Photoconductivity in
ZnO Nanowires Functionalized with
Colloidal CdSe Quantum Dots

One important research topic in contemporary nanotechnology is the assembly and study of hy-
brid nanostructures for fabrication of functional devices. Semiconductor quantum dots (QDs)
represent one kind of interesting nanomaterials featured with their striking size-tunable band
gaps, which makes them promising candidates as photo-sensitisers. Semiconductor nanowires,
as quasi-one-dimensional materials, are natural transport media for charge carriers in optoelec-
tronic devices. ZnO is a widely studied semiconductor due to its direct wide band gap, large
exciton binding energy, and high electron mobility. In this chapter, a hybrid nanostructure
is fabricated by surface functionalization of ZnO nanowire (NW) arrays with colloidal CdSe
QDs. This hybrid structure has potential applications in photosensing and photovoltaic de-
vices. Through photoconductivity measurements, the charge transfer mechanism in the hybrid
structure and the influence of the operating gas environment are studies.

The first section presents the assembly method of the ZnO-NW/CdSe-QD hybrid structures
and their optical and structural characterization. In the second part, the photoconductivity of
the hybrid sample is investigated in different gas environments, including air, oxygen, vac-
uum, and inert gases. In order to specifically study the charge transfer mechanism between the
nanowires and the QDs, a laser with a photon energy that can exclusively excite the CdSe QDs
is used as excitation source. After that, the influence of the ambient gas, with emphasis on
oxygen, on the optical and electrical properties of ZnO nanostructures and CdSe QDs is dis-
cussed. In the fourth section, a model of the electron transfer mechanism in the NW/QD hybrid
structure is proposed to explain the photoconductivity results. The last section summarizes the
results obtained in this chapter.
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Figure 6.1: Schematic of the ZnO-nanowire/CdSe-quantum-dot (ZnO-NW/CdSe-QD) hybrid
structure.

6.1 Surface functionalization of ZnO nanowires with CdSe
quantum dots

In this section the surface functionalization of ZnO nanowires (NWs) with colloidal CdSe
quantum dots (QDs) is presented. The obtained hybrid sample are characterized with optical
and transmission electron microscopy (TEM) measurements.

The ZnO nanowires used in this work are grown on fluorine-doped tin oxide (FTO) coated
glass sheets by a hydrothermal method. The detailed growth procedure is described in section
4.1.1. The prepared nanowire arrays have diameters in the range of 50–300 nm and lengths
∼ 1 μm. The nanowire density on the glass substrate is around 109 cm−2. Colloidal CdSe QDs
are synthesized with a method described in Chapter 5. The QDs are capped with a layer of
bifunctional 3-mercaptopropionic acid (MPA) molecules (HS-(CH2)2-COOH) and are soluble
in water. The thiol groups of the MPA molecules are bound to the QD surfaces. The outgoing
carboxyl groups can form chemical bonds with the zinc ions on ZnO nanowire surfaces [15],
as schematically shown in Fig. 6.1, which allows an efficient attachment of the QDs on the
nanowires.

The surface functionalization process of ZnO nanowires with CdSe QDs is as follows. Af-
ter synthesis, the CdSe QDs are purified from the reaction solution following a procedure
described in section 4.2.2. This step removes the residual chemicals in the crude solution,
especially the MPA molecules, which can compete with the QDs to deposit on the nanowire
surface. Then the QDs are re-dispersed in deionized water with molar concentration of ∼ 30
μM. The pH value of the dispersion is adjusted to 9.0 by addition of tetraehylammonium hy-
droxide. In atmosphere, there are many gas molecules and compounds like hydrocarbon and
hydroxyl species adsorbed on the surface of ZnO [15, 161], which hinders the binding of the
CdSe QDs. To remove these adsorbed species, the as-grown ZnO nanowires are annealed in
air at 500 ◦C for 1 hour. Then the nanowires are immersed in the QD solution and kept inside
for one day to ensure a saturated attachment of the QDs. After that, the sample is extracted
and rinsed completely with deionized water. Then it is left in air overnight to dry naturally.
The final sample is referred to as ZnO-NW/CdSe-QD hybrid structure.

Figure 6.2(a) shows a scanning electron microscope (SEM) image of the as-prepared ZnO
nanowire arrays. The nanowires show approximate hexagonal cross section, indicating their
growth along the c-axis of the hexagonal wurtzite symmetry. After QD coating, a weak color
change can be seen on the nanowire samples, which can be used as a quick judgement for QD
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Figure 6.2: (a) SEM image of as-prepared ZnO nanowires. (b) SEM image of a single ZnO
nanowire coated with CdSe QDs. The QDs form cluster-like structures on the nanowire sur-
face. (c) TEM image of ZnO nanowires coated with CdSe QDs. The inset is a magnification
of a QD cluster on the nanowire surface. (d) HRTEM image of the CdSe QD cluster. A QD
is marked with a circle. The TEM and HRTEM measurements were performed by K. Frank in
the group of Prof. A. Rosenauer at the Institute of Solid State Physics, Universität Bremen.

attachment. A SEM image of a single ZnO nanowire after QD coating is shown in Fig. 6.2(b).
The coating material forms clusters on the nanowire surface. The thickness of the coating layer
at the most densely coated places is estimated to be around 20 nm while some areas seem to
be poorly covered. The clustered structure is probably due to a partial capping of the QDs,
which results in QD aggregation during the coating process. As discussed in section 5.6, when
the pH value of the CdSe QD solution is below the pKa of the thiol groups in the stabilizer
molecules (∼ 10.2 for MPA), the stabilizers will gradually detach from the QD surface as a
result of the slow hydrolysis of the thiol groups. In this way, the attachment efficiency of the
QDs is increased.

Figure 6.2(c) shows a TEM image of QD-coated ZnO nanowires. The samples for TEM mea-
surements are prepared by scratching a small amount of the nanowires from the glass substrate
and transferring them onto carbon coated copper grids. In the TEM image, the QD agglomer-
ates can be recognized as dark floccules. The inset is a magnified image of a QD cluster with a
dimension around 30 nm. A high resolution TEM (HRTEM) image of the QD cluster is shown
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Figure 6.3: Energy-dispersive X-ray (EDX) spectrum of the ZnO-NW/CdSe-QD hybrid sample
measured by K. Frank in the group of Prof. A. Rosenauer at the Institute of Solid State Physics,
Universität Bremen.

in Fig. 6.2(d) and the QDs can be identified by their lattice fringes.

Figure 6.3 shows an energy-dispersive X-ray (EDX) spectrum of the ZnO-NW/CdSe-QD hy-
brid sample. The peaks assigned to Zn and O in the spectrum arise from the ZnO nanowires.
The Cu signal is due to the used copper grid for preparation of the TEM sample. The distinct
Cd and S peaks are from the QD core and the thiol groups of the stabilizer molecules, respec-
tively. The strong peak assigned to carbon is due to the carbon coating of the copper grid and

Figure 6.4: Absorption spectra of ZnO nanowires before and after QD coating. The spectra
are shifted vertically for clarity. The red line is the absorption spectrum of the CdSe QDs in
solution phase.
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the MPA stabilizers of the QDs. This finding demonstrates that the coating material on the
nanowire surface is the MPA-capped CdSe QDs.

Figure 6.4 compares the absorption spectra of the ZnO nanowires before and after coating with
CdSe QDs. A spectrum of CdSe QDs dispersed in water solution is also plotted for compari-
son. The absorption onset of ZnO appears around 400 nm due to the interband transition [19].
In the absorption spectrum of the NW/QD hybrid sample, extra absorption appears in the range
between 400–550 nm, which is attributed to the deposited CdSe QDs. The first absorption peak
at 505 nm arises from the fundamental electronic transition between the 1S3/2 hole level and
the 1Se electron level of the QDs (see section 2.4.1). Using the empirical equation 4.1, the
average size of the CdSe QDs can be calculated from the first absorption peak position to be
2.4 nm. In comparison to the reference QD sample, the absorption peak of the QDs in the
hybrid sample has no obvious spectral shift or band width broadening. This illustrates that the
optical properties of the QDs are well preserved after attaching onto ZnO nanowires.

6.2 Photoconductivity of the ZnO-nanowire/CdSe-quantum-
dot hybrid structure

In this section, the photoconductivity (PC) properties of the ZnO-NW/CdSe-QD hybrid struc-
ture are investigated. Photoconductivity is an optical and electrical phenomenon that describes
the change of the electrical conductivity of materials due to light irradiation. An argon ion laser
emitting at 458 nm (2.7 eV) is used in the present work for excitation. Thus its photon energy
is below the band gap of ZnO (3.37 eV at room temperature [27]), exciting only the CdSe
QDs in the hybrid samples. The photoresponse of the electric current flowing through the ZnO
nanowires under constant bias voltage is measured. The detailed information about the mea-
surement procedure and the experimental setup are described in section 4.3. Several NW/QD
hybrid samples have been investigated, and all measurements exhibited similar behaviors. The
results shown here were obtained all from the same sample.

6.2.1 Photoconductivity in air

Figure 6.5(a) shows the temporal evolutions of the electric current for the NW/QD hybrid sam-
ple and a pure ZnO nanowire sample for reference. The reference sample has been thermally
treated with the same conditions as used in the assembly of the NW/QD hybrid sample. The
laser intensity is 1.0 mW/cm2. The bias voltage applied on the nanowires is 1 V. When laser
irradiation starts, the current of the hybrid sample rapidly increases from the initial 28 μA to
200 μA in the first 6 minutes. After 30 minutes of irradiation, it reaches a value around 250
μA. Then the current gradually approaches saturation. When the laser is blocked, the current
drops immediately with a rate slowing down over time. It takes more than 6 hours for it to
return completely to the original dark value. In comparison, the current enhancement in the
bare ZnO nanowires under irradiation is very weak. The current climbs from 36 μA to 56 μA
in 2 hours and restores back to the original value in darkness. The above observations indicate
that the CdSe QDs in the hybrid sample play a crucial role in its strong PC enhancement.

The decay kinetics of the photoconductivity in darkness can be well described by a stretched
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Figure 6.5: (a) Photoresponse of the current of the ZnO-NW/CdSe-QD hybrid sample and a
bare ZnO NW reference sample measured in air as a function of time. (b) Decay kinetics of the
current of the NW/QD hybrid sample in darkness fitted with the stretched exponential function
Equ. 6.1.

exponential function with the form:

I = Iin f + (I0 − Iin f )exp[−(t/τ)α] (6.1)

where I0 and Iin f are the steady-state current reached under irradiation and the final dark current
after decay. τ is the decay time constant, describing the decay speed. α is the stretching
exponent. The zero point of time t is set at the termination of laser irradiation. Figure 6.5(b)
shows the fitting result of the current decay in air up to 5.5 h with the parameters τ = 0.5 h
and α = 0.43. It can be seen that the experimental result shows an overall excellent agreement
with the model in the whole time period.

