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Abstract

Copper indium disulfide (CulnS;) semiconductor has been considered as the best
materials for solar-cells because it has a superior band-gap of 1.5 eV and high
absorption coefficient, which matches almost ideally to the solar spectrum and assures
a complete absorption of the incident photon flux in an absorber layer. In the past
decade, CulnS; film has been widely studied and the best conversion efficiency for
solar cells is about 12.7 %. On the other hand, CulnS; nanocrystals still have great
potential to promote power conversion efficiency due to quantum confinement effect,
such as multiple excitons and intra band-gap. Therefore, in this thesis, the synthesis,
characterization and application of CulnS, and derivative nanocrystals, will be
systematically studied.

The bare CulnS, with different shell thickness, CulnS,@ZnS core-shell
nanocrystals, are first produced via a colloidal method and characterized by X-ray
diffraction (XRD), transmission electron microscopy (TEM), X-ray photoelectron
spectroscopy (XPS), and dynamic light scattering (DLS). The obtained nanocrystals
are quasimonodisperse with an average particle size of 2.4 (bare) and 4.6 (core-shell)
nm, respectively. The emission peak of obtained CulnS; is around 450 nm, which is
higher than bulk CulnS, due to the size-dependent quantum confinement effect. ZnS
modification eliminates defects on the surface of CulnS, and significantly enhances
photoluminescence consequently.

After the CulnS, nanocrystals were developed, the Zn was introduced into
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CulnS; nanocrystals with three different Cu/Zn ratios (n value) which were and then
deposited onto 5 um long ZnO nanowire substrate as a quantum dot (QD)-based solar
cell. The absorbance peak of obtained Zn doped CulnS; nanocrystals shift from 530,
570, to 650 nm correspond to n = 1, 2, and 3, respectively. The best conversion
efficiency of bare Zn doped CulnS; is 0.28 % for n =2 sample, short-circuit current
density (Jsc) is 1.71 mA/cm’, open-circuit voltage (Voc) is 0.34 V, and fill factor (FF)
is 0.48. It was fond that the restriction of such quantum dot-based solar cells could be
due to the fast recombination time and corrosion from electrolyte. But, after
depositing ZnS layer on the surface of Zn-CulnS; nanocrystals, an optimal efficiency
at 0.71 % could be obtained, resulting from the promotion of all solar cell parameters.
(Jsc =3.21 ma/em?, Voc = 0.45 V, FF = 0.49)

The second novel method we present is‘using magnetic Zn doping to synthesize
high quality CulnS, nanocrystals-under high frequency magnetic field at ambient
conditions. The magnetic doping ‘gives superparamagnetic heating of the resulting
nanocrystals via magnetic induction, causing an accelerating growth rate of the doped
CulnS; under ambient conditions of 2-3 orders of magnitude faster than conventional
autoclave synthesis. Shape evolution of the Zn doped CulnS, nanocrystals from
initially spherical, to pyramidal, cubic, and finally to a bar geometry, were detected as
a function of time of exposure to magnetic induction.

Finally, these colloidal solvent with different shape nanocrystals were further
used as “nanoink” to fabricate a simple thin film solar device, the best efficiency of
these crystals we obtained is 1.01 % with a 1.012 um thick absorber layer (bar
geometry). The efficiency can be promoted to 1.44 % after thickening absorber to
2.132 um.

Keywords: chalcopyrite, CulnS,, nanocrystal, solar cell, core-shell, high frequency

magnetic field.
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Chapter 1
Introduction

During the past decade, the energy resource concerns have become more and
more imperative, great efforts have been focused on the development of renewable
energy resources, [1-2] among which photovoltaic solar power holds the great
potential and brilliant advantages such as unpollutedness, safety and inexhaustibleness.
The development of photovoltaic community is well aware of the cost benefits which
associated with the continued increase in solar cell efficiency. Over the past decade
much of the cell efficiency improvements have resulted from the move towards
multi-junction devices. However, as researchers continue to push the envelope, they
are looking towards new approaches, such as the use of nanotechnology, in improving
device efficiencies.

Semiconductor nanocrystals, and luminescent nanocrystals have attracted
considerable interest during the past decade because of their numerous applications in
photoelectronic devices and biotechnology. [3-6] Recently developed quantum
dot-based solar cells are of special interest due to quantum size effects such as slower
cooling rate of excitons and multiple exciton generation. [7-11] As a result of
quantum confinement, the theoretical energy conversion efficiency of quantum
dot-based solar cells is predicted to be 66%. [9] This concept has been demonstrated
on TiO; electrodes by depositing CdS [12-13] and CdSe. [14-16] Recently, it has been
reported on using ZnO nanowires following a QD deposition. [17]

In comparison to the current workhorse of semiconductor nanocrystal emitters,
those made from CdSe, CulnS, (CIS) nanocrystal emitters are more acceptable for
real-world applications because, in contrast to the CdSe-based ones, CIS does not
contain any Class A element (Cd, Pb, and Hg) or Class B element (Se and As). CIS is

one of the most important I-III-VI, semiconductor materials for use in photovoltaic
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solar cells and it has many notable advantages such as an appropriate band gap, a high
absorption coefficient, and good thermal, environmental, and electrical stability.
[18-20]

Recently, ZnO nanowires have been employed in dye-sensitized [21] and hybrid
solar cells (PVs) [22] to substitute for TiO, films and particles. The nanowires can
help improve electron transport by avoiding the particle-to-particle hopping that
occurs in the TiO; network. Furthermore, nanowires provide direct conduction
pathways for the electrons from the point of injection to the collection electrode. To
develop this new generation of devices, single-crystalline and nearly monodisperse
semiconductor nanocrystals with tunable sizes are critical. Conversely, there has been
barely any investigation into using CIS nanocrystals for such a new generation of
devices, presumably due to the poor quality 6f CIS nanocrystals.

The synthesis and characterization of semiconductor nanocrystals have attracted
much attention due to their potential applications in the fields of magnetics, optics,
electronics, and catalysis. [23-25] These nanocrystals have controllable sizes in the
nanometer range and exhibit remarkable physical properties that can be finely tuned
by adjusting the crystal composition, size, and shape. [26-27] It has been
demonstrated that there exist strong correlations between the shape of a nanostructure
and its corresponding performance in chemistry and materials science. [28-29] CIS
nanocrystals have been synthesized by a number of research groups in the recent past,
but the chemistry continues to be refined to obtain nanocrystals with improved size
control. Part of the challenge facing these efforts has been the need for better synthetic
methods for nanocrystals of the desired CIS compound, which will be thoroughly
investigated as illustrated in the thesis.

Chapter 2 starts with a introduction of development of solar cell, followed by a

brief introduction of known physical properties such as electrical, electronical, optical
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properties of CIS material. Then reports about variety of synthesis of CIS nanocrystals
come after introduction.

In Chapter 3, the experiment steps and characterization techniques employed in
this work were outlined, that is, X-ray diffraction (XRD), transmission electron
microscope (TEM), X-ray photoelectron spectroscopy (XPS), ultraviolet-visible
(Uv-vis), photoluminescence emission (PL), and scanning electron microscopy (SEM)
for surface, structure and morphology characterization, and optical transmission and
I-V curve measurement for efficiency, respectively.

In Chapter 4, we synthesized high-quality CIS@ZnS (core-shell) nanocrystals
via a colloidal solvent process and characterized for their optical properties by UV-vis,
room temperature solution PL spectroscopy. All of the as-synthesized nanocrystals
can be well dispersed in toluene or hexane to form stable and clear colloidal solutions,
which shows strong visible emission (blue for CIS@ZnS core/shell nanocrystals, see
section 4.3) under UV excitation. The growth of a ZnS shell on CIS nanocrystals, that
is, the formation of CIS@ZnS core/shell NCs, resulted in an impact enhancement in
the PL intensity compared to that of bare CIS nanocrystals due to the eliminated
surface defects and the reduced lattice mismatch between the core and shell materials.
A dramatic increase of the PL intensity can be obtained from the ZnS-capped CIS
with respect to that of the bare CIS nanocrystals.

To further apply CIS nanocrystals to dye-sensitized solar cell, we developed a
novel quantum-dot-based solar cell assembly consisting of core-shell Zn-doped
CulnS,@ZnS (Zn-CIS@ZnS) quantum dots associated with short ZnO (5 pm in
length) nanowires, as shown in Chapter 5. In section 5.2, the photo-conversion
efficiency of the Zn-CIS-based solar cells without the presence of the ZnS shell can
be readily tuned by controlling the Zn/Cu ratio. Furthermore, the efficiency was

significantly improved upon the deposition of a thin ZnS shell on these Zn-CIS QDs,
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where a significant enhancement in short-circuit current density was observed because
the ZnS coating is able to effectively eliminate the excited electrons recombination
and enhance the charge transfer efficiency from Zn-CIS QDs to ZnO nanowires. The
power-conversion efficiency is promoted more than 2~3 times as that without ZnS
coating.

In Chapter 6, we report a novel and facile method to synthesize phase pure,
chemically homogeneous, and highly crystalline CulnS,, an important element for
optoelectronics, optics, and solar energy applications. This ternary semiconductor
compound is grown by magnetic Zn doping under high-frequency magnetic induction
at ambient conditions. Nanostructural development of the nanocrystals was well
characterized and a mechanism of crystal growth was proposed.