To further examine the effect of the QDs in the photoconductivity enhancement, new measure-
ments are performed using a laser emitting at 532 nm. Figure 6.6 shows the measured current
evolutions of the NW/QD sample compared with the results obtained using the argon ion laser
with the same photon flux. As shown in the inset, the 532 nm laser locates spectrally at the
absorption tail of the QDs, implying that it can only excite a small part of the QDs. The cur-
rent evolution kinetics in both cases is very similar to that observed in Fig. 6.5(a). However,
the steady current reached under the 532 nm irradiation is only 75 μA compared to 160 μA
reached under the argon ion laser. This observation is consistent with the above speculation,
confirming that the CdSe QDs are strongly involved in the PC enhancement of the NW/QD
hybrid sample.

To interpret the observed PC enhancement in the NW/QD sample, the energy band alignment
of the hybrid structure has to be considered. It is known that the size-dependence of the band
gap is one of the main interesting features of semiconductor QDs. In the frame of the effective
mass approximation [45, 162], the band edge positions (Ecb for the conduction band and Evb
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Figure 6.6: Photoresponse of the current of the ZnO-NW/CdSe-QD hybrid sample versus time
under different laser irradiation.

for the valence band) can be approximately determined by

Ecb = Ecb,bulk + ∆E
m∗h

m∗h + m∗e
(6.2a)

Evb = Evb,bulk − ∆E
m∗e

m∗h + m∗e
(6.2b)

with

∆E = Eg,QD − Eg,bulk

where Eg,bulk, Ecb,bulk and Evb,bulk are the band gap energy, the conduction band and the valence
band positions of the bulk semiconductor material, respectively. Eg,QD is the band gap energy
of the QDs determined from the spectral position of their first absorption peak. m∗e and m∗h are
the effective masses of electrons and holes, respectively. For CdSe, the following parameters
are taken [162]. Eg,bulk is around 1.74 eV at room temperature. The bulk band edges locate at
Ecb,bulk ≈ −4.3 eV and Evb,bulk ≈ −6.04 eV in the absolute vacuum scale. The effective masses
of electrons and holes are 0.13m0 and 0.45m0, respectively. The first absorption peak of the
CdSe QDs in the hybrid sample is measured to be 505 nm, corresponding to a band gap of
2.45 eV. From Equ. 6.2a, the absolute energy positions of their conduction band and valence
band are determined to be -3.75 eV and -6.20 eV, respectively. For the band positions of ZnO
nanowires, bulk values are taken. The conduction band is located at around -4.19 eV [163].
Using the band gap of 3.37 eV of ZnO [164], its valence band position is determined to be
-7.56 eV.

Figure 6.7 shows a diagram of the energy band alignment inside the NW/QD hybrid struc-
ture in the absolute vacuum scale. When electrons in the CdSe QDs are photoexcited, they
can transfer into the conduction band of ZnO nanowires lying at a lower energy position,
which increases the concentration of the conduction electrons in the nanowires and therefore
increases the conductivity. This charge transfer may be a factor that accounts for the observed
PC enhancement of the hybrid sample. However, such a process is not complete yet. After
electron transfer, it is supposed to be a mechanism for the charged QDs to be neutralized and
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Figure 6.7: Diagram of energy levels of ZnO nanowires and CdSe QDs in absolute vacuum
scale determined from the literature values [162, 163].

go back to their original states. In addition, when laser is blocked in the photoconductivity
measurements, the currents reduce and return to the original values, indicating that the added
conduction electrons during the irradiation stage get trapped again. Moreover, the slow PC rise
and decay kinetics (in order of hours) suggests that it may be related to some slow chemical
effects.

Previous studies have shown that the gas environment has significant impact on the electrical
conductivity of ZnO materials, which is related to the chemisorption of gas molecules on their
surfaces [95, 165, 166]. Such effect can be more significant on nanostructured materials due
to their large surface-to-volume ratios. In addition, as shown in Fig. 6.5(b), the decay kinetics
in air follows accurately a stretched exponential function, which is a typical behavior for the
reduction of the conductivity induced by surface adsorption of gas molecules [167,168]. Thus,
the influence of gas environment on the photoconductivity of the NW/QD hybrid structure has
to be examined.

6.2.2 Photoconductivity in vacuum

Figure 6.8(a) shows the photoresponse of the current of the NW/QD hybrid sample in vacuum
compared with the result measured in air. The current rise and decay behaviors in these two
environments are completely different. In vacuum, when laser irradiation starts, the current
shows a rapid increase for a short period (less than 1 minute, see the inset). Then its increasing
rate suddenly reduces to a much lower level, from more than 20 μA min−1 to 0.8 μA min−1.
This rate reduces further during measurement. It takes about 8 hours for the current to reach
the steady value recorded in air.

However, further irradiation can bring the current to a higher value. After 12 hours of irradia-
tion, the current gets to 310 μA without hints for approaching a steady state. When the laser is
blocked at this point, the current decays slightly to 285 μA after 2 hours in darkness. The slow
decay maintains until air is filled into the vacuum chamber, which induces a sharp decrease of
the current.

In order to reach the saturation of the current in vacuum, another measurement is performed
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Figure 6.8: (a) Photoresponse of the current of the ZnO-NW/CdSe-QD hybrid sample mea-
sured in air and vacuum (∼ 10−6 mbar), respectively. The inset is a magnification of the initial
period of the photoconductivity enhancement. (b) Current evolution of the hybrid sample in
vacuum under prolonged irradiation.

with prolonged laser irradiation, shown in Fig. 6.8(b). The overall behavior of the current is
similar to that in Fig. 6.8(a). After 96 hours of irradiation, the current has increased from 28
to 1130 μA (a more than 40-fold enhancement). However, the current is still not saturated
despite a further reduction of the increasing rate. These observations clearly indicate that the
photoconductivity kinetics of the hybrid sample strongly depends on the gas environment,
suggesting that this process is controlled by some surface effects. To examine the effects
of different components of air on the photoconductivity kinetics, measurements are further
performed in oxygen, nitrogen, and argon, respectively.

6.2.3 Photoconductivity in diverse gas environments

The evolution of the current under laser irradiation measured in dry oxygen is compared with
that obtained in air in Fig. 6.9(a). For the measurements, the sample chamber is first evacuated
and then filled with highly pure oxygen (purity of 99.9995%). The gas pressure inside the
chamber is ∼ 1.1 bar. The kinetics of the current increase and decay in oxygen is very similar
compared to those in air. The current reaches a steady state after 30 minutes but with a smaller
value of ∼ 100 μA compared to 260 μA reached in air. After blocking the laser irradiation, the
current reduces gradually to the original dark value. This behavior forms strong contrast with
that observed in vacuum.

Figure 6.9(b) presents the photoconductivity evolutions measured in nitrogen and argon at-
mospheres compared with the results obtained in air and vacuum. For these measurements, a
constant flow of highly pure nitrogen (99.999% with O2 < 2.0 ppm) or argon (99.9999% with
O2 < 0.1 ppm) is applied to pass through the sample chamber. The detailed information about
the experiments is described in section 4.3. It can be seen that the PC behavior in nitrogen and
argon atmospheres resembles that in vacuum: the increase is rapid at first with comparable
rate to that in air. After a short period (less than 1 min), the increasing rates reduces to much
smaller values (2.0 μA min−1 in nitrogen, 1.4 μA min−1 in argon and 0.8 μA min−1 in vacuum).
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Figure 6.9: (a) Photoresponse of the current of the NW/QD hybrid sample measured in air
and pure oxygen under the same laser irradiation. (b) Photoresponse of the current of the
hybrid sample in air, nitrogen flow, argon flow, and vacuum. The results for air and vacuum
are reproduced from the data shown in Fig. 6.8(a).

However, prolonged irradiation can result in higher currents than the maximum steady value
reached in air.

Combining the above results obtained in different environments, the photoconductivity kinet-
ics of the NW/QD hybrid structure strongly depends on the surrounding gas environment. The
CdSe QDs are demonstrated to play an important role in the enhancement of the photocon-
ductivity under laser irradiation. The evolution of the photoconductivity shows significantly
different behaviors in oxygen-rich (air and pure oxygen) and oxygen-free (vacuum, nitrogen
and argon) environments. This strongly indicates that oxygen in this case is the component of
air that controls the PC kinetics.

6.3 Oxygen adsorption on ZnO nanostructures and CdSe
quantum dots

In this section, the influence of gas molecule adsorption, with emphasis on the adsorption of
oxygen molecules, on the optical and electrical properties of ZnO nanostructures and CdSe
QDs is discussed.

6.3.1 Oxygen adsorption on ZnO nanostructures

Oxygen molecules are efficient electron acceptors due to their high electron affinity. They
are known to be one kind of the most commonly adsorbed gas molecules on the metal oxide
surface in ambient atmosphere [9,11,95]. Figure 6.10 shows a schematic of oxygen adsorption
on ZnO nanowire surface. Oxygen molecules can capture electrons from the conduction bands
of the oxides to form negatively charged ion species, which reduces the concentration of the
conduction electrons. The oxygen ions further enhance the upward band bending and induce a
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Figure 6.10: Schematic of oxygen adsorption on ZnO surface. The oxygen molecules capture
electrons to form oxygen ions, inducing surface band bending and depletion layer. Under
photo-excitation, the generated holes can drift to the surface and react with the oxygen ions,
which converts them to be physisorbed. Afterward, they can be easily detached. In addition,
ambient oxygen molecules can also be adsorbed onto the ZnO surface and capture electrons
to form oxygen ions.

depletion layer in the near-surface region. As a result, the electrons are pushed to the center of
the nanowire to form a narrow conduction channel. The combination of these effects reduces
the conductivity of the nanowire. The width of the depletion region is given by [169, 170]

W =


2ε0εrVs

ene
(6.3)

where ε0 is the vacuum permittivity and εr is the relative permittivity of ZnO (εr ≈ 9 [171]).
ne is the free carrier density. ZnO normally shows a n-type conductivity due to the abundance
intrinsic defects like zinc interstitials and oxygen vacancies acting as donors. For pure unin-
tentionally doped ZnO, ne is typically in the order of 1017–1019 cm−3 [172]. Vs is the surface
potential corresponding to the surface band bending, as depicted in Fig. 6.10. For nanowires
grown along the c-axis, their side surfaces are composed of ZnO(101̄0) plane, for which, Vs

was reported to be ∼ 0.25 V [173]. Then, the depletion width is calculated using Equ. 6.3 to be
in the order of 10-100 nm. The ZnO nanowires used for building the NW/QD hybrid samples
have diameters in the range of 50-300 nm. Therefore, a part of them could be totally depleted
in atmosphere.

The presence of surface depletion layer in nanowires decreases the conductivity G, which is
described by [174]

G = eneµ
π(R −W)2

L
(6.4)
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where µ is the charge mobility. R and L are the radius and the length of the nanowire, respec-
tively. Oxygen adsorption can bring in reduced ne and increased depletion width W, which can
significantly reduces the conductivity of the nanowires.

The photoconductivity of ZnO nanomaterials has been widely studied [95, 165, 175]. Under
ultraviolet light irradiation,the conductivity of ZnO significantly increases due to excitation
of electron-hole pairs. However, after termination of the irradiation, the conductivity will
not immediately return back to the original values but stay at a high level for quite a long
time, typically in the range from several minutes to hours depending on the operating gas
environment. This phenomenon was believed to be related to the photodesorption and re-
adsorption of oxygen molecules on the ZnO surface.