Fabrication of simple device based on:.colloidal nanocrystals synthesized in
Chapter 6 will be discussed in :Chapter 7. Efficiencies of different shapes CIS
nanocrystals will be measured, followed by a comparison. Finally, conclusion and

future researches will be summarized in Chapter 8.



Chapter 2
Literature Review and Theory
2.1 Development of Solar Cell

The modern era of photovoltaic device technology reached its Golden Jubilee
year in 2003. [30] Since the discovery of a p—n junction Si photovoltaic (PV) device
[31] reported in 1954, the science and technology of PV devices (solar cells) and
systems have undergone revolutionary developments. Today, the best single crystal Si
solar cells have reached an efficiency of 24.7%, compared with the theoretical
maximum value of 30%. However, its growth is limited largely by the ultimate cost of
the PV power. Despite tremendous progress in all aspects of production of Si-based
solar cells and the rapid decrease of production cost [32] from $4.2/Wp in 1992 to
$1.7/Wp in 2002, large-scale household ‘applications are not commercially viable as
yet.

Based on the material sorts, “variety ‘'of Solar cell can be classified into three
generations: (1) The first generation: single crystal Si and poly-crystal Si-based solar
cells, (2) Second generation (thin film solar cell): III-V, II-VI and I-III-V group solar
cells, and (3) Third generation: nanotechnology such as dye-sensitized solar cells and
quantum dots-based solar cells. A brief introduction would be present below.

Crystalline silicon was first used to produce solar cells, and still dominates the
PV market today. First generation is manufactured by silicon materials, the
operation principle is shown as Figure 2.1, once sun light illuminate on the chip
combined with two type semiconductors (p-n junction), electrons migrated to n-type
semiconductor (holes migrated to p-type semiconductor) and consequently induced
electricity. First generation cells consist of large-area, high quality and single
junction devices. First Generation technologies involve high energy and labor inputs

which prevent any significant progress in reducing production costs. Single junction
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silicon devices are approaching the theoretical limiting efficiency of 31% [33] and
achieve cost parity with fossil fuel energy generation after a payback period of 5-7

years.

noe @ g Bl @ ﬂ ® gl
eIectron——». (+) (¥ () [ptype

p-type

Figure 2.1 Mechanism of first generation solar cell.

Second generation materials have been- developed to address energy
requirements and production costs “ofsolar cells. The most successful second
generation materials have been cadmium telluride (CdTe), copper indium gallium
selenide (CIGS), amorphous silicon and micromorphous silicon. These materials are
applied in a thin film to a supporting substrate such as glass or ceramics, reducing
material mass and therefore costs. The thickness range of such a layer is wide and
varies from a few nanometers to tens of micrometers. These technologies do hold
promise of higher conversion efficiencies, particularly CIGS-CIS and CdTe offers
significantly cheaper production costs. Typical CIGS materials are CulnSe,, CulnS,,
CulnGaSe; and their alloys with bandgaps ranging from 1.05 to 1.7 eV, which is
favorable for absorbing the solar radiation. The high absorption coefficient of these
materials of almost 10° cm™ assures a complete absorption of the incident photon flux

in an absorber layer as thin as a few microns. Polycrystalline chalcopyrite-based thin



film solar cells have recently reached conversion efficiencies as high as 18.8%, [34]
which is the highest value so far achieved for any polycrystalline thin film solar cell.
This record device consists basically of a coevaporation-deposited p-type
Cu(InGa)Se, absorber layer, an n-type thin CdS buffer, and an n-type ZnO window

layer, as shown in Figure 2.2.

Transparent from contact ZnO:Al (0.3~0.4 um)

ZnO(~0.1 um)
CdS (~0.05um)

CIGS (1.5~2.5 um)

Mo(0.3~0.4 um)

Glass substrate

Figure 2.2 Schematic cross section of a typical CulnGaSe, solar cell.

The dominance of the photovoltaic field by inorganic solid-state junction devices
is now being challenged by the emergence of a third generation of cells, based, for
example, on nanocrystalline and conducting polymers films. These offer the
prospective of very low cost fabrication and present attractive features that facilitate
market entry. It is now possible to depart completely from the classical solid-state
junction device, by replacing the contacting phase to the semiconductor by an
electrolyte, liquid, gel or solid, thereby forming a photo-electrochemical cell. The
prototype of these devices is the dye-sensitized solar cell, which realizes the optical
absorption and the charge separation processes by the association of a sensitizer as
light-absorbing material with a wide band gap semiconductor of nanocrystalline

morphology.



Third generation photovoltaic cell, also called advanced thin-film photovoltaic
cell, is a range of novel alternatives to "first generation" (silicon p-n junction or
wafer solar cells) and "second generation" (low-cost, but low-efficiency thin-film)
cells. It is an even more advanced version of the thin-film cell. The dye-sensitized
solar cell (DSSC) provides a technically and economically credible alternative
concept to present day p—n junction photovoltaic devices [35]. In contrast to the
conventional systems where the semiconductor assume both the task of light
absorption and charge carrier transport the two functions are separated here. Light is
absorbed by a sensitizer, which is anchored to the surface of a wide band
semiconductor. Charge separation takes place at the interface via photo-induced
electron injection from the dye into the conduction band of the solid. Carriers are
transported in the conduction band of'the semiconductor to the charge collector. A
schematic presentation of the operating principles of the DSSC is given in Figure 2.3.
At the heart of the system is a mesoporous oxide layer composed of nanometer-sized
particles which have been sintered together to allow for electronic conduction to
take place. The material of choice has been TiO, (anatase) although alternative wide
band gap oxides such as ZnO [36] has also been investigated. Attached to the
surface of the nanocrystalline film is a monolayer of the charge transfer dye.
Photo-excitation of the sensitizer (S) is followed by electron injection into the
conduction band of the mesoporous oxide semiconductor. The dye molecule is
regenerated by the redox system, which itself is regenerated at the counter electrode
by electrons passed through the load. Potentials are referred to the normal hydrogen
electrode (NHE). The open-circuit voltage of the solar cell corresponds to the
difference between the redox potential of the mediator and the Fermi level of the

nanocrystallline film indicated with a dashed line.



The other important new concept of third generation solar cell is quantum
dots-based solar cell (Figure 2.4). Quantum dot (QD) solar cells have the potential
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Figure 2.3 Principle of operation and ¢nergy level scheme of the dye-sensitized

nanocrystalline solar cell. [35]

to increase the maximum attainable thermodynamic conversion efficiency of solar
photon conversion up to about 66% by utilizing hot photogenerated carriers to
produce higher photovoltages or higher photocurrents. The former effect is based on
miniband transport and collection of hot carriers in QD array photoelectrodes before
they relax to the band edges through phonon emission (Figure 2.5). The latter effect is
based on utilizing hot carriers in QD solar cells to generate and collect additional

electron—hole pairs through enhanced impact ionization processes (Figure 2.6).

p-type

Quantum dots

n-type

Figure 2.4 Structure of basic quantum dot solar cell.



Current researches have introduced QDs into DSSC system to substitute for
dye as the light absorber. [37, 38] They used ZnO nanowires and TiO, nanotubes as
the electrodes, combined with CdSe QDs as light absorber (see Figure 2.7 and 2.8).

However, both the efficiency was less then 1 %, much lower than predicted value.

- Quantum Dot
Mini-Bands

p-type | Insulating n-type
region region region

Figure 2.5 Idealized energy band diagram of a quantum dot solar cell. [8]

o

One photon yields
two e =h* pairs

0-1-—--—-‘"/

e e
z_
hv E? i t ionizati
sap impact ionization
¥
o
h-l-

=0 ./\/\’\/\/VWW"“J

*

Quantum Dot

Figure 2.6 Enhance photovoltaic efficiency in quantum dot solar cell by impact
ionization. [9]

In spite of such low efficiency, QD-based solar cell is still worth to be developed.

To overcome the bottleneck for higher efficiency, new QDs are necessary to be found

and studied for their potential. CulnS; is the most important candidate for this purpose.
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In the next section, basic properties and synthesis methods of CulnS, will be
introduced.

Quantum dots (e.g., CdSe)

attached to nanowires (e.g., ZnO)
Liquid
electrolyte
or hole
conductor

Pt/F:Sn0s/glass

Load

F:SnOz/glass

PAE A A AL A

Light

Figure 2.7 Schematic device of €dSe QD/ZnO-based DSSC. [37]

OTE/TiO, nanoparticles Ti/TiO, nanotubes
(a) (b)

Figure 2.8 Illustration of CdSe QDs/TiO,-based DSSC. [38]
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2.2 Brief Review of CulnS,

CulnS, (CIS) is one of the ternary chalcopyrite compound family. A
comprehensive review of chalcopyrite compounds was first reported by Shay and
Wernick. [39] Recent experimental studies have been worked on thin film due to their
great potential for large area PV modules. The structure and physical properties of
CIS are further reported as follows.