As schematically shown in Fig. 6.10, when ZnO is photo-excited, the holes generated in the
valence band can drift to the surface along the upward band bending and react with the ad-
sorbed oxygen ions. These oxygen ions are converted to be physisorbed, which are easy to be
detached from the ZnO surface. Through this process, the concentration of the free electrons
is increased. Thus the conductivity of the nanowire enhances. This adsorption and photodes-
orption processes of oxygen molecules can be described by the equation

O2
e− (adsorption)
−−−−−−−−−−−−−−⇀↽−−−−−−−−−−−−−−
h+ (photodesorption)

O−2 (6.5)

6.3.2 Oxygen adsorption on CdSe quantum dots

As presented in section 5.5, oxygen molecules are also commonly adsorbed on the surfaces
of the MPA-capped CdSe QDs, which significantly influences their optical properties. Oxy-
gen molecules can effectively passivate the surface defects of the QDs, which otherwise act
as trap centers during photoexcitation process. These trap centers can induce charged QD
core and fast non-radiative Auger-type recombinations. Therefore, the photoluminescence of
the QDs exhibits severe quenching in oxygen-deficient environments. Considering the cru-
cial role of the QDs in the photoconductivity enhancement of the NW/QD hybrid sample, the
oxygen-controlled recombination process in the QDs may have essential impact on the photo-
conductivity kinetics.

The photoluminescence (PL) of the ZnO-NW/CdSe-QD hybrid sample is measured in air,
vacuum, and nitrogen flow, respectively. The experimental setup and the gas environment
conditions are the same as used in section 5.5 for the measurements of the CdSe QD powder.
A 325 nm HeCd laser is used as excitation source with a laser intensity of ∼ 10 mW/cm2.

Figure 6.11(a) shows the temporal evolutions of the excitonic PL intensity of the CdSe QDs
in the hybrid sample under continuous excitation. The time zero is set at the start of laser
irradiation. The results are normalized to the initial values for comparison. The overall trends
of the luminescence evolution for every environment are very similar to the results of the
CdSe QD powder obtained in section 5.5. Those results are reproduced in Fig. 6.11(b). When
measured in air, the PL of the QDs in the hybrid sample shows little decay over time (1 to 0.85
of the original value after 10 minutes), probably due to a slight degradation of the QDs. In
contrast, the PL intensities in vacuum and nitrogen flow decrease significantly upon exposure
to the laser light. In the first 3 minutes, the luminescence intensities reduce to 0.1 in vacuum
and 0.25 in nitrogen of their initial values, respectively. As discussed above, such decrease in
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Figure 6.11: The temporal evolution of the excitonic photoluminescence (PL) intensity of the
CdSe QDs in the NW/QD hybrid sample (a) and pure CdSe QD powder (b), compared with the
evolution of photoconductivity of the NW/QD sample measured in vacuum. The time zero for
the PL measurements is set at the start of photoexcitation. The initial PL intensities at time 0
and the maximum of the current for the photoconductivity measurments are normalized to the
same magnitude while the initial value of the current normalized to zero for easy comparison.

the PL intensities is due to the activation of the surface defects of the QDs and the resulting
non-radiative Auger recombination processes. In addition, it is interesting to notice that the
rapid drop of the PL intensities coincides well with the sudden reduction of the increasing rate
observed in the photoconductivity measured on the NW/QD sample in vacuum. This suggests
that the oxygen-controlled recombination processes in the QDs may account for the unusual
photonconductivity kinetics of the hybrid sample in vacuum and the inert gas environments.

6.4 Mechanism of the photoconductivity enhancement

Based on the above analysis, a model for the charge transfer in the photoconductivity process
of the ZnO-NW/CdSe-QD hybrid structure is proposed and discussed in this section to explain
the experimental results.

6.4.1 Operation model

Figure 6.12 shows a model of the ZnO-NW/CdSe-QD hybrid structure to illustrate the charge
transfer and surface oxygen desorption processes in the photoconductivity measurements. Part
(a) illustrates the oxygen adsorption on the nanowire and QD surfaces in the ambient atmo-
sphere. The conductivity of the nanowire lies at a low level due to the decrease in the concen-
tration of the conduction electrons and the presence of a surface depletion layer induced by
oxygen adsorption. The surface defects of the QDs are passivated by oxygen molecules.

Photoconductivity in oxygen-rich environments
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Figure 6.12: (a) Oxygen adsorption on the NW/QD hybrid structure in air. Oxygen ions on
the nanowire surface induce upward band bending and depletion layer. Oxygen adsorbed on
the QD surface passivates their surface defects. (b) Charge transfer and oxygen desorption
in the photoconductivity (PC) process in oxygen-rich environments. Surface defects of CdSe
QDs are kept passivated by the quick compensation of ambient oxygen. Oxygen adsorbates
on the nanowire surface are gradually desorbed by the photogenerated holes in the CdSe
QDs. The free electron concentration in the ZnO nanowire increases while the band bending
is relaxed due to the removal of oxygen ions. (c) Charge transfer and oxygen desorption in the
PC process in oxygen-free environments. Detachment of oxygen from the QD surface results
in active surface defects and quick Auger recombination processes, which competes with the
charge transfer between the QD and the NW, inducing slow oxygen desorption from the NW
surface.

In an oxygen-rich environment (air or pure oxygen in the present work), when the hybrid
structure is irradiated with an argon laser, electron-hole pairs are created in the CdSe QDs
(Fig. 6.12(b)). The electrons can transfer into the conduction band of the ZnO nanowire.
On the other hand, the photogenerated holes can react with the oxygen ions adsorbed on the
nanowire and QD surfaces, which can desorb them freely. However, the QDs can remain
passivated due to the quick re-adsorption of the ambient oxygen molecules, which is reflected
by the stable PL of the QDs in air shown in Fig. 6.11(a). With respect to the ZnO nanowires,
the oxygen re-adsorption seems relatively slow compared to that occurring on the QD surface.
The total effect is that the electrons trapped by oxygen ions on the nanowire surface tunnel
into the valence band of the QD. They can be excited with the argon laser and then transfer
back to the conduction band of ZnO. In this process, the QD stays electrically neutral. It acts
as photocatalyst for oxygen desorption from the nanowire surface by providing holes. As a
result, the free electron concentration in the nanowire increases and the removal of oxygen ions
further reduces the width of the depletion layer, inducing the enhancement of the conductivity.
This can explain the rapid current rise observed in air and oxygen shown in Fig. 6.9(a).

As this process proceeds, more and more oxygen adsorbates are removed from the nanowire
surface while more free surface sites are created. Therefore, the rate of oxygen desorption-
gradually decreases and that of the oxygen re-adsorption increases. Ultimately, an equilibrium
between these two effects is reached and the density of the surface oxygen on the nanowire
remains steady afterwards. This corresponds to the observed saturation of the current in
Fig. 6.9(a). When measured in pure oxygen, due to the larger oxygen partial pressure rela-
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tive to air, oxygen is more probable to be re-adsorbed, inducing a lower extent of the surface
oxygen desorption under equilibrium. Thus the steady current observed in pure oxygen is
lower than that reached in air. When the laser irradiation is blocked, the ambient oxygen
molecules are gradually adsorbed onto the nanowire surface. The system slowly returns back
to the original state accompanied with the drop of the conductivity of ZnO nanowires.

Photoconductivity in oxygen-free environments

When the photoconductivity measurements are performed in oxygen-free environments (vac-
uum, argon and nitrogen flows), the situation is different. After desorption from the nanowire
or the QD surface, oxygen molecules will be carried away immediately by either vacuum
pumping or the inert gas flow. Thus, ideally, no oxygen re-adsorption occurs during irradia-
tion. This can induce profound change in the charge relaxation dynamics of the QDs. Accord-
ing to the observed PL quenching of the CdSe QDs in Fig. 6.11, the oxygen molecules on the
QD surface can be removed in less than 1 minute under laser irradiation. Within this minute,
most of the QD surface defects are still passivated by oxygen molecules. Photogenerated holes
can quickly react with the surface oxygen ions of the nanowire and detach them. After nearly
all the oxygen adsorbates are removed from the QD surface, the active defects act as trap
centers and induce fast Auger-type recombinations in the QDs in which the excited electrons
quickly relax to the valence band by transferring their energies to the additional charge car-
riers (Fig. 6.12(c)). Therefore, the rate of the electron transfer from the QD to the nanowire
and the oxygen desorption from the nanowire surface are significantly reduced, resulting in
the abrupt decrease in the increasing rate of the current (Fig. 6.9(b)). However, as there is no
re-adsorption of oxygen occurring, ideally, all oxygen adsorbates on the nanowire surface can
be removed ultimately under sufficient long laser irradiation. Therefore, higher currents can
be expected for prolonged irradiation.

The deviation in the increasing rates of the current in vacuum, nitrogen, and argon can be ex-
plained as follows: first, in the photoconductivity measurements the sample was covered with
another piece of FTO glass, which was unfavorable for the inert gas flow to reach the sample
surface and drive the desorbed oxygen away. As a result, they were probably readsorbed by the
QDs. Besides, there are still small oxygen components contained in the inert gases (O2 < 2.0
ppm for nitrogen and O2 < 0.1 ppm for argon). The argon gas has higher purity. Thus the
current behavior observed in argon flow is more approximate to that in vacuum.

6.4.2 Charge transfer rates

The operation rates of the above charge transfer and oxygen desorption model are further
discussed in this subsection.

Figure 6.13 comprehensively shows the possible charge transfer and relaxation processes, and
the oxygen desorption and adsorption events occurring in the photoconductivity measurements
of the NW/QD hybrid structure. The energy levels of the CdSe QDs are discrete with a large
spacing due to the strong quantum confinement effect on the motion of the charge carriers,
as described in section 2.4. The level spacing is generally on the order of tens to hundreds
of meV. Under the irradiation of the argon ion laser, electron-hole pairs are quickly generated
in the CdSe QDs. After the carriers are excited to higher levels, their thermalization to the
band edges could be very slow due to the much larger level spacing relative to the energy of
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Figure 6.13: Schematic for illustrating the operation rates of charge transfer and reaction in
the photoconductivity processes of ZnO-NW/CdSe-QD hybrid structures.

longitudinal optical (LO) phonon in CdSe (25 meV [60]), referred to as a phonon bottleneck
phenomenon (see section 2.4.4). However, fast subpicosecond thermalization processes of the
hot carriers (τ1e and τ1h) are commonly observed in QDs [176], which can be helped by the
defect states located between the electron and hole levels [59]. In addition, hot carriers could
also transfer their energies to the high frequency vibrations of the capping ligand molecules of
the QDs [59].