2.2.1 Crystal Structure of CulnS;

CIS has the chalcopyrite lattice structure. This is a diamond-like structure similar
to the sphalerite (zincblende) structure but with an ordered substitution of the group I
(Cu) and group III (In) elements on the group II (Zn) sites of sphalerite. This gives a
tetragonal unit cell depicted in Figure 2.9 with a ratio of the tetragonal lattice
parameters c/a close to 2 (see Table 2.1). The deviation from c/a = 2 is called the
tetragonal distortion and stems from different strengths of the Cu-S and the In—S
bonds. Structural and optical properties of chalcopyrite materials are compared in
table 2.1. The reduced symmetry, due to two kinds of cations, leads to a primitive cell
of eight atoms in the chalcopyrite structure compared to a primitive cell of two atoms
in the sphalerite structure. The Bravais lattice of the chalcopyrite is body centered
tetragonal, belonging to space group /42d. [40] Compared to the face centered cubic
Bravais cell of the sphalerite the unit cell is doubled along the crystal ¢ axis. At room
temperature, the ternary compounds stabilize in chalcopyrite structure, however, they
may crystallize in sphalerite structure at high temperature (975-1047°C) where the

different cations are distributed randomly. [41]
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Figure 2.9 Structures of (a) zincblende ZnS and (b) chalcopyrite CulnS,.

Table 2.1 Summary of crystal structure, space group, Bravais lattice, and lattice

constants of CulnS, in the zincblende, chalcopyrite.

material Crystal Bravais Space group  Lattice constants
structure Lattice
zincblende fce F43m (216) a=b=c=0.551[42]
CulnS, a=b=0.5523[43]
chalcopyrite be-tetragonal 142d (122) c=1.1133
c¢/a=2.0158

2.2.2 Physical Properties

Figure 2.10 presents a schematic band structure of CIS, with notation of the
contributions of the atomic orbitals. The valence band is separated into two parts, with
the upper part reaching 5 eV and the lower one located around 7 eV. The Cu 3d and S
3p orbitals from the Cu-S bond contribute to the upper valence band whereas the S 3p
and In 4p from the In-S bond form the lower valence band. At around 12 eV a band is
built from S 3s states and a narrow band is set up near 17 eV by In 4d orbitals. The
conduction band is formed by S 3p and In 5s orbitals. [44] This theoretical calculation
of the band structure of CIS is in good agreement with the experimental results of
X-ray photoemission spectroscopy in respect of the valence band structure. [45, 46]

However, it underestimates the optical band gap relative to the experiment.
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Figure 2.10 Schematic band structure of CulnS,, with indication of contributions of
the atomic orbitals and the corresponding energy levels. Shade areas
denote the major subbands, and the boxed numbers mark the three

internal gaps. [44]

CIS is a direct semiconductor. Whereas bandgaps of 1.55 and 1.53 eV were
found for bulk single crystals at low (2:K)-and room temperature, respectively, band
gaps varying between 1.38 and 1.55 eV were reported for CIS thin films at RT
depending on different deposition techniques used. [39, 47-52] As is normally
expected for semiconductors, the bandgap of CIS films decreases with increasing
temperature and can be characterized over the temperature range 300-77 K according
to the relation

Ey=Eqy-BT(T+a) (2.1)
with the initial bandgap E,=1.62 eV, two constants « =231.54 K and S = 4.3x
10* eV/K, respectively. [52] Around the fundamental absorption edge, CIS has an
absorption coefficient between 10*to 10° cm™, it can thus absorb the incident light
with photon energies higher than the bandgap within a few microns.

A number of studies on the electrical properties of CIS bulk single crystals and
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thin films have been reported. [53-58] Unlike its binary II-VI analogues that are
normally n-type, CIS can be made both n- and p-type, depending upon its composition,
i.e., deviation from molecularity and stoichiometry, defined as [Cu]/[In]-1 and
2[S]/([Cu]/3[In])-1, respectively. [59] It was generally observed that for CulnS, single
crystals good p-type behavior (p ~1-5 Qem, g ~ 15-20 cm?/Vs) could be
obtained by annealing in a sulfur overpressure, and good n-type characteristics (o ~1
Qcm, g ~ 100- 200 cm*/Vs), by annealing in indium or Cu + In with a minimum S
pressure. [53, 54] Similar behavior was observed for CIS films. Excess-sulfur films
were generally p-type while sulfur-deficient and indium-rich films were n-type. [58]
The observed behavior of the conducting type of CIS can be understood based on the
predicted defect energies and on the ternary Cu-In-S phase diagram. In table 2.2, the

defect levels of donors and acceptors reported for CulnS; are summarized.

Table 2.2 Summary of the defect levels of donors and acceptors reported for

CulnS,.

Defect nature Defect assignment Ionization energy (eV) Refs
Acceptor Vcu 0.10 [60-63]
Acceptor Vin 0.15 [64-66]

Donor Vs(or Ingy) 0.035 [61, 64-67]
Donor In; (or Ingy) 0.072 [64, 65]
Donor Incy, 0.145 [59, 61]
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2.3 Synthesis Methods of Nanocrystal CulnS,
2.3.1 Solvothermal

In recent years, multinary chalcopyrite compounds have attracted much attention
due to their interesting physical properties. It is well known that the device properties
of CIS-based solar cells are badly affected by their stoichiometric composition,
defects, and structure, which are strongly related to the preparation conditions. Some
studies have been interested in the use of solvothermal routes, which are carried out at
low temperatures and do not require organometallic or toxic precursors, to prepare
various kinds of nanocrystalline materials with a wide range of optical and electronic
properties accessible in nanoscale.

Jiang et al. [68] synthesized CIS nanorod at 280°C through elemental
solvothermal reaction. Starting materials were analytical grade Cu, In, and S powders.
Ethylenediamine was used as solvent. The XRD pattern of this retragonal phase
yielded cell constants a = 5.5086 A, ¢ = 11.0264 A, close to the reported data (JCPDS
card, no.38-777). The TEM image (Figure 2.11) indicated that CIS is a nanorod with

size of 20 nm x 800 nm.

200nm

Figure 2.11 TEM image of CIS nanorod. [39]

Xiao et al. [69] extended the solvothermal pathway to chalcopyrite quaternary
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semiconductor Culn(SeS;«)> nanocrystallities with composition x ranging from 0 to
1 using CuCl, - 2H,0, InCl; - 4H,O, Se and S as reactants. In their system,
ethylenediamine was selected as the solvent due to its strong basic capacity, strong
chelation, and its ability to act as an absorber of the excess heat produced in the
reaction. UV-Vis absorption spectra indicate that the absorption energy varies linearly

with the Se/S ratio (as shown in Figure 2.12).
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Figure 2.12 The dependence of absorption energy on the norminal Se content (mol
%) for the samples. [69]

2.3.2 Single-source precursor

Colloidal synthesis of nanoparticles provides better control over morphology and
size than other methods, particularly for very small particles. Single-source precursors
are attracted great intention due to controllable and specific properties. Single-source
precursors are discrete molecules that include all the elements required in the final
materials these precursors can be designed with many properties in mind, including
stoichiometry, solubility, and volatility.

Castro et al. synthesized CIS and CISe nanocrystals through single-source

precursors in 2003, [70] using (PPh;3),Culn(SEt)s and (PPhs),Culn(SePh)s (scheme
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and molecular structure are shown in scheme 2.1 and Figure 2.13). Although the
particle size of CIS they synthesized is not small enough (larger than 8.1 nm) to
exhibit size quantization effects, these precursors provide a route to colloidal

chalcopyrite QDs.

Figure 2.13 Molecular structure of (PPh;),Culn(SEt)4. [70]

Dioctyl phthalate 2 (R=C.H, R'=-CH,CH, E=5)
(PR,),Culn(ER"), -

200°C 2 (R=CH, R =-C,H, E = Se)

Scheme 2.1 Reaction scheme for the conversion of the single-source precursors to
CulnS, and CulnSe,

It is well-established that quantum confinement in semiconductors (i.e.
increasing bandgap energy with decreasing semiconductor dimension) takes place at
particle dimensions smaller than the Wannier-Mott (WM) exciton of the
corresponding macroscopic bulk phase. [71] by knowledge of the high frequency
dielectric constant, ¢ ., and the reduced effective exciton mass, ¢ = 1/( i o U ol ),
one can calculate the WM-exciton Bohr radius according to Rg = ( € / (2 ) ap, with ap
being the Bohr radius of the hydrogen atom (0.53 A). Taking the CIS bulk values [72]
of ex=11, £.=0.16 and = 1.3, the WM-exciton size of CIS was calculated to

18



be 8.1 nm.

In 2004, they successfully synthesized CIS nanocrystals smaller than 8.1 nm by
modifying experiment condition. [73] The average size of these CIS nanocrystals
varied from 2 nm, 2.68, and 3.35 nm with increasing temperature 200°C, 225°C, and
250°C (Figure 2.14). The absorption of these nanocrystal solutions show a broad
shoulder with a long tail to lower energies, both significantly shifted from the bulk
band-gap absorption of CIS (1.5 eV), resulting from quantum confinement. Shown in
Figure 2.15(a) are typical absorption, emission, and photoluminescent excitation

spectra for solutions of CIS colloidal nanocrystals.

Figure 2.14 TEM images of CulnS, nanocrystals grown at 225 and 250°C. Scale

bars in the images are both 5 nm. [73]

Based on their study, the nature of the surface ligands plays an important role in
the PL efficiency of CIS nanocrystals. As has been observed for CdSe nanocrystals,
surface defects provide sites for charge trapping, leading to nonradiative
recombination of the electron and hole and quenching of the fluorescence emission.
Passivation of these sites with a strong ligand leads to increased quantum yield, while

a weak ligand further increases the quenching effect. As can be seen in Figure 2.15(b),
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the PL efficiency is strongly affected by the nature of the surface ligands, which
implies that the surface ligands of the nanocrystals provides a significant source of

defects or unpassivated sites where nonradiative recombination can take place.
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Figure 2.15 (a) Absorption, fluorescence emission, and photoluminescent excitation
spectra of a typical colloidal solution of CIS nanocrystals. (b)
Absorption and fluorescence emission spectra of CIS with hexanethiol,

TOPO, and pyridine organic capping ligands (from top to bottom). [73]
Nairn et al. have also found the similar effect (Figure 2.16) in 2006, [74] which

synthesized CIS nanocrystals through single-source precursor photolysis. They
prepared the molecular precursors [(TOP),Culn(SR)4] (TOP = (octyl);P; R = n-Pr,
t-Bu) in organic solvent such as DOP, and then irradiated the precursors with a
medium pressure Hg arc lamp (200 W/in.). The gradual color transition of the solution
changed from colorless to yellow to orange and ultimately orange-red, as shown in

Figure 2.17. The PL properties of CIS nanocrystal are complex due to its complicated

fluorescence intensity (a. u.)

defect chemistry from variation in molecularity ([Cu]/In) and stoichiometry ([S]/[Cu]).

Examples of defects are copper and indium vacancies and interstitials, and excess or
deficient sulfur occupancy. CIS can be prepared as either n- or p-type conductivity by

varying the atomic ratios. High-quality crystalline material
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Figure 2.16 Effect of different capping agents on the emission intensities of CIS
nanocrystals generated from the photolysis. [74]

of both conductivity types displays narrow band-edge emission between 1.5 and 1.55
eV, consisting of up to 10 narrow lines. These transitions arrive from recombination
of free excitons, excitons bound to neutral or ionized donors and acceptors, and
donor-valence band pairs; Figure 2.18 shows these energy levels and transitions.
Based on the large difference between the absorption and the emission peaks and the
observation of the PL at room temperature, it is concluded that PL of these CIS
nanocrystals is broad-band, or donor-acceptor defect based, in nature. It is not
surprising that CIS synthesized at a very low temperature would have many defects. It
is difficult to grow CIS that exhibits near-edge PL, and that materials is synthesized at

700-900°C

Figure 2.17 Vials of samples from the irradiation of solution of precursor
[(TOP),Culn(SR)4] in DOP for (from left to right) 0, 2, 4, 6, 8, 11, 21,
30, 50, 74, 214, and 218 h. [74]
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Figure 2.18 Schematic diagram of the energy levels and transitions that have been
observed in single-crystal CIS. [73]

2.3.3 Hot-Injection

Development of colloidal routes enable low-cost fabrication of inorganic solar
cells through a wet-chemistry process of semiconductor nanocrystal colloidal solution
has attracted a great deal of attention. It has been known that crystal structure,
composition, and size of the nanocrystals may significantly affect their optoelectronic
property and device performance. Although the structure of nanocrystals can be
generally controlled by the capping ligands used, the reported Cu-In-S nanocrystals
are still limited to the chalcopyrite structure. Nevertheless, composition of current
Cu-In-S nanocrystals is mainly controlled by using a single ternary precursor. In spite
of the use of a single-source precursor is convenient, this method is limited by the

precursor availability and their tedious procedure.
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In 2006, Nakumura et al. introduced Zn into CIS system with a kind of
hot-injection method and enhanced their PL intensity. [75] The particle size varied
from 2.6 to 4 nm with increasing Cu/Zn ratio, both the absorption and emission peaks

also show red-shifted with increasing Cu/Zn ratio (Figure 2.19).
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Figure 2.19 Raw material composition effects on optical properties: (a) UV-vis
absorption and (b) PL emission spectra (excitation 500 nm). (Raw
material composition Zn:Cu;In:S= 1:n:n:4 (n = 0.5-5).) [75]

In a chalcopyrite CIS, the Cu-S bond is weaker than that of In-S and the Cu
vacancy is preferably generated. In addition, the Cu vancancies induced anti-site
defect generation [76] and the ionic diameters of Cu and Zn are similar. On the basis
of reasons above, Zn preferentially substituted to Cu and prevented anti-site defects.
Therefore, introduction of Zn ion into CIS nanocrystals was predicted to improve the
PL intensity. Furthermore, the band-gap was controlled by this Zn content. The wide
selectivity in components and composition by this method suggest a new series of
chalcopyrite-type semiconductor nanocrystals with various properties.

Different crystal structures were obtained through a hot-injection method on
Cu(dedc), and In(dedc); precursors (dedc is diethyldithiocarbamate.), with tunable
[Cu]/[In] composition. [77] Zincblende CIS nanocrystals can be obtained by the
co-decomposition of Cu(dedc), and In(dedc); in the presence of oleic acid. Similarly,
wurtzite CIS nanocrystals can be prepared by the co-decomposition of Cu(dedc), and

In(dedc); in the presence of dodecanethiol. The formation of CIS nanoparticles may
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involve possible reaction routes illustrated in Scheme 2.2: the reaction of CuS or Cu,S
from the decomposition of the Cu(dedc), in the presence of oleic acid or
dodecanethiol with In,S; from In(dedc)s, respectively, results in the formation of

zincblende and wurtzite CIS nanocrystals.

In(dedc),

. Oleylamine ﬁ()lcylammc Zincblende

Dodecanethiol o
ﬂ Oleylamine Wurtzite

Cu(dedc) ———= Cu,S + InyS3 = 2CulnS,

Scheme 2.2 Schematic formation mechanism of CIS from Cu(dedc), and In(dedc);

precursors. [77]

This study correlates the crystalline structure of the binary ZnS nanocrystals with
those of ternary Cu-In-S nanocrystals, demonstrating the feasibility fabrication their

alloyed or core/shell structures.
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Chapter 3

Experiment

3.1 Chemicals

Copper(I) chloride (CuCl, 95%, analytical reagent), indium(III) chloride (InCls, 98%,
AR), sulfur powder (99.5%, chemically pure), Zinc stearate (10~12% as Zn,
technical) and trioctylphosphine (TOP, 90%, technical grade) were purchased from
Sigma-Aldrich Corp.; octadecene (ODE, 90%, technical grade) and oleylamine
(70%, technical grade) were purchased from Tokyo chemical industry Co., Ltd.
Diethyldithiocarbamic acid zinc salt ([(C;Hs),NCSS],Zn, technical grade), zinc nitrate
hexahydrate (Zn(NOs), - 6H,0), methenamine (CsHi2N4), mercaptopropionic acid

(MPA) were purchased from Sigma-Aldrich Corp.

3.2 Characterization

3.2.1 Structure and morphology

X-ray diffraction (XRD)

The resulting powder collected from the solutions was examined using X-ray powder
diffraction (XRD, M18XHF, Mac Science, Japan) to identify the crystallographic
phase of nanocrystals, with Cu Ka radiation (A=0.15405 nm) (40kV, 200 mA), 20

ranging from 10° to 70° at a scanning rate of 10°/min.

Transmission electron microscope (TEM)

TEM images were obtained using a JEOL 2010 transmission electron microscope
operating at 200 kV. Samples for the TEM were prepared by depositing a drop of the
samples dispersed in toluene onto a carbon grid. The excess liquid was wicked away

with filter paper, and the grid was dried in air.
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X-ray photoelectron spectroscopy (XPS)
XPS measurements were carried out using a Field Emission — Auger Electron
Microprobe (Thermo VG Microlab 350) x-ray photoelectron spectrometer using an

Mg Ka x-ray as the excitation source.

3.2.2 Optical measurement

Then UV-vis, PL emission, and excitation (PLE) spectroscopy was applied using a
UV-vis spectrophotometer (UV-1600; Agelent 8453) and a spectrofluorometer
(FP-6600; Jasco, Inc., Japan). For these observations, the products were precipitated
with alcohol. They were further isolated by centrifugation to remove excess
surfactants. The centrifuged particles were redispersed into an organic solvent such as
toluene to yield a clear and colloidally stable suspension. The amounts of Zn-CIS
absorbed on the ZnO films were measured with an UV-visible-NIR spectrophotometer

(JASCO V-570) equipped with an integrating sphere (JASCO ISN-470).