As discussed above, the band-edge recombination of the electron-hole pairs in the CdSe QDs
has two types. One is the radiative neutral exciton recombination with a lifetime τ2r. The other
is the non-radiative Auger recombination with significantly shortened lifetime τ2nr, induced by
charge trapping of the surface defects of the QDs. This has been already discussed in section
5.5. τ2r is typically in the order of several tens of nanoseconds for colloidal CdSe QDs while
the τ2nr is generally one order of magnitude smaller than it or even less [155].

The excited electrons could transfer into the conduction band of the nanowire. The driving
force for this process is the energy difference between the conduction band positions of the
QD and the nanowire. For CdSe QDs functionalized ZnO nanostructures, the time constant τ3

for electron injection from the QDs into ZnO was reported to be on the order of 10 ns, which
further depends on the size of the QDs and their capping ligands [177, 178]. This is compa-
rable to the neutral exciton lifetime in the QDs and slower than the nonradiative Auger-type
recombination processes. Therefore, when performing the photoconductivity measurements
in oxygen-free environments, the triggered Auger recombinations in the CdSe QDs can effi-
ciently compete with the charge transfer between the QDs and the nanowires, inducing the
observed slow photoconductivity enhancement.

In addition, according to the observed slow PC rise and decay dynamics, the time constant τ4

for oxygen desorption and adsorption onto the ZnO surface could be on a time scale of minutes
or even hours. Using the fitting parameters obtained in Fig. 6.5(b), the mean time constant for
the stretched exponential decay of the current of the NW/QD hybrid sample is given by

⟨τ⟩ =
τ

α
Γ


1
α


(6.6)

⟨τ⟩ is calculated to be 82 minutes for the PC decay in air. This slow chemical surface process
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Figure 6.14: I-V curves of the ZnO-NW/CdSe-QD hybrid sample in air and vacuum measured
in darkness. Inset: schematic of Schottky contact between FTO glass and ZnO nanowires.

should be the main limiting factor for the rates of the PC enhancement and decay dynamics in
the NW/QD hybrid sample.

6.4.3 The effect of Schottky contacts

In this subsection, the effect of Schottky contacts between the FTO glass and the ZnO nanowires
on the photoconductivity properties of the hybrid sample is analyzed. Considering a larger
work function of the FTO (φFTO = 4.4 – 5.0 eV [179, 180]) relative to the electron affinity of
ZnO (χZnO = 4.2 eV [163]), Schottky-type contacts are actually formed between the tips of the
ZnO nanowires and the FTO glass sheets (both the nanowire substrate and the top contacting
glass sheet). In this case, the conduction electrons in ZnO will flow into the FTO layer. As
a result, a build-in electric field is formed pointing from ZnO to the FTO, which lowers the
Fermi level in ZnO relative to that in FTO by an amount equal to the difference between their
work functions. At thermal equilibrium, the Fermi levels on both sides will line up and a po-
tential barrier is formed at the interface with a depletion area formed on the semiconductor side
due to its limited availability of free electrons. The inset of Fig. 6.14 shows a schematic of the
Schottky contact at the FTO and ZnO interface. Ideally, the barrier height is the difference be-
tween the FTO work function φFTO and the electron affinity of ZnO χZnO, as φb = φFTO −χZnO.
The width of the depletion area formed in ZnO is given by [169]

WD =


2εε0Ψb

ene
(6.7)

where Ψb = φFTO − φZnO is the barrier height on the semiconductor side. φZnO is the work
function of ZnO.

The contact barrier can introduce an extra resistance in the circuit. When a bias voltage is
applied between the two FTO glass sheets, the Schottky contacts on one side of the nanowires
will be in a forward bias mode while those on the other side are in a reverse bias mode. As
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a result, the current-voltage (I-V) dependence of the hybrid sample is characterized with non-
linear symmetrical curves. Figure 6.14 shows the current-voltage dependence measured in
darkness in air and vacuum, respectively, indicating the formation of Schottky contacts. In
some previous works about metal-ZnO-metal configured devices, ultraviolet light illumination
was fount to significantly affect the Schottky contacts at the metal/ZnO interface [181–183].
The photoexcited electrons increase the concentration of the free electrons, which can reduce
the width of the depletion area near the contact according to Equ. 6.7. Additionally, the holes in
the valence band of ZnO can follow the upward band bending and accumulate at the metal/ZnO
interface, which further lowers the barrier height [182]. As a result, the charge carriers become
more likely to transit over the lowered contact barrier or directly tunnel through the depletion
region, which decreases the contact resistance.

However, this effect seems to be very limited in the present work. First, the use of 458 nm
laser light excites electron-hole pairs not directly in the ZnO nanowires, but in the CdSe QDs.
The photogenerated holes will therefore be located inside the QDs, and no hole accumula-
tion occurs at the FTO/ZnO interface. Secondly, the increase of the free electron density in
the nanowires is mostly due to oxygen desorption and electron transfer from the QDs to the
nanowires. It is not so efficient like that using direct UV excitation. Furthermore, in the pho-
toconductivity measurements, even after a long time of irradiation, the I-V relation curves still
show clear Schottky behaviors, illustrating that the contact resistance is not eliminated effec-
tively. Therefore, the observed photoconductivity enhancement in the NW/QD hybrid sample
is mostly attributed to the increase of the conductivity in the ZnO nanowires.

Ohmic contacts on single ZnO nanowire

As described in Equ. 6.7, the increase of the free charge carrier density can narrow the deple-
tion width and hence reduce the contact resistance. Gallium (Ga) doping was found to act as
electron donors in ZnO and was demonstrated to be a proper impurity for fabrication of ohmic
contact for ZnO [184, 185]. Using preceding Ga+ implantation, a high quality ohmic contact
between platinum (Pt) electrode and unintentionally doped ZnO nanowire is obtained.

ZnO nanowires are grown by thermal chemical vapor deposition (CVD) method in the group of
Prof. C. Ronning at the Institute of Solid State Physics, Universität Jena. The growth method
is introduced in section 4.1.2. The nanowires are dispersed onto an oxidized silicon wafer
with pre-patterned Ti/Au electrodes. For Ga doping, Ga+ ions are implanted into the ends of
the nanowire. The Ga+ implantation and the deposition of Pt stripes are performed using a
FEI Dual-Beam NOVA 600 FIB/SEM instrument equipped with a trimethylcycloentadienyl-
platinum injector. The accelerating voltage for Ga+ implantation is 30 keV with a flow current
of 1 pA. The implanted dose is 1016 cm−2. Afterwards, Pt stripes are deposited to connect
the ends of the nanowire to the Ti/Au electrodes. The inset of Fig. 6.15 shows a SEM image
of the contacted ZnO nanowire. The nanowire has a diameter of 94 nm with the connecting
length between those two Pt stripes of 12.5 μm. Figure 6.15 shows the I-V relation measured
using a Keitheley 2400 Souremeter. The I-V curve shows an excellent linear dependence,
demonstrating the fabricated Pt-ZnO ohmic contacts. The resistance of the nanowire is given
by

R =
V
I
=

l
σA

(6.8)

σ = neµ (6.9)
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Figure 6.15: The current-voltage (I-V) relation of a Pt-ZnO-Pt contacted single ZnO nanowire
measured in darkness. The inset is a scanning electron microscope (SEM) image of the
nanowire. The areas marked with dashed rectangles are treated with gallium ions implan-
tation before deposition of the Pt stripes.

where l and A is the connecting length and the cross section area of the nanowire, respectively.
σ is the conductivity of the nanowire, n is the electron density, and µ is the electron mobility.
Using previously reported electron mobility of µ ≈ 20 cm2V−1s−1 [9, 11], the electron density
n of the ZnO nanowire is calculated to be 8 × 1018 cm−3, which agrees well in order with the
literature values [186].

6.5 Summary

In this chapter, hybrid nanostructures are fabricated by the surface functionalization of ZnO
nanowires with colloidal CdSe QDs. The QDs are synthesized by a wet chemical method.
They are stabilized with a layer of bifunctional 3-mercaptopropionic acid molecules. These
stabilizer ligands can act as molecular linkers to bind the QDs on the ZnO nanowire surface.
Optical and electron microscopy measurements demonstrate the dense attachment of the CdSe
QDs.

The photoconductivity (PC) of the nanowire/quantum-dot (NW/QD) hybrid samples is inves-
tigated in air, dry oxygen, vacuum, nitrogen, and argon, respectively. An argon ion laser
operating at 458 nm is chosen as excitation source, which exclusively excite the CdSe QDs.
The photoresponse of the electrical conductivity of the NW/QD hybrid structure is measured,
which allows a convenient investigation of the internal charge transfer mechanism. Under laser
irradiation, the photoconductivity of the hybrid sample is observed to increase dramatically
(∼ 10 times increase observed in air), which can restore to the initial value after termination
of irradiation. However, the rise and decay kinetics of the photoconductivity strongly depend
on the gas environments. It exhibits two kinds of essentially different PC kinetics observed in
oxygen-rich (air and dry oxygen) and oxygen-free (vacuum, nitrogen and argon) environments,
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respectively. These observations point to an oxygen-controlled surface effect dominating the
photoconductivity behaviors.

A model is proposed to explain the experimental results. In darkness, oxygen molecules are
densely adsorbed on ZnO surface. They capture electrons to form oxygen ions, resulting in
reduced conduction electron concentration, upward surface band bending, and surface deple-
tion layers. The combination of these effects reduces the conductivity of the nanowires. With
photoexcitation of the CdSe QDs, electron-hole pairs are generated. The electrons can transfer
into the ZnO nanowires while the holes can react with oxygen ions on the nanowire surface
and detach them. This results in the observed photoconductivity enhancement. However, as
demonstrated by photoluminescence measurements, the charge relaxation dynamics in CdSe
QDs is very sensitive to gas environment due to the important role of oxygen in their surface
passivation. The adsorption of oxygen molecules on the QD surface can effectively passivate
their surface defects. In oxygen-free environments, the unpassivated surface defects act as trap
centers which would induce fast Auger recombination of the electron-hole pairs. This pro-
cess can strongly compete with the charge transfer between the QDs and the nanowires, thus
inducing the much slower photoconductivity enhancement. This model can well explain the
experimental observations. In addition, the conductivity decay process in air is found to follow
a stretched exponential behavior, which is consistent with previous studies on surface-oxygen-
controlled conductivity in ZnO nanomaterials, providing further support for the present model.

The effect of the Schottky contacts formed between the ZnO nanowires and the FTO coated
glass sheets on the experimental results is further analyzed, which is believed to be very limited
due to the selective excitation of the CdSe QDs during the PC measurements. In addition, by
means of preceding gallium ions implantation, ohmic contacts between ZnO nanowires and
platinum are obtained, demonstrated by I-V dependence measurements.