3.3.3 Solar parameter measurement

Measurements of IV curves were made with a digital source meter (Keithley 2400,
computer-controlled) with the device under one-solar AM 1.5 irradiation of a solar
simulator (Newport-Oriel 91160) calibrated with a Si-based reference -cell
(Hamamatsu S1133) and a IR-cut filter (KGS5) to correct the spectral mismatch of the
lamp. The Zn-CIS/ZnO devices were operated in a back-side illumination fashion
with the transparent counter electrode masked by a black plastic tape of the same size
with a round hole to allow the actively illuminated area of 0.28 cm’ for all
measurements. Time-resolved measurements were performed with a tunable

nanosecond optical-parametric-oscillator/Q-switch-pumped neodymium doped
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yttrium aluminum garnet laser system NT341/1/UV, Ekspla. Emission transients were
collected with a monochromator SpectraPro-300i, ARC, detected with a
photomultiplier tube R928HA, Hamamatsu connected to a digital oscilloscope LT372,

LeCroy, and transferred to a computer for kinetic analysis.

3.2.4 High frequency magnetic field set up

A high frequency (50-100 kHz) magnetic field (HFMF) was applied to the precursors
to provide kinetic energy for Zn-CIS nanocrystal synthesis. The HFMF was created
by a power supply, function generator, amplifier, and cooling water. Similar
equipment was also reported in PNAS, vol. 103, 3540-3545 (2006). The strength of
the magnetic field depended on the coils. In this study, the coil was 8 loops, the
frequency was 50 kHz and the strength of magnetic field (H) was 2.5 kA/m. The

temperature of HFMF generator was controlled by cycling cooling water at 25 °C.

Hysteresis loop analysis
Measurements of magnetization (M) versus applied field H and temperature T were
carried out using a commercial SQUID (superconducting quantum interference device)

magnetometer (MPMX-XL7).

3.3 Material fabrication

3.3.1 Synthesis of CulnS, nanocrystals

The CIS nanocrystals were prepared using a high-temperature organic solvent process.
First, sulfur was dissolved in TOP. The solution was diluted with ODE to form a clear
solution (solution 1). Then, CuCl and InCl; were dissolved in oleylamine at 50°C to
form another solution (solution 2). These two material solutions were mixed to

produce a raw material solution. A small aliquot of raw material solution was put into
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a test tube and soaked directly in an oil bath that had been preheated to 240°C and
aged for 300s. The prepared solutions were limpid, reflecting their high colloidal

stability.

3.3.2 Synthesis of CulnS,@ZnS core/shell nanocrystals

Preparation of the CIS@ZnS core/shell nanocrystals was achieved by modifying the
above reaction system and surface coating of ZnS. Zinc stearate (ZnSt) and sulfur
were each dissolved in TOP (solutions 3 and 4). After the colloidal solution of CIS
nanocrystals was preheated to 240°C, solutions 3 and 4 were injected into the
solution for 300s. Subsequently, the mixture was cooled to 90°C to form the ZnS
shell on the surface of CIS nanocrystals. Repeating the injection step were also used
to grow the multiple ZnS layers on the'CIS manocrystals. The product was diluted

with toluene and PL spectra were measured.

3.3.3 Systhesis of ZnO nanowire

The ZnO thin films were deposited on F-doped SnO, (FTO, 30 €)/sq, Sinonar, Taiwan)
substrates by RF magnetron sputtering as followed from our previous report.[126]
The seeded substrates were then suspended horizontally in a reagent solution
containing 0.016 M zinc nitrate and 0.025 M methenamine and heated to 95°C to

initiate nanowire growth.

3.3.4 Synthesis of Zn-CIS quantum dots

The Zn-CIS QDs were prepared using a high-temperature organic solvent process. 0.5
mmol diethyldithiocarbamic acid zinc salt was dissolved in 6 ml TOP. The solution
was diluted with 24 ml ODE to form a clear solution (solution 1). Then, 0.2 mmol

CuCl and InCl; were dissolved in 6 ml oleylamine at 50°C to form another solution
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(solution 2). Here, amine coordinates the Cu and In ions to produce amine complexes.
These two material solutions were mixed to produce a raw material solution with a
ratio Zn:Cu:In:S = 1:n:n:4 (n=1 in this composition), the composition ratios of Cu and
In were varied from 1 to 3. Those of Zn and S precursors were fixed in concentration,
indicated as Zn:Cu:In:S = l:n:n:4 (n=1-3). A small aliquot of raw material solution
was put into a test tube and soaked directly in an oil bath that had been preheated to
240°C and aged for 300s. The prepared solutions were limpid, reflecting their high

colloidal stability.

3.3.5 ZnS coating of Zn-CIS quantum dots

A colloidal solution of ca. 20 mg of Zn-CIS nanocrystals with an average diameter of
3.6 nm in 4 mL of toluene was placed in a three-neck flask under purified argon flow.
After addition of 2.5 mL of TOPO, the mixture was heated to 190 °C and then kept at
this temperature till a complete heptane evaporation. Zinc stearate (316 mg) was
dissolved in 2.5 mL of toluene upon gentle heating (ca. 60 °C). After cooling to room
temperature, the resulting 0.2 M solution was mixed with 2.5 mL of a 0.2 M solution
of Se in TOP. By means of a syringe pump this mixture was injected within 1 h into
the reaction flask containing the core nanocrystals at 190-200 °C. Periodically small
aliquots were removed in order to monitor the shell growth. After the addition was

completed the crystals are annealed at 190 °C for an additional 1-1.5 h.

3.3.6 Synthesis of hydrophilic quantum dots by ligand exchange

Purified QDs were dissolved in a minimum amount of chloroform and excess
mercaptopropionic acid (MPA) was added until the solution became cloudy, and
stirred at 55°C for one night in argon atmosphere. After that, ImL of tetrahydrofuran

(THF) was added to stop the surface exchange reaction. After cooling to room
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temperature, a suspension of potassium t-butoxide in THF was added to neutralize the
carboxyl acid function, and then centrifuged to remove the by-products with THF.
The THF washing process was repeated for 2-3 times, and finally distilled water was

added to disperse hydrohilized Zn-CIS NCs into water.

3.3.7 Assembling Zn-CIS quantum dots on ZnO Nanowires
Fire ZnO plate at 450°C for 30 minutes and then after cooling in air for 5 minutes,
transferred ZnO plate to ZCIS solution and left for 3 days to ensure saturated

adsorption of Zn-CIS QD onto the ZnO nanowires.

3.3.8 Fabrication of solar cells

For characterization of the photovoltaic performance of our devices, the Zn-CIS/ZnO
films were served as working electrode (anode); a fluorine doped tin oxide glass
(typical size 1.0x2.0 cm?) coated with platinum (Pt) particles by sputtering was used
as a counter electrode (cathode). The two clectrodes were assembled into a cell of
sandwich type and sealed with a hot-melt film (SX1170, Solaronix, thickness 25 um);
a thin layer of electrolyte was introduced into the space between the two electrodes
and the device was fabricated accordingly. A typical redox electrolyte contained 0.1 M
lithium iodide (Lil), 0.01 M iodine (1), 0.5 M 4-tert-butylpyridine (TBP), 0.6 M butyl
methyl imidazolium iodide (BMII), and 0.1 M guanidinium thiocynate (GuNCS) in a
mixture of acetonitrile (CH3;CN, 99.9%) and valeronitrile (n-C4HoCN, 99.9%) (v/v =

15/1)

3.3.9 Synthesis of Zn-CIS nanocrystals in the presence of high frequency
magnetic field

0.5 mmol diethyldithiocarbamic acid zinc salt was dissolved in 6 ml TOP. The
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solution was diluted with 24 ml ODE to form a clear solution (solution 1). Then, 0.2
mmol CuCl and InCl; were dissolved in 6 ml oleylamine at 50°C to form another
solution (solution 2). Here, amine coordinates the Cu and In ions to produce amine
complexes. These two solutions were mixed to produce the raw material solution. A
small aliquot of raw material solution was put into a test tube and exposed to HFMF
with an input power of 90 W (Figure 6.1). The color of the mixture solution was
changed with different durations of HFMF exposure from yellow (30 sec), red (45
sec) to black (120 sec). The resulting precipitated powders were collected via
centrifugation at 6000 rpm, removed from the solution, and repeated three times to

remove excess surfactants which were precipitated using methanol.

3.3.10 Fabrication of Zn-CIS thin film solar cells

The Mo coated soda lime glass substrates used here was fabricated by dc magnetron
sputtering at Ar pressures 1.5 mTorr resulting in a 200 nm layer. Deposition of the
CIS absorber layer on top of the Mo substrates is used drop casting by the nanoink
solution and subsequent thermal treatments to remove the organics and sinter the
films under Ar and Se atmospheres at 500 °C respectively. A ~ 50 nm CdS layer is
then deposited by a chemical bath deposition (CBD) technique. The CBD bath
contains 183 ml of deionized H,O, 25 ml of 0.015 M CdSOy solution, 12.5 of 1.5 M
thiourea solution, and 31.25 ml of stock NH4OH (Aldrich). Next, A ~50 nm high
resistivity i-ZnO film capped with a ~300 nm high conductivity ITO layer are
deposited by RF magnetron sputtering. The ZnO film is sputtered in a mixture of 10%
O, in Ar at sputtering pressure of 10 mTorr with no intentional heating. The ITO layer
is sputtered with neither O, nor intentional heating at sputtering pressure of 1 mTorr.
After sputtering of the oxide layers, the final device is baked in air at 200 °C over

night.
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Chapter 4
Synthesis and Characterization of Highly Luminescent CulnS, and

CulnS,/ZnS (Core/Shell) Nanocrystals

4.1 Introduction

CulnS; is one of the most important I-II[-VI, semiconductor materials for use in
photovoltaic solar cells and it has many notable advantages such as an appropriate
band gap, a high absorption coefficient, and good thermal, environmental, and
electrical stability. [78-80] Also, some research aims to apply chalcopyrite materials
in “spintronics” as tailorable ferromagnetic materials. [81-84] However, chalcopyrite
NCs have not been systematically investigated and relatively few studies [70, 73, 75,
85-86] have achieved particle sizes small enough to exhibit quantum confinement (the
Wannier-Mott bulk exciton of the CulnS; is 8.1 nm [86]). Although Nairn et al.
combined single source precursors and photolysis methods to obtain CulnS; NCs ~2
nm in diameter, the photoluminescence (PL) in these chalcopyrite NCs were not so
strong as the well-developed II-VI group semiconductor NCs (CdSe, CdS et al.). [85]
Nakamura and coworkers modified the high-temperature organic solvent method and
successfully introduced Zn into the CulnS, NCs to achieve tunable band-gap energies
(Eg) and PL. Compared to the pure CIS NCs prepared by a similar method, it was
found that the quantum yield for the Zn-CIS alloy (~5%) was still much less than that
of CdSe. [76]

Expansion of typical II-VI group semiconductor NCs such as CdSe and PbS are
necessary because of the “Restriction of the Use of Certain Hazardous Substance
(RoHS)” in Europe. Based on considerations of environmental and human toxicity,
biological studies confine these NCs to specific fields. Luminescent CIS NCs are

sought as new candidates for building blocks of nanomaterials and biological tabs
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though quantum efficiency and photostability has been improved. Up to now,
wide-band gap materials such as CdS, ZnS, and ZnSe have been widely used as shells
to enhance the photoluminescence quantum yield by passivating surface nonradiative
recombination sites. [87-89] However, no systematic studies have been reported on
surface coatings on I-III-VI, type chalcopyrite semiconductors and core-shell
structures although Nakamura and co-workers mentioned that ZnS deposition on the
surface of Zn-CIS alloy NCs could improve the PL intensity. [75]

In the CIS/ZnS NCs system, ZnS was chosen to coat the CIS to form CIS/ ZnS
core shell NCs, the facile synthesis and luminescent properties of monodisperse CIS,
and CIS/ZnS (core-shell) NCs were investigated. In addition, x-ray diffraction, x-ray
photoelectron spectroscopy, dynamic light scattering, and transmission electron
microscopy were used to analyze the,composite NCs and determine their chemical

composition, average size, size distribution, shape, and internal structure.

4.2 Formation and microstructure of CulnS,

Figure 4.1 shows the XRD patterns of the as-prepared CIS and CIS/ZnS
core/shell NCs. The powder patterns for ZnS and CulnS, are also shown for
comparison in the bottom and top inset. In Figure 4.1(a), there is an intense peak at
20=27.8°, oriented along the (112) direction and other prominent peaks observed at
46.5° (204) and 54.8° ((312)/(116)), which are signatures of the chalcopyrite
structure of CIS. The location of the pattern is in good agreement with the JCPDS
reference diagrams in the bottom inset (JCPDS No. 32-0339). Similar features are
observed for CIS/ZnS core—shell NCs but the latter exhibit an enhanced intensity in
XRD peaks, which could result from the contribution of both ZnS and CIS. In the
range between 15° and 25°, a broad halo appears, probably due to an amorphous

contribution. This may indicate that the organic ligand TOP is still present, and may
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not have been removed completely in processing.
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Figure 4.1 (a)XRD patterns of pure CIS and (b) CIS/ZnS (coe/shell) NCs as well as
the standard data for ZnS (vertical bars, JCPDS card No. 10-0434) and CIS. (vertical
bars, JCPDS card No. 32-0339).

Figure 4.2 shows the TEM images of the as-prepared CIS NCs and particle size
distribution. In Figure 4.2(a), it can be seen that the resultant CIS NCs are uniform
spherical-shaped particles with a very narrow size distribution (Fig 4.2(d) and 4.2(e)
show the result of DLS analysis). Figure 4.2b shows a high-resolution TEM (HRTEM)
image of the CIS NCs. It demonstrates the high crystallinity of the CIS NCs. The
distances (0.31 nm) between the adjacent lattice fringes are the interplanar distances
of CIS (112) plane, agreeing well with the (112) d spacing of the literature value of
0.319 nm (JCPDS NO.32-0339). Furthermore, after the growth of the ZnS shell, the
image in Figure 4.2(c) shows slight differences in contrast between the core and the
outer part, whereas it is hard to identify the structural differences between the core
and the shells by comparing the contrast in the TEM image. However, the shell
thickness can be roughly determined by the size difference between the average size
of CIS/ZnS core/shell NCs (4.610.5nm), which is larger than that of the core CIS NCs
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(2.410.5nm). The difference in particle size indicates that the shell thickness is around

1.1 nm.

3B
Lol (d) cuins, o (8)
mean size: 24 nm wsl CulnS,/ZnS core/shell
15} | mean size: 4.6 nm
20
S St
= 10} o 15}
10}
sl [
5k
%1 : 10 100 7 10 100
: Size (nm) Size (nm)

Figure 4.2 (a)TEM image, and (b) HRTEM image of CIS, as well as (¢c) HRTEM
image of CIS/ZnS NCs. Particle size distribution histograms of (d) CIS,
and (e) CIS/ZnS NCs.

The X-ray photoelectron spectra (XPS) were employed to investigate the surface
compositions and chemical state of CIS and CIS/ZnS core/shell NCs. The results are
shown in Figure 4.3(a) and 4.3(b), respectively, indicating the presence of Cu, In, Zn,
and S, as well C from reference and O impurity. The spectra could be considered to be
primarily contributed from the shell material, since XPS is a surface-sensitive
technique. The peak of the Zn 2p3/2 in 3b is larger than that of the CIS/ZnS NCs,

which can explain the formation of the ZnS shell to some extent.
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Figure 4.3 XPS of CIS (a) and CIS/ZnS (b) core/shell NCs.

4.3 Photoluminescence (PL) of the-.CulnS, Nanocrystals.

Figure 4.4 displays the photoluminescence behavior of as-prepared CIS NCs
dispersed in a toluene solution. It was observed that the emission spectrum under
excitation wavelength 366 nm is a slightly broad band centered around 450 nm. It has
been previously reported that addition of TOP enhances the 450 nm emission band
and quenches the 550 nm band. [74] The peak intensity of this emission band is
significantly higher than that of bulk CulnS, (>810 nm) due to the size-dependent
quantum confinement effects. However, the weak intensity of PL is due to the surface
defects in these nanoparticles, which is in agreement with the report of Castro et al.
who attributed this emission band to broad-band, defect-related transitions. [73] In
addition, the PL intensity of the CIS NCs can be considerably improved by surface
passivation with an inorganic or organic (amine) shell. ZnS is the shell material of
choice as it provides good confinement of both electrons and holes in the core. Figure

4.5 demonstrates the photoluminescence emission spectra of CIS and CIS/ZnS
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core/shell NCs. To identify if the enhancement of PL is contributed from pure ZnS or
the ZnS shell on the CIS NCs, PL properties of a pure ZnS sample was also measured
for comparison with CIS and CIS/ZnS core/shell NCs. It can be seen that the PL
emission intensity was much enhanced with a ZnS coating and a small shift in the PL
spectra to the red (lower energies) was observed after surface coating due to partial
leakage of the exciton into the ZnS matrix. This red shift is more pronounced in
smaller dots where the leakage of the exciton into the ZnS shell has a more dramatic
effect on the confinement energy of the charge carriers. In addition, it was evidenced
from UV-vis absorption measurement and found that with increasing ZnS coverage,
the absorption in the ultraviolet was shifted as a result of direct absorption into the

higher band gap ZnS shell (inset in Fig. 4.4).
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Figure 4.4 Uv-vis absorption, excitation and PL emission spectras of CIS NCs. The
inset highlights the ultraviolet region spectra showing an increased absorption at

higher energies with increasing coverage due to direct absorption into the ZnS shell.

The PL intensity reaches its maximum value at approximately ~2 monolayers of
coverage, indicating that most of the surface vacancies and nonradiative
recombination sites are passivated. However, it was found that PL peak intensity was

decreased with increasing ZnS coatings over 2 monolayers. The generated defects in
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the ZnS shell may be the source of new nonradiative recombination sites, which
causes the decline of PL quality with thicker ZnS shell growth in this study. The most
likely possibility is that the growth is initially coherent at low coverage, but as the
thickness of the shell increases, the strain due to the lattice mismatch between CIS and
ZnS could lead to the formation of dislocations and low-angle grain boundaries,
relaxing the structure, and causing the growth to proceed incoherently. These defects
could be the source of nonradiative recombination sites within the ZnS shell. Similar

behavior was also reported for ultrathin CdSe/ZnSe quantum wells. [89]
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Figure 4.5 PL emission spectra of CIS and multi-layers ZnS coating on the surface
of CIS NCs. PL emission spectra of pure ZnS and CIS NCs are shown in the inset of

the emission spectra.