This work presents a simple method for surface functionalization of ZnO nanowires with col-
loidal semiconductor QDs, which can be easily extended to other materials. The photoconduc-
tivity measurement can be used as a convenient method for investigating the charge transfer
in QD-sensitized nanomaterials. The experimental results can help the understanding of the
charge transfer and interaction processes in the ZnO-NW/CdSe-QD hybrid system which has
potential applications as photodetecting and photovoltaic devices. The strong influence of
oxygen on the photoconductivity kinetics of the hybrid sample further illustrates the impor-
tance of a carefully controlled surface termination of nanostructured devices for optimized
performance.
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Chapter 7

Excitation Intensity Dependence of the
Photoluminescence Properties of ZnO

Photoluminescence spectroscopy is a commonly used characterization technique for semicon-
ductor materials. The spectra generally consist of a near-band-edge emission band due to
interband recombinations and one or multiple deep-level related emission bands originating
from recombination processes involving defect centers. The photoluminescence properties of
semiconductors have been found to be excitation-intensity-dependent [90, 91, 187]. When the
excitation intensity becomes stronger, not only the overall emission intensity increases but also
the relative strength between different emission bands will change.

In this chapter, the excitation intensity dependence of the photoluminescence properties of
ZnO is studied. The investigated samples include ZnO nanowires grown by chemical vapor
deposition (CVD) as well as commercial ZnO wafers grown by a hydrothermal method. Their
photoluminescence properties are studied with a wide range of excitation intensities at room
and low temperatures.

In the first section, the basic photoluminescence properties of CVD-grown ZnO nanowires are
presented. The origins of their near-band-edge emission and deep-level emission are analyzed
in the second section with low temperature measurements. In the third part, the excitation
intensity dependence of the photoluminescence properties of ZnO nanowire and wafer samples
is investigated. After that, a theoretical model is proposed and discussed in the linear optical
regime to explain the experimental results. Then, the excitation intensity dependence of the
photoluminescence is further investigated at low temperature. The last section summarizes the
results obtained in this chapter.

7.1 Basic photoluminescence properties of ZnO nanowires
grown by chemical vapor deposition

The basic photoluminescence properties of ZnO nanowires grown by chemical vapor deposi-
tion (CVD) are presented in this section. The growth is based on a Au-catalyzed vapor-liquid-
solid (VLS) process. The growth method is described in section 4.1.2. The prepared nanowires
have an average diameter around 100 nm and lengths ranging from 10 to 100 μm.
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Figure 7.1: Photoluminescence spectra of VLS-grown ZnO nanowires at room temperature
and 10 K. A 325 nm HeCd laser is used as excitation source. The spectra have two main
emission bands: a near-band-edge emission band (NBE) in the ultraviolet region and a deep-
level emission band (DLE) in the visible spectral region.

Figure 7.1 shows the typical photoluminescence spectra for VLS-grown ZnO nanowires at
room temperature and low temperature (T = 10 K), respectively. The spectra have two main
emission bands: a narrow ultraviolet (UV) emission band and a broad visible emission band.
The UV band is mainly arising from band-edge recombination processes of excitons and their
phonon replicas, thus referred to as near-band-edge emission (NBE). ZnO has a high exciton
binding energy (∼ 60 meV), which is about 2.4 times larger than the thermal energy at room
temperature (25 meV). This results in efficient excitonic luminescence of ZnO at room tem-
perature. The NBE band peaks around 385 nm at room temperature with a band width of ∼ 18
nm (142 meV). When going to low temperature (gray line in Fig. 7.1), the emission shifts to
shorter wavelength (∼ 370 nm) due to the temperature dependence of the band gap.

The broad visible emission bands in Fig. 7.1 are, in general, related to recombinations via deep
levels in the band gap of ZnO induced by defects or impurities, and are referred to as deep-
level emission (DLE). The band maximum is around 510 nm at room temperature and shifts
to 506 nm (2.45 eV) at 10 K. The low temperature spectrum further shows multiple peaks.
Such a so-called green band is commonly observed in ZnO prepared by different methods.
The origins of the NBE and DLE are further discussed in the following section.

7.2 Origins of the band-edge and deep-level emissions of ZnO
nanowires

In this section, the microscopic origin of the photoluminescence of the ZnO nanowires is
discussed. The NBE is first investigated with high resolution photoluminescence spectroscopy.
The experimental setup is illustrated in section 4.4.1. Temperature-series measurements of the
NBE are performed to ascertain its luminescence origin at room temperature. The DLE is
discussed in the second part.
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Figure 7.2: High resolution spectrum of the NBE band of VLS-grown ZnO nanowires at 10 K.

7.2.1 Band-edge emission

As stated above, the NBE band of ZnO mostly consists of exciton emission and its phonon
replicas. Excitons are formed due to the strong Coulomb attraction between electrons and
holes. These excitons can move through the material and encounter a trap center. It may give
rise to either deep-level luminescence or generate a bound exciton complex. The recombina-
tion of the free and bound excitons and their coupling with phonons constitute the main part
of the NBE of ZnO.

Figure 7.2 shows a high resolution NBE spectrum of VLS-grown ZnO nanowires measured
at 10 K. The spectrum has rich features. The assignment of the emission peaks to different
optical transitions is achieved by comparing their energy positions with previously reported
values [38]. The peak labeled as FXA at 3.3763 eV is attributed to recombination of free A-
excitons. The energy position agrees well with the literature values measured on high quality
ZnO single crystals [19, 38]. The emission from free B-excitons and C-excitons that should
appear at higher energy positions (around 3.3834 eV and 3.4223 eV, respectively, according to
the literature [188, 189]) cannot be recognized in the present spectrum.

ZnO is an intrinsically n-type doped semiconductor due to the presence of abundant intrinsic
defects, like Zn interstitials or O vacancies formed during growth which act as electron donors.
At low temperature, excitons can be efficiently bound to these defect centers with binding
energies from several to several tens of meV. Thus, the donor bound exciton recombination
processes normally dominate the low temperature NBE of ZnO. The spectrum in Fig. 7.2 has
three prominent peaks at 3.3575 eV, 3.3606 eV and 3.3649 eV, labeled as D0

1X, D0
2X and D0

3X,
respectively. They are attributed to excitons bound to three kinds of neutral donors. However,
the assignment of these peaks to specific chemical species of donors is difficult due to the
sensitivity of the donor concentration and their capture cross section to the growth method and
conditions. The peak located at a slightly higher energy position of 3.3722 eV is assigned to
ionized donor bound exciton (D+X) [190]. The emission peak at 3.3334 eV, labeled as SD, is
attributed to the recombination of excitons trapped by structural defects in ZnO nanowires [38].
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Figure 7.3: Evolution of the high resolution near-band-edge emission of VLS-grown ZnO
nanowires with temperature increasing from 10 K to 300 K. The dashed lines are visual guides
for the shifts of the emission bands.

During the recombination of a neutral donor bound exciton, the final state of the donor can
be its ground state or an excited state, corresponding to the normal D0X emission and its
two electron satellite (TES) emission with lower energy, respectively. The energetic distance
between the D0X and its TES is consequently the difference between the energies of the ground
state and the final excited state of the donor. The emission peak observed at 3.323 eV in
Fig. 7.2 is attributed to a TES emission of the prominent D0X line.

Due to its high ionicity of 0.62, ZnO has strong exciton-phonon interaction [19, 191]. In
Fig. 7.2, the first order and second order longitudinal optical (LO) phonon replicas of the
free exciton are observed at 3.309 eV (FX-1LO) and 3.235 eV (FX-2LO), respectively. This
assignment is also confirmed by the temperature-series measurements discussed later. The first
and second LO phonon replicas of the dominant D0

2X states are located at 3.290 eV (D0
2X-1LO)

and 3.218 eV (D0
2X-2LO), respectively, with their energy distance close to the LO phonon

energy of 72 meV in ZnO.

To determine the NBE origin of the ZnO nanowires at room temperature, photoluminescence
measurements were performed with increasing temperature from 10 K to 300 K to track the
evolution of the luminescence spectra. The results are shown in Fig. 7.3. As the temperature
increases, all resolved emission lines in the NBE band shift gradually to lower energies, due
to the narrowing of the band gap. The dependence of the band gap energy of a semiconductor
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Figure 7.4: DLE spectrum of VLS-grown ZnO nanowires at low temperature (10 K). The
energy spacing between the emission peaks is around 72 meV. These peaks are attributed to
various-order longitudinal optical (nLO) phonon replicas of two emission lines resolved at
2.8470 eV and 2.8222 eV.

on temperature can be described by the phenomenological Varshni formula [192]

Eg(T ) = Eg(0) −
αT 2

β + T
(7.1)

where Eg(0) is the band gap at 0 K, T is the temperature, and α and β are material specific
fitting parameters.

When the temperature increases, the luminescence intensities of the donor bound exciton and
their TES and phonon replicas gradually weaken and finally become undetectable, as a result
of the dissociation of the donor bound exciton complexes. On the other hand, the free exci-
ton emission and its phonon replicas become stronger with increasing temperature due to the
increase in the density of the free excitons. In addition, these changes are accompanied by a
broadening of the emission lines. Ultimately, the free exciton and its phonon replicas merge
together, comprising the NBE band at room temperature.

7.2.2 Deep-level emission

The broad luminescence bands of ZnO observed in the visible and infrared spectral regions are
generally related to recombination via deep levels inside the band gap. These levels could be
induced by impurity atoms such as Cu, Fe, and Li, and intrinsic defects such as zinc intersti-
tials and oxygen vacancies [19]. Different deep centers will give rise to emission bands with
different characteristics, like the band position and the features at low temperatures. However,
there is still a wide controversy in literature about the assignment of DLE bands in ZnO. In
this subsection, the possible origin of the DLE in the VLS-grown ZnO nanowires used in this
work is discussed.

Figure 7.4 shows a DLE spectrum of the ZnO nanowires recorded at 10 K. The spectrum
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exhibits multiple emission peaks with its band maximum at 2.45 eV, corresponding to a so-
called green band that is commonly observed in many types of ZnO materials. The energy
spacing between these peaks roughly equals to the LO phonon energy of ZnO (72 meV),
indicating that these peaks originate from different phonon replicas of specific defect related
transitions. The two emission lines at the highest energy position resolved in the spectrum are
located at 2.8470 eV and 2.8222 eV, respectively.

The origin of such a green emission band in ZnO is still controversially discussed in literature.
Oxygen vacancies (VO) have be assumed for many years as one of the origins since the work
of Vanheusden in 1996 [170]. The DLE was attributed to transitions from the deep donor level
of VO to the valence band. However, recent studies provide more support to the assignment
to copper impurities that may be introduced during ZnO growth, which was ever proposed in
early studies [193–195]. Copper impurities have been found to induce two types of acceptor
states, the high lying ground Cu2+ state (190 meV below conduction band) and the excited
Cu+ states. The green emission band was attributed to the internal transition between these
two ground and excited Cu acceptor states [193]. At low temperatures, the emission was fount
to show a multiple-peak featured spectrum, which was thought to be a characteristic of the
copper related emission band [193]. However, the reported energy of the zero phonon line is
2.8590 eV, which has around 12 meV difference with our observation. Moreover, the introduc-
tion of copper impurities during the CVD growth of the nanowires seems also very unlikely
considering the high purity (99.9%) of the used ZnO source powder. In addition, the DLE
band at low temperature undergoes a blueshift relative to the room temperature emission. This
suggests that the DLE may be related to a transition process from the band edge. Therefore,
the assignment of the present green band is still an open question.

7.3 Excitation-intensity-dependent photoluminescence of ZnO

In this section, the excitation intensity dependence of the photoluminescence properties of
the VLS-grown ZnO nanowires as well as commercial ZnO wafers grown by hydrothermal
method are studied. The experimental setup is illustrated in section 4.4.2. The ZnO samples
are non-resonantly excited with a 325 nm HeCd laser with its photon energy equal to 3.8 eV,
which is well above the band gap of ZnO (3.37 eV at room temperature [27]). The laser spot
on the samples has a diameter around 30 μm. The laser power intensity is adjusted with a
neutral filter to vary in the range from 10−1 to 103 W/cm2. The photoluminescence spectra are
recorded using an Avantes 2048TEC fiber spectrometer. The measurements are performed at
room temperature.

7.3.1 Chemical vapor deposition grown ZnO nanowires

Figure 7.5(a) shows the photoluminescence spectra of the ZnO nanowires for different exci-
tation intensities. The relative peak intensity between the NBE and DLE bands varies sig-
nificantly with the excitation intensity. Under low excitation intensities, the DLE dominates
the luminescence spectrum. With increasing laser intensity, the NBE emerges and increases
quickly relative to the DLE. When the laser intensity rises from 0.3 to 936 W/cm2, the peak
intensity ratio between the NBE and DLE bands increases from 0.01 to 12, i.e. a variation of
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Figure 7.5: (a) Photoluminescence spectra of ZnO nanowires under different excitation inten-
sities. (b) Integrated DLE of ZnO nanowires as a function of excitation intensity. (c) Integrated
NBE of ZnO nanowires as a function of excitation intensity. The solid lines are plotted for vi-
sual guides. α is the slope of the lines.

more than three orders of magnitude. On the other hand, the band maximum positions and the
band widths have no obvious change under different excitation intensities.

The evolutions of the integrated DLE and NBE intensities as a function of laser intensity are
presented in Fig. 7.5 (b) and (c) on a logarithmic scale, respectively. The straight solid lines
are plotted for visual guides. The dependence of the DLE intensity on the excitation intensity
well follows a power law function,

I ∝ Iαex (7.2)

where I is the luminescence intensity, Iex is the laser intensity for excitation, and α is the
exponent. The strength of the DLE shows a slightly sublinear dependence on the laser intensity
with α ≈ 0.9.

The evolution of the integrated NBE can be divided into two parts (Fig. 7.5(c)). When the
laser intensity is lower than 20 W/cm2, the NBE increases approximately linearly with the
laser intensity with a exponent of α1 ≈ 1.1. When the laser intensity exceeds 20 W/cm2, the
dependence changes into a superlinear one and still roughly follows the power law form with
an exponent of α2 ≈ 2.3. Under even higher excitation intensities, the exponent tends to de-
crease. These results indicate that the DLE and NBE have significantly different dependencies
on excitation intensity.

The relative strength of DLE in photoluminescence spectra is commonly used to characterize
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Figure 7.6: Integrated intensities of the DLE (a) and NBE (b) of an m-plane ZnO wafer as a
function of excitation intensity at room temperature. The inset is a photoluminescence spec-
trum of the ZnO wafer recorded with a laser intensity of 11.7 W/cm2.

the defect abundance and crystal quality of ZnO samples. The present results suggest that
a safe conclusion may be arrived at only if the measurements are performed under the same
excitation conditions.

7.3.2 Commercial hydrothermally grown ZnO wafers

The investigated ZnO wafers (m-plane and c-plane) are purchased from Crystec and are grown
by a hydrothermal method. The wafers have a thickness of 0.5 mm. The surface is polished.
The wafer surface is composed of a ZnO(101̄0) plane or ZnO(0001) plane, commonly referred
to as m-plane and c-plane, respectively. The optical measurements of the m-plane and c-plane
wafers yield very similar results. The results shown below are measured on an m-plane wafer.

Figure 7.6 shows the integrated intensities of the DLE and NBE bands of an m-plane ZnO
wafer versus the laser intensity at room temperature. A typical photoluminescence spectrum is
shown in the inset, which is recorded with a laser intensity of 11.7 W/cm2. Its DLE band peaks
around 580 nm, compared to 510 nm in the ZnO nanowires investigated above, indicating that
different deep centers are responsible for the DLE of the wafers.

The integrated DLE intensity obeys well the power law dependence on excitation intensity
but with a smaller exponent (α = 0.59) than the one of the ZnO nanowires. In comparison,
the NBE increases almost linearly with excitation intensity (Fig. 7.6(b)). When the laser in-
tensity rises from 0.5 to 1000 W/cm2, the NBE shows a increase of more than 4 orders of
the integrated intensity compared to the 2-order increase observed in the DLE. The excitation
intensity dependence of the luminescence of the ZnO wafer is significantly different from that
observed in the ZnO nanowires, illustrating that the observed effect is not a general one for
ZnO materials but sample-specific. It is sensitive to the preparation method and conditions,
which may induce different kinds of defects or bring in different impurities during growth.
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Figure 7.7: Schematic of excitation and recombination processes in ZnO. G is the electron-
hole pair generation rate under photoexcitation. n and p are the electron and hole densities.
Na and Nd are the deep acceptor and donor concentrations and Nds is the shallow donor
concentration. ci j is the corresponding bimolecular recombination coefficient.

7.4 Model

A model of the optical recombination dynamics in ZnO will be discussed in this section in
order to explain the observed experimental results. It is adapted from previous studies on
the photoluminescence properties of GaN [90, 196]. The model is established in the linear
optics regime, which takes into account the band-to-band transitions, the deep-level radiative
and non-radiative recombinations, and the commonly observed intrinsic n-type conductivity
of ZnO materials. The interband transitions are treated as direct recombinations between
conduction band electrons and valence band holes. The Coulomb interaction among these
holes and electrons is ignored. The donor-acceptor pair (DAP) recombination is not taken
into account. The deep-level-related recombination is classified into two types: donor-state
and acceptor-state recombination. The operating rates for different recombination channels
are represented with their bimolecular recombination coefficients. The excitation intensity de-
pendence of these optical transitions is calculated using different electron-hole pair generation
rates.

Figure 7.7 schematically illustrates the model of the photo-excitation and recombination pro-
cesses in ZnO for theoretical simulation. G represents the electron-hole pair generation rate
corresponding to the excitation intensity used for the photoluminescence measurements. The
electrons and holes can recombine through direct inter-band transition or deep acceptor (Na)
or deep donor (Nd) assisted processes. ci j denotes the bimolecular recombination coefficient
for different recombination routes. Nds denotes the concentration of shallow donors that are re-
sponsible for the intrinsic n-type conductivity of ZnO. In the present discussion, these shallow
donors are assumed to be completely ionized. The experimentally observed DLE of ZnO and
the non-radiative transitions are represented by those two deep center related recombinations.

At equilibrium, the charge generation-annihilation balances, resulting in the following equa-
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tions,

dn
dt
= G − cnpnp − cnanN0

a − cndnN+d = 0 (7.3)

dN0
a

dt
= cnanN0

a − capN−a p = 0 (7.4)

dN+d
dt
= cndnN+d − cdpN0

d p = 0 (7.5)

where N0
a and N−a are the neutral and ionized deep-acceptor concentrations, and N0

d and N+d are
the neutral and ionized deep-donor concentrations. Their sums are equal to the total concen-
tration of the corresponding deep centers, respectively,

N0
a + N−a = Na (7.6)

N+d + N0
d = Nd (7.7)

The charge conservation gives,

n + N−a = p + N+d + Nds (7.8)

The photoluminescence intensities are related to the recombination rates as

INBE ∝ cnpnp (7.9)

IDLE ∝ cnanN0
a or cndnN+d (7.10)

The equation system 7.3–7.8 can be solved numerically. There are several constant parameters,
including the concentrations of defects Na, Nd, Nds and the recombination coefficients ci j,
which are dependent on the specific growth method and conditions of the ZnO materials.
These parameters are carefully adjusted during the simulation until good agreement with the
experimental results is obtained.

Figure 7.8 shows the final fitting results of the excitation intensity dependence of the lumines-
cence intensities as a function of electron-hole pair generation rate for ZnO nanowires (a) and
wafer (b), respectively. The calculated results based on the above model are represented by
solid lines. With regard to the photoluminescence experiments, some facts have to be kept in
mind. Due to the refractive index dispersion of light in optical lenses, the NBE and DLE with
different wavelengths cannot be accurately co-focused and equally coupled into the spectrom-
eter. Thus, the absolute intensities of the NBE and DLE bands in the recorded spectra cannot
exactly represent the real emission of the samples. Due to this consideration, the calculated
and experimental results shown in Fig. 7.8 are normalized to the values at the crossing points,
respectively. The laser power intensity used in experiments is converted into electron-hole
generation rate assuming that every absorbed photon excites one electron-hole pair in ZnO.
The effective thickness of the photo-excited layer beneath the surface is estimated to be 100
nm according to the absorption coefficient of ∼ 1.5 × 105 cm−1 of ZnO at 325 nm [197]. The
parameters used for calculations are listed below, In order to obtain a good fitting to the exper-
imental results of ZnO nanowires (Fig. 7.8(a)), relatively higher defect concentrations (Nd and
Nds) have to be used in comparison to those used for fitting to the results of the wafer. This is
consistent with their lower crystal quality compared to the commercial ZnO wafers. The shal-
low donor concentrations (Nds) used for both cases are consistent in order of the magnitude
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Figure 7.8: Comparison between calculated and measured luminescence intensities of ZnO
nanowires (a) and ZnO wafers (b) as a function of electron-hole pair generation rate. The red
lines in both figures are the simulated evolution of the ratio of the hole density to the electron
density. The calculated and experimental results are normalized to the values at 1025 cm−3s−1

in (a) and 1024 cm−3s−1 in (b), respectively. The parameters used for calculation are listed in
Table 7.1.

Table 7.1: Parameters used for the calculations of the excitation-intensity-dependent lumines-
cence intensities of ZnO nanowires and wafer shown in Fig. 7.8.

Sample Na

(cm−3)
Nd

(cm−3)
Nds

(cm−3)
cnp

(cm3s−1)
cna

(cm3s−1)
cap

(cm3s−1)
cnd

(cm3s−1)
cdp

(cm3s−1)

NW 1015 3.5 × 1016 1017 10−11 10−11 10−7 10−9 10−8

wafer 1015 1015 1016 10−11 10−9 10−6 10−12 10−7

with the commonly observed free electron density in ZnO [198–201]. The same bimolecular
coefficient cnp = 10−11 cm3s−1 for band-edge recombination processes is used. The recom-
bination coefficients for deep level transitions used for the simulations are different for the
nanowire and wafer samples, which is reasonable due to the different luminescence origins of
their DLE bands.

In addition, the experimental results of the DLE of the ZnO nanowires can only be well fitted
by the deep donor related recombination in the model with bimolecular recombination coeffi-
cients cnd > cna, as shown in Table 7.1. For ZnO wafers, the situation is inverse. The DLE is
fitted with the deep acceptor related recombination with cnd < cna. This difference illustrates
again the different origins for the DLE of the nanowire and the wafer samples.