4.4 Summary
In summary, the ultrafine CIS and CIS/ZnS NC core/shells have been developed

through a colloidal solvent process. The nanoparticles produced by this method are

2410.5 nm and 4.6%0.5 nm in size. HRTEM, powder XRD, XPS and DLS

measurements indicate that the NCs are uniform and crystalline. The PL intensity
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could be much enhanced by the growth of a ZnS shell on CIS due to the elimination
of the surface defects. These monodisperse and highly crystalline NCs can be
potentially used as labels for biological molecules and as active components in

optoelectronic devices.
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Chapter 5
Core-Shell CulnS,/ZnS Quantum Dot Assembled on Short ZnO

Nanowire with Enhanced Photo-Conversion Efficiency

5.1 Introduction

Recently, zinc oxide nanowires have attracted a considerable amount of research
interest as potential candidates for optoelectronics applications such as nanoscale
lasers, light-emitting diodes, and UV photodetectors. [90-95] Moreover, ZnO
nanowires also have been substituted for TiO, nanoparticles as the n-type
photoelectrodes in photovaltic device. [96-97] Wide band gap ZnO nanowires can
provide direct conduction pathways for electrons to transport to the collection
electrode. They also help improve electron transport by avoiding the
particle-to-particle hopping that occurs-in the TiO; network. Thus, ZnO nanowire can
efficiently enhance the charge  transport ability and efficiency, which is
controversially the crux for the nanocomposite photovoltaic solar cells (PVs).
Recently, a dye-sensitized solar cell (DSSC) made from solution-based ZnO nanowire
has achieved a power conversion efficiency of 1.5%, [98] and a DSSC made from
ZnO nanowire with a dendritic structure has achieved a power efficiency of 0.5%.[99]
In both cases, the ZnO nanowires are tens of micrometer in length, which requires a
longer-term growing process. While the ZnO nanowires with proper length prevent
corrosion from electrolyte and efficient light-harvesting surface area, the over-length
ZnO nanowires would prolong transfer pathway of electrons from light-sensitizer,
resulting in increasing possibility of electron-trap by defects on ZnO surface and
limiting power conversion efficiency.

The other critical challenge in nanocomposite PV applications is efficient

utilization of solar energy, where about 60% of them have wavelengths longer than
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700 nm. One plausible strategy is the use of semiconductor nanocrystals, known as
narrow band gap quantum dots (QDs), instead of photosensitized dyes. In addition, it
has been shown recently that QDs can generate multiple electron-hole pairs per
photon, which could improve the efficiency of the device. [100-103] This concept has
been demonstrated on TiO; or ZnO electrodes by depositing CdS [104-105] and CdSe.
[106-109] For such a dye-sensitized system, QDs are known to be neutralized or
corroded by an electrolyte and, therefore, such QDs solar cell performance is limited.
Therefore, considering this problem, there are two fundamental ways to optimize this
kind of QD-based solar cells. One requires a transition away from a liquid electrolyte
to a different hole transport medium. Some researches studied on the solid [110-111]
or gel state electrolyte [112-117] to be substituted for liquid electrolyte. However,
their efficiency and long-term stability, can not.be comparable with those of the liquid
electrolyte. The other is to deposit a protecting layer on the surface of QDs.
Wide-band gap materials such as CdS, ZnS, and ZnSe have been widely used as shell
to enhance the photoluminescence quantum yield by passivating surface nonradiative
recombination sites. [85-86, 88, 118] Base on this concept, wide band gap shell not
only can improve optical properties of QDs, but also protect them from corrosion of
liquid electrolyte.

It has demonstrated that CulnS, (CIS), whose band gap energy is 1.55 eV (bulk),
is a promising photosensitizer for ZnO. The band gap of CIS QDs can be tunable by
Zn dopant. [75] From the viewpoint of band-energy engineering, ZnS is an
energetically suitable medium due to its proper band gap (2.67 eV) which is believed
to be able to efficiently promote electron transition between CIS QDs and ZnO
nanowires. (Figure 5.1) Therefore, the ZnS is chosen as dual-functioning candidate,
acting as a photosensitizer and in the meantime, to protect the Zn-doped CIS from

undesirable chemical degradation in this study. More than this chemical modification,
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a modified quantum dot solar cell by assembling Zn-CIS nanoparticles on single
crystal ZnO nanowires using a bifunctional surface modifier is also investigated.
Upon constructing the solar cell device, we believe that increase of the QDs coverage
on the ZnO nanowires will surely boost the efficiency of energy conversion and on
this basis, a short nanowire, i.e., 5 micrometers in length, was employed in order to
testify such a hypothesis. With recent advances in using protecting layer in solar cells
for efficient transport of charge carriers, it should be possible to further improve the
efficiency of quantum dot solar cell.
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Figure 5.1 Schemetic diagram of charge transfer from Zn-CIS quantum dot into

ZnO nanowire.

5.2 Quantized Zn-CIS particles and their deposition on ZnO
nanowires

The absorption spectra of the different-ratio Zn-CIS quantum dots employed in
the present study are shown in Figure 5.2(a). These particles exhibit absorption in the
visible with an onset corresponding to different Cu/Zn ratios. The shift of the onset
absorption to lower wavelengths with decreasing n value represents the Zn doping

effect in these particles. By comparing the excitonic transition (660, 570, 530 nm for n

42



= 3, 2, and 1, respectively.) with the absorption curve reported by Nakamura and
co-workers, [75] the average particle diameter of these samples was identified as 4.4,
4.5, and 3.5 nm respectively. It is noticeable that the absorption and
photoluminescence (not shown here) properties of Zn-CIS nanocrystal are not only
dominated by its particle size but also the concentration of Zn doping. The Cu site in
the lattice is preferentially substituted by Zn and the substitution is found to be more
energetically favorable to prevent anti-site defects, which will affect the absorption
spectrum. Therefore, by increasing the Cu/Zn ratio (or decreasing Zn concentration)
in the reaction solution, the absorption edge shifted from ca. 400 to ca. 700 nm toward
the longer wavelength. Figure 5.2(b) shows the similar absorption spectra of
hydrophilic QDs after ligand exchange, which means that particle size and optical
property of the QDs were not changed after surface modification compared to original
QDs (in toluene). Exchange of TOP_ by thiols at the surface of Zn-CIS nanocrystals
was accompanied by a slight blue shift of absorption spectrum. Similar phenomena
were also reported for CdSe ad CdTe QDs. [5,119] The blue shift was due to a
redistribution of electronic density and an increase in confinement energy induced by
the stronger bond between the thiol and the Cu atoms at the Zn-CIS nanocrystal
surface. These quantum dots were then deposited on ZnO nanowires for spectroscopic
and photoelectrochemical investigation.

Figure 5.3(a) shows a cross-sectional scanning electron micrography of typical
ZnO nanowires used as photoanodes. The nanowires are approximately 50-60 nm in
diameter and ~5 um length, indicating a relatively large surface area to accommodate
high concentration of sensitizer molecules (and higher concentration of the QD
deposition). All the samples used in this study displayed good stoichiometric
composition and crystallinity according to the XRD and XPS analyses (not shown

here).
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Figure 5.2 Absorption spectra of Zn-CIS quantum dots with various Cu/Zn ratios

from n=1, n=2, and n=3 in (a) toluene and (b) water.

Figure 5.3(b) shows a high-resolution transmission electron micrograph (HRTEM) of
a MPA-capped Zn-CIS QD isolated from —a colloidal suspension. TEM images
indicate that the QDs are single crystals with diameters ranging from 3 to 4 nm, i.e.,
3.5 nm in average. Such MPA-capped Zn-CIS QDs could attach to the ZnO surfaces
via carboxylate groups. A bright-field TEM image of a ZnO nanowire largely covered
with an ensemble of Zn-CIS QDs was shown in Figure 5.3(c). The QDs are visible as
the circular dark spots on the surface of the nanowire and EDX confirms the Zn-CIS
composition. However, for a sample deposited with high concentration QDs, there
will be a certain degree of aggregation during the QD deposition. In this condition, a
size larger than 3.5 nm is possibly observed in Figure 5.3(c). The HRTEM image of
the nanowire edge (Figure 5.3(d)) provides more compelling evidence that QDs are
attached to the nanowire surface. An abrupt transition is observed between the (1010)
lattice planes of the ZnO nanowire and the (112) lattice planes of the Zn-CIS QD,
indicating an intimate contact between the QD and the nanowire within an

approximate distance of 0.29 nm, or one ZnO (1010) lattice spacing.
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Figure 5.3 (a) Cross-sectional scanning electron micrograph of ZnO nanowires. (b)
High-resolution transmission electron micrograph of a Zn-CIS quantum dot capped
with MPA. (c) Bright-field transmission electron micrograph of a ZnO nanowire
decorated with Zn-CIS quantum dots. (d) High-resolution transmission electron
micrograph of Zn-CIS quantum dots attached to a ZnO nanowire. Some quantum

dots have been outlined.