The calculated dependencies show good agreement with the experimental results. In the calcu-
lated curves, turning points can be seen for both kinds of samples where the increasing rates of
the NBE and DLE with the generation rate significantly change. For the nanowires, at around
1025 cm−3s−1, the DLE transits from a linear to a square-root dependence on excitation intensity
while the NBE curve increases superlinearly and then returns to a linear increase. The depen-
dence of the DLE is similar to the simulated results in the GaN model in the literatures which
mainly studied the defect luminescence of GaN [90, 196]. However, the dependence of the
NBE (with transition from a linear dependence on the excitation intensity to a superlinear one)
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and the successful fitting with the recombination model, to the best of the author’s knowledge,
has not been reported yet. The trends for the ZnO wafer are similar. But the turning point
shifts to a lower generation rate (between 1022 and 1023 cm−3s−1). The excitation-intensity-
dependent photoluminescence is further discussed in the following for low and high excitation
intensities, respectively.

Simple algebraic transformation of Equ. 7.3−7.8 gives the recombination rates of the deep-
level transitions as

RDLEa = cnanN0
a =

cnacapNanp
cnan + cap p

(7.11)

RDLEd = cndnN+d =
cndcdpNdnp
cndn + cdp p

(7.12)

with

N0
a =

cap p
cnan + cap p

Na (7.13)

N+d =
cdp p

cndn + cdp p
Nd (7.14)

Substituting the above expressions into Equ. 7.3 yields

G = cnpnp +
cnacapNa

cnan + cap p
np +

cndcdpNd

cndn + cdp p
np (7.15)

This equation describes the balancing between the generation rate G and the recombination
processes through those three channels. The first term on the right side represents the rate
of the inter-band recombination. It linearly depends on the product of the electron and hole
densities np. The last two deep-level recombination terms depend on np but with variable
coefficients. Increasing electron and hole densities will decrease the strength of deep-level
recombinations relative to the direct inter-band recombination.

The simulated evolution of the concentration ratio of the holes to electrons p/n with increasing
generation rate G is plotted in Fig. 7.8. Taking the nanowire sample for instance, under low
excitation intensities (< 1024 cm−3s−1), the photogenerated electron and hole densities are
negligible compared to that of the intrinsic conduction electrons due to the ionization of the
shallow donors. Thus, the total electron density n is much higher than the hole density p. The
concentration ratio p/n is almost zero. According to Equ. 7.13 and 7.14, it has N0

a ≈ 0 and
N+d ≈ 0, indicating that the acceptor centers are almost completely ionized while the deep
donor centers keep neutral. The Equ. 7.15 can be simplified to be

G ≈ cnpnp + capNa p + cdpNd p (7.16)

Because of the large base number of n, it can be regarded as constant while p increases linearly
with the generation rate G. Therefore, all the three terms in Equ. 7.16 for band-edge and deep-
level recombination increase near-linearly with p and hence the generation rate G.

As the excitation intensity increases, more electron-hole pairs are generated. p increases and
cannot be ignored anymore compared to the electron density n. When the generation rate for
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the nanowires exceeds 1027 cm−3s−1 (Fig. 7.8(a)), the carrier densities n and p are much larger
than the densities of the defects, and it has p/n ≈ 1. The Equ. 7.13 and 7.14 convert to

N0
a =

cap

cna + cap
Na (7.17)

N+d =
cdp

cnd + cdp
Nd (7.18)

Both the acceptor centers and the deep donor centers become partly ionized and the percent-
ages of the ionized centers are determined by the involved bimolecular recombination coeffi-
cients. These percentages stay constant for higher generation rates. Due to the high density
of the charge carriers relative to that of the defects, the last two terms in Equ. 7.15 become
negligible, leading to a linear dependence of the NBE on the generation rate with both n and
p proportional to G1/2, respectively. The last two terms are reduced to be proportional to G1/2,
resulting in a square-root dependence of the DLE on excitation intensity, as shown in Fig. 7.8.

For the generation rate in the range of 1024 < G < 1027 cm−3s−1 (Fig. 7.8(a)), the hole den-
sity becomes gradually comparable to the electron density. The deep-level recombination pro-
cesses gradually saturate and change to be sublinearly dependent on excitation intensity. Thus,
more charge carriers will recombine through direct band-edge transition processes, resulting
in the superlinear increase of the band-edge emission. Those three recombination channels
interact mutually, defining the sample-specific excitation intensity dependence of the photolu-
minescence.

Simulation further reveals that the threshold generation rate for the transition of the lumines-
cence dependencies on the excitation intensity (where p approximates to n) is sensitive to the
concentrations of the acceptor and donor centers as well as the recombination coefficients,
which is also implied in Equ. 7.8. In general, smaller defect densities correspond to lower
excitation thresholds for p ≈ n and the deep-level recombination saturation, as presented in
Fig. 7.8(b) for the ZnO wafer samples. According to the simulated results, when using further
lower excitation intensities for measurements, the saturation of the defect emission and the
superlinear increase of the band-edge emission intensity with the excitation intensity should
also be observed in the wafers.

7.5 Excitation-intensity-dependent photoluminescence of ZnO
nanowires at low temperature

The excitation-intensity-dependent photoluminescence of ZnO is further studied at low tem-
perature. The sample investigated in this section is a ZnO nanowire sample grown by thermal
CVD method at relatively lower temperature than that investigated above. The growth is based
on a direct vapor-solid (VS) process without the catalysis effect of Au, which is described in
section 4.1.2. The average diameter of the nanowires is 95 nm and their average length is
around 4.9 μm. The nanowire samples are mounted in a cryostat that can be cooled to 70 K
using liquid nitrogen. The 325 nm HeCd laser is used as excitation source.

Figure 7.9 shows the integrated DLE and NBE intensities versus the laser intensity. The re-
sults in (a) and (b) are measured at room temperature, and (c) and (d) are measured at liquid
nitrogen temperature (70 K). The DLE at both room temperature and low temperature follows
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Figure 7.9: Integrated intensities of the DLE (a and c) and NBE (b and d) of VS-grown ZnO
nanowires at room temperature (top) and liquid nitrogen temperature (bottom) as a function
of the excitation intensity.

a power law dependence with similar exponent (α ≈ 0.77). At room temperature, the NBE
first increases sublinearly with the laser intensity. Then the increase changes to be superlinear
over 2 × 102 W/cm2. The results at 70 K are similar but with sightly different exponents. In
addition, the turning point in the dependence increases to ∼ 103 W/cm2 at low temperature.

The sublinear increase of the NBE at low excitation intensities cannot be explained by the
recombination model discussed above. This difficulty could be raised due to the presence of
extra recombination mechanisms in the nanowires that are not included in the model, such as
the non-radiative Auger recombination process, which has a cubic dependence on the charge
density.

The evolutions of the photoluminescence spectra and the high resolution NBE with increas-
ing excitation intensity are shown in Fig. 7.10 (a) and (b), respectively. The NBE enhances
significantly relative to the DLE with increasing excitation intensity. In addition, the DLE
shows similar features as observed on the VLS-grown nanowires. Its band maximum is also
comparable to the latter. This suggests that these two nanowire samples have the same kind of
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Figure 7.10: Evolution of the overall photoluminescence spectrum (a) and the high resolution
NBE (b) of VS-grown ZnO nanowires at 70 K.

defects responsible for their DLE bands.

In the right figure, the high resolution NBE spectra are dominated by neutral donor bound
exciton (DX) lines. The two peaks at the low energy part are assigned to longitudinal optical
phonon replicas of the free excitons (FX-nLO). When the excitation intensity is increased, a
broadening of the DX band can be seen while its maximum stays at the same energy position.
The phonon replica bands have no obvious change.

Figure 7.11(a) shows the magnification of the donor-bound exciton emission bands under dif-
ferent excitation intensities. The spectra are normalized to the luminescence maxima. A sig-
nificant broadening of the band on its low energy side with increasing excitation intensity can
be seen. The variation of the half width at half maximum (HWHM) of the emission band is
plotted in Fig. 7.11(b) versus laser intensity. When the laser intensity is below 103 W/cm2, the
HWHM stays at around 2 meV. Above 103 W/cm2, the HWHM increases rapidly to 10 meV.
It is interesting to notice that the onset of the DX band broadening coincides well with the
conversion of the NBE from a sublinear dependence on excitation intensity to a superlinear
one as shown in Fig. 7.9(d).

According to previous studies [94,202], a laser intensity in the order of 103 W/cm2 can gener-
ate sufficiently high exciton densities to form biexciton states due to exciton-exciton collision.
These biexciton states will give rise to a new emission band, called the M band. Its lumines-
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Figure 7.11: (a) High resolution exciton emission line of VS-grown ZnO nanowires under
different excitation intensities. The spectra are normalized to the luminescence maxima. (b)
Half width at half maximum (HWHM) of the donor bound exciton emission line (low energy
side) as a function of the excitation intensity.

cence intensity is superlinearly dependent on the excitation intensity [26],

Ibi ∝ Gi 1 < i ≤ 2 (7.19)

The binding energy of biexcitons has been reported to be 17.5 meV in ZnO nanorods grown
by metalorganic chemical vapour deposition (MOCVD) [202], which is among the binding
energies of donor bound excitons (typically in the range of 10–20 meV [19, 38]). The binding
energy is higher than the thermal energy at T = 70 K (6 meV). Thus biexcitons can stably
exist in ZnO nanowires. The M band has been observed at a slightly lower energy position
(∼ 2 meV lower, as marked in Fig. 7.11(a)) than the prominent donor bound exciton emission
in previous studies on epitaxially grown ZnO nanorods [202] and ZnO thin films prepared
by metal organic vapour phase epitaxy [94]. Therefore, the DX band broadening and the
superlinear increase of the NBE at high excitation intensity in the ZnO nanowires could be
partly induced by the excitation of biexciton complexes.

Another possibility might be the formation of an electron-hole plasma phase in the nanowires,
corresponding to the high density regime of excitation. In this regime, the density of excitons
is so high that their average distance is comparable to or smaller than the Bohr radius. As a
result, the electron-hole bound states cannot be deemed as individual quasiparticles any longer
and a new collective phase of the charge carriers is formed, which is know as the electron-hole
plasma (EHP). The present observations are very similar to that reported in previous works
about VLS-grown ZnO nanowires, in which the authors attributed the asymmetric broadening
of the donor-bound exciton luminescence peak to the transition to an EHP occurring at ∼ 21
kW/cm2 [203]. This threshold could be lowered in the present case due to the relatively low
growth temperature (substrate temperature: 750 ◦C) of the nanowires which can induce high
defect concentration and hence high electron density.
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7.6 Summary

In this chapter, the excitation intensity dependence of the photoluminescence properties of
ZnO is studies. The investigated samples include ZnO nanowires grown by chemical vapor
deposition (CVD) based on a Au-catalyzed vapor-liquid-solid (VLS) process and a catalyst-
free vapor-solid (VS) process, respectively, and hydrothermally grown ZnO wafers. The pho-
toluminescence spectra of the ZnO samples generally consist of two main bands, namely a
near-band-edge emission (NBE) band and a deep-level related emission (DLE) band. At low
temperature, the NBE band of the ZnO nanowire samples is dominated by the emission of
donor-bound excitons. Temperature-series measurements demonstrate that the NBE band at
room temperature mainly consists of the emission of free excitons and their longitudinal opti-
cal (LO) phonon replicas.

The DLE spectrum at low temperature peaks around 2.45 eV and exhibits multiple peaks
with equal energy spacing, which are attributed to LO phonon replicas of specific deep-level
transitions. The assignment of the involved defects cannot be achieved with the present results.
Oxygen vacancies and copper impurities are two most suggested origins of this green emission
band in the literature. Considering the low likelihood of introducing copper atoms during the
nanowire growth and the spectral shift of the band at low temperature, the present results
provide more support to the assignment of this defect emission to oxygen vacancy related
transitions.

The photoluminescence properties of the ZnO nanowire and wafer samples are studies under
a wide range of laser excitation intensities (10−1–103 W/cm2). At room temperature, the DLE
of all samples increases sublinearly with excitation intensity. The NBE of the ZnO wafers
increases near-linearly with the excitation intensity. However, the ZnO nanowires exhibit a
significantly different dependence. The NBE of the VLS-grown ZnO nanowires increases
near-linearly under low excitation intensities and changes into superlinear increase under high
excitation intensities. The increase of the VS-grown nanowire sample (prepared at relatively
lower temperatures) follows a similar pattern while its NBE shows a sublinear increase under
low excitation intensities.

A model for the optical recombination processes in ZnO is adapted from the literature. The
model includes three basic recombination channels: the inter-band recombination and the re-
combinations through deep donor and acceptor centers. The recombination rates are repre-
sented by the bimolecular recombination coefficients. The recombination dynamics of this
model is calculated numerically. The parameters including the defect concentrations and re-
combination coefficients are adjusted carefully around the literature values until good agree-
ment with the experimental results is obtained. The simulation can explain the sublinear in-
crease of the DLE with excitation intensity and the superlinear increase of the NBE under high
excitation intensities. However, it fails to predict a sublinear increase of the NBE observed on
the VS-grown ZnO nanowires, indicating the limitation of the present model.

The photoluminescence of the VS-grown ZnO nanowires is further investigated at liquid nitro-
gen temperature (T = 70 K). Its dependence on excitation intensity is similar to that observed
at room temperature. High resolution measurements of the NBE reveal that the dominating
donor bound exciton emission line shows significant broadening above a threshold laser in-
tensity (around 103 W/cm2). Above this laser intensity, the NBE further shows a superlinear
increase with excitation intensity. These observations are probably due to the formation of
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biexcitons or an electron-hole plasma in the nanowires under high excitation intensities, which
gives rise to new emission bands and results in the asymmetric broading of the donor bound
exciton emission line.

The present work improves the understanding of the optical properties and the recombination
processes in ZnO. In addition, photoluminescence spectroscopy is usually used to characterize
the defect concentrations or crystal qualities of ZnO materials. The present results further
suggest that identical excitation conditions should be ensured during this process to arrive at
reliable conclusions.
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Chapter 8

Summary and Outlook

In this work, colloidal CdSe quantum dots (QDs) are synthesized. Their growth kinetics and
optical properties are studied. A hybrid structure is fabricated by surface functionalization of
ZnO nanowires (NWs) with CdSe QDs. The charge transfer in the hybrid structure is studied
via photoconductivity measurements. In addition, the excitation intensity dependence of the
photoluminescence properties of ZnO nanowires and bulk wafers is investigated.

Colloidal CdSe QDs are synthesized using a wet chemical method. They are capped with
bifunctional thiol-carboxyl molecules as stabilizers making them soluble in water. Transmis-
sion electron microscopy measurements demonstrate the spherical shape of the QDs and their
crystallinity. The prepared QDs have sizes varying in the range of 1.4–2.5 nm and molar con-
centration of 30–100 μM in the crude solution after synthesis time up to 120 hours. Their
absorption onset is accordingly tunable in the range of 400–550 nm. The growth kinetics of
the QDs are analyzed.

The growth starts with an Ostwald ripening process, in which smaller particles in the solution
gradually shrink while the bigger ones continue to grow, resulting in a broadening of the
particle size distribution. Afterwards, the growth enters into a balance stage where the growth
rate slows down and the size distribution stays constant. The photoluminescence quantum
yield of the QDs reaches its maximum of 11 % in this stage. Further heating initiates a size-
focusing stage, in which the size distribution of the QDs is gradually narrowed. This process
lasts until the end of the synthesis.

The photoluminescence (PL) of the prepared CdSe QDs in dry powder form is studied in
different gas environments. The luminescence intensity is found to dramatically decrease in
vacuum and highly pure nitrogen, which is attributed to oxygen-controlled surface effects.
Oxygen molecules adsorbed on the QD surface can effectively passivate the surface defects
of the QDs which otherwise act as trap centers during the photoexcitation process and enable
non-radiative Auger recombination processes.

The chemical stability of the CdSe QDs is examined. The combined effect of light illumination
and oxygen is found to induce a gradual photo-oxidation process of the thiol ligands and detach
them from the QD surface, resulting in the degradation of the QD stability. These effects
should be considered during the QD storage and applications.

A ZnO-nanowire/CdSe-quantum-dot (ZnO-NW/CdSe-QD) hybrid structure is fabricated by
attaching the prepared CdSe QDs onto the ZnO nanowire surface with the ligands of the QDs
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acting as molecular linkers. The photoconductivity (PC) of the hybrid structure is investigated
in different gas environments. An argon ion laser operating at 458 nm is chosen as excitation
source to selectively excite the CdSe QDs. By measuring the photoresponse of the conduc-
tivity of the nanowires, a detailed investigation of the charge transfer processes in the hybrid
structure is possible.

Under laser irradiation, the photoconductivity of the hybrid sample increases dramatically (up
to ∼ 10 times in air), and restores to the initial value after termination of the irradiation. How-
ever, the photoconductivity exhibits essentially different rise and decay kinetics in oxygen-rich
(air and dry oxygen) and oxygen-free (vacuum, nitrogen and argon) environments. A model is
proposed to explain the results. Desorption of surface oxygen from both the ZnO nanowires
and the CdSe quantum dots, activated by electron tunnelling between the nanowires and the
quantum dots, is found to be the dominating process that determines the dynamics of the pho-
toconductivity in the hybrid nanowire/quantum-dot structures.

Another important part of this work is devoted to the study of the excitation intensity de-
pendence of the photoluminescence properties of ZnO under a wide range of laser intensity
(10−1–103 W/cm2). The investigated samples include ZnO nanowires grown by chemical vapor
deposition (CVD) based on a Au-catalyzed vapor-liquid-solid (VLS) process and a catalyst-
free vapor-solid (VS) process, respectively, and commercial ZnO bulk wafers grown by a
hydrothermal method. The photoluminescence spectra consist of two main bands: a near-
band-edge emission (NBE) band and a deep-level emission (DLE) band. The former is mainly
arising from recombinations of free excitons, excitons bound to donors and acceptors as well
as their phonon replicas. The latter is related to recombinations through deep levels in the
band gap induced by structural defects or chemical impurities. The relative strength between
the NBE band and the DLE band is found to vary significantly with the excitation intensity.
The luminescence intensities of these two emission bands dependent on the laser intensity are
investigated, which exhibits sample-specific results.

A theoretical model is adapted in the linear optics regime to simulate the photoexcitation and
recombination processes in ZnO. It includes three recombination channels: the inter-band re-
combination and the recombinations through deep donor and acceptor centers. The recombi-
nation rates are represented by the bimolecular recombination coefficients. The recombination
dynamics are calculated numerically with parameters adjusted around literature values until
good agreements with experimental results are obtained. The calculated results are well fit-
ted to the results of the ZnO wafers and VLS-grown nanowires. However, the model fails to
predict a sublinear increase of the NBE emission with excitation observed on the VS-grown
nanowire sample, probably due to the extra recombination mechanisms not included in the
model such as Auger recombination.

The excitation-dependent photoluminescence is further investigated at liquid nitrogen tem-
perature (T = 70 K), which shows similar behaviors to that observed at room temperature.
High resolution spectroscopy measurements of the NBE emission reveal that the dominating
donor bound exciton emission peak undergoes significant spectral broadening for laser in-
tensities above a threshold (around 103 W/cm2), at which the NBE intensity of the sample
becomes superlinearly dependent on the excitation intensity. This is probably due to the for-
mation of biexcitons through exciton-exciton collision or even an electron-hole plasma (EHP)
under high excitation intensity. The experimental results further suggest that using photolu-
minescence spectroscopy for characterization of defect abundance or crystal quality of ZnO
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samples, one may arrive at a safe conclusion only if the same excitation conditions are used
for the measurements.

Outlook

Some fundamental properties of semiconductor QDs like the photoluminescence blinking of
single QDs is still not completely understood. Further measurements probably with high spa-
tial and temporal resolutions are required to find out the mechanism of the random switching
between the emission ON state of the QDs to their OFF state. Based on these understand-
ings, the probability of the emission OFF state could be effectively reduced so that the overall
luminescence intensity of large QD ensemble can be improved. This is of great interest for
applications that require a high luminescence efficiency of QDs.

The charge transfer dynamics in the QD-sensitized ZnO nanowire hybrid structures needs
further studies. The influence of the ligands of the QDs and their length on the charge transfer
rates between the QDs and the nanowires has to be examined carefully, in order to obtain
more efficient charge injection and separation effects. This is essential for applications using
QDs as photosensitizers, such as photovoltaic devices and photodetectors. To obtain this goal,
the nanowire/quantum-dot hybrid structures assembled using QDs with different molecular
ligands could be analysed by time resolved photoluminescence and absorption measurements.

Questions are still present in the photoluminescence properties of ZnO materials. The assign-
ments of their deep-level emissions still have wide controversy. The defects responsible for
different deep-level emission bands are probably dependent on growth techniques and con-
ditions of the materials. Careful measurements and comprehensive analysis with different
characterization techniques, e.g. temperature- and excitation-dependent photoluminescence
measurements, need to be done to give more insight into these issues. Furthermore, enhancing
the band-edge emission of ZnO while simultaneously suppressing the defect emission is also a
long-living research topic. In addition to the improvement of the growth techniques, the post-
preparation treatments are also effective approaches. One possibility for ZnO nanomaterials is
through surface coating with semiconductor QDs which have resonant absorption of the defect
emission of ZnO and can inject the excited electrons back into the ZnO materials. Coatings
with differently sized QDs can be examined to find out the optimum configuration.

In addition, due to the large surface-to-volume ratio, the surface plays a very important role in
semiconductor nanomaterials and has significant influence on their physical properties. This
further induces a high sensitivity of their properties to the ambient environment. Proper pack-
aging techniques need to be developed for nanostructured devices which can reduce undesired
impacts from the ambient and in the meantime maintain the intrinsic properties and function-
ality of the nanomaterials.
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