Figure 5.4(a) shows the appearance of three solutions with different ratios of
Zn-CIS quantum dots dispersed in water, and then deposited to OTE/ZnO nanowires
(Figure 5.4(b)), respectively. The photographs show the electrodes of different
appearance of, yellow, red, and black, corresponding to the deposition of the Zn-CIS
QDs of 3.5, 4.5, and 4.4 nm size, [75] respectively. However, since prolonged
immersion in the Zn-CIS solution does not further enhance the absorption ability of
the Zn-CIS, it was then assumed that the coverage of Zn-CIS nanoparticles on ZnO

nanowire surface is spaciously saturated as a monolayer deposition. This can be
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further verified by the fact that the QD surface was first organically modified by MPA,
wherein the surface interaction between ZnO nanowire and Zn-CIS QD resulted from
a chemical anchorage of the acidic group to ZnO nanowire and mercapto group to
Zn-CIS QD. A multilayer deposition may be sterically inhibited as a result of
repulsive interactions of MPA molecules between two approaching QD nanoparticles.

The optical absorption properties of the Zn-CIS-coated ZnO nanowires are presented
in Figure 5.4(c). It is evident that different-sized Zn-CIS particles exhibit excitonic
transitions at 660, 570, and 530 nm. These excitonic peaks are similar to those
observed for the QDs in the solution (Figure 5.2) and thus this confirms the binding of
Zn-CIS QDs of varying sizes to the ZnO surface. Thus, the coloration of the ZnO
nanowires offers an opportunity to selectively harvest the incident light. (The

reflectance spectrum of an uncoated F-doped SnO, substrate was used as reference.)

5.3 Photovoltaic performance of the devices with various ratio of Zn
dopant

Figure 5.5 shows the IV curves of the QD-DSSC devices integrated with those
Zn-CIS-coated ZnO nanowires, which are assembled into a layer-type film. The
relevant solar-cell parameters for the three samples are given in Table 5.1, which
include the current density at short circuit (Jsc in mA cm ™), the voltage at open
circuit (Voc in V), the fill factor (FF), and the efficiency of power conversion (77 =
JscVoc FF/Py, with Py, = 100 mW cm ™).

A systematic trend with both Voc decreasing upon increasing the n value (i.e.,
decreasing Zn doping) was disclosed. This result is similar to the work of Braunger
et al, [120] who reported that the incorporation of small amounts of Zn led to an
increased Voc. However, the value of FF i1s lower than that received in TiO, DSSC
solar cell (0.6-0.7), which is attributed to recombination between photoexcited

carriers in the ZnO nanowires and tri-iodide ions in the electrolyte.
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Figure 5.4 Photographs of different Cu/Zn ratio. Zn-CIS quantum dots (a) in toluene,
(b) anchored on ZnO NWs films.-(c) Absorption spectra of different Cu/Zn ratios

Zn-CIS quantum dots anchored on ZnO nanowires plate.

Because of the improvements in Jsc, and FF, the overall efficiency of conversion of
photons to current exhibits a systematic increase from 7 =0.23 % atn =1 to n =
0.28 % at n = 2, but shows a decrease at n = 3 (17 =0.24 %). As can be seen, two
important factors restrict the efficiency in the case of n = 1. The first limitation is the
low FF, which indicates that electron transport in the ZnO nanowires has been
obstructed. This obstruction can be attributed to two explanations: one is the
presence of Zn*"-ZCIS aggregates arisen from the unstable surface chemistry of
ZnO nanowires electrode. During the assembly process, the acidic Zn-CIS QDs
partially dissolve ZnO surface to form Zn>"-ZCIS aggregates which deposited along
the nano-pore walls in electrode and thus interfered the Zn-CIS QDs in generation of

the photoelectrons. [121] The other one is the higher driving force for electron
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injection. The conduction band edge of Zn-CIS with n = 1 is higher than others due
to more amount of Zn doping. Therefore, a higher injection resistance exists at the
ZnO/Zn-CIS interface and the photocurrent decreases more rapidly with the opposite
potential applied, leading to a lower FF. Although the former situation exists in all
three cases (n = 1~3), the later one is expected to dominate and explain the low FF.
The second limitation to restrict the efficiency (n = 1) is the slightly lower Jsc,
which is attributed to insufficient photocurrent probably due to the lack of full
spectrum of light absorption. However, it shows a slight reduction of the efficiency
when n = 3, which is due to the decreasing Zn doping restricted open-circuit voltage

and resulted in a low efficiency.
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Figure 5.5 Current-voltage characteristics of Zn-CIS QDs-DSSC devices with
different n value under stimulated AM 1.5 solar illumination (100

mW/cm®) and active area 0.28 cm”.

Comparing with the efficiency reported by Leschkies et al, [109] who obtained
0.4% power-conversion efficiency and short-circuit current 2.1 mA/cm” for a system
of CdSe QDs with ZnO nanowires, the best power-conversion efficiency of current
study has reached a lower value of 0.28%. However, while being normalized with

those technical data in terms of the length of the ZnO nanowires, the average current
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density is 0.342 mA/cm” per um length, which is higher than that reported for the
CdSe QDs with 12um ZnO nanowires system having a value of 0.175 mA/cm” per
um length. Since it is reasonably to believe the population of the QD deposited on
the nanowires will influence the resulting power-conversion efficiency, where the
higher number of the QD on the nanowire surface, the higher the photocurrent can
be produced while other variables are held constant, the average deposited number
of the Zn-CIS QD on unit surface area of the ZnO nanowire is then estimated. In this
case, the surface area of a 5 pm length single ZnO nanowire with 50 nm diameter is
ca. 0.785 um® which can accommodate about 45700 Zn-CIS quantum dots with 3.5
nm diameter for a hexagonal closed packing configuration, converting to the average
adsorption number per pm?” is about 58000. This is technically accessible since the
microscopic observation readily showed'a full.coverage of the nanowire by the QDs.
For the case of Reference 7d, the calculated surface area and average absorption
number is 4.7 pm® and 68000 per pm*(12 fim length and 125 nm diameter of ZnO
nanowire, 3 nm diameter of CdSe), respectively, which is higher by 10 times in
surface area, but only larger by about 10% in QD population compared to the
nanowires employed in current study. However, in practice, the population of QDs
deposited on 12-um ZnO nanowire is sparingly distributed, rather than closely
packed, which probably explained the power-conversion efficiency for the latter
system is not as high as expected but only slightly higher, by about 7.5%, than
current experimental outcome. Such a comparison strongly indicates that the overall
power conversion efficiency of the QD-DSSCs should be largely limited by (1) the
surface area of the nanowires available for QD deposition and (2) the deposited
population of the QD. The length and the size of the nanowire are unlikely to be
major dominating factors for controlling the efficiency. This result proved our

hypothesis regarding the average current density for the QDs-ZnO nanowires solar
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cell system.

Table 5.1 Photovoltaic performance of the Zn-CIS/ZnO DSSCs under AM1.5

illumination (Power 100 mW/cm?) and active area 0.28 cm’.

n=1 n=2 n=3
Jsc /mA cm ™ 1.48 1.71 1.54
Voc IV 0.44 0.34 0.32
FF 0.36 0.48 0.50
7 (%) 0.23 0.28 0.24

5.4 Design of the ZnS shell as a dual-function layer

Based on the results reported above, there are two major competing pathways
that reduced the performance of the Zn-CIS-coated ZnO nanowire device when the
electrons transfer toward the ZnO nanowire electrodes. First recombination dynamic
is attributed to the complex reaction between excited electrons in Zn-CIS excited
state and the I3 in electrolyte. Second reécombination dynamic results from the
capture of these excited electrons by Zn-CIS cations, resulting in the QD
regeneration reaction and no longer competing efficiently with this reaction. These
faster recombination dynamics, however, result in an enhanced dark current for
these devices and consequently limit open-circuit voltage and fill factor of the
device, as evidenced by the current/voltage data. As was known, partial QD
corrosion from electrolyte and charge recombination between ZnO and Zn-CIS
might be the major origin for the reduced efficiency. The source of charge
recombination might have been due to the band discontinuity between ZnO and
Zn-CIS. Given these considerations, a key strategy for optimization of the
performance of Zn-CIS-based device is the minimization of interfacial charge
recombination losses. To address this issue, a novel core-shell configuration with

ZnS as a shell on the Zn-CIS QD (as core) was designed and the shell is acting as
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both a protecting layer and a band-bridge layer.

Figure 5.6 shows [-V characteristics of two QD-DSSCs recorded during
illumination with 100 mW/cm® simulated AM1.5 spectrum. One of these cells (hollow
circle) was constructed using the core-shell QDs whilst the other without the ZnS
shell (solid circle, sample with n=2) for comparison. The inset parameters are the Voc,
Jsc, FF, and 7 of the ZnS-coated sample. It was found that both the power conversion
efficiency (0.66%) and the short-circuit current (3.12 mA/cm?) of the QD-DSSC
modified by ZnS coating exhibited much higher values than those obtained without
the coating. Noticeably, the efficiency was promoted more than 2 times after ZnS
coating, which indicated that ZnS coating effectively enhanced the performance of the
QD-based solar cell. The value of Voc, Jsc and FF were also increased after the ZnS
coating, which suggests that the ZnS coating is able to effectively eliminate the
excited electrons recombination. -The influence of ZnS layer deposition for this

QD-based solar will be elucidated in-more detail in a later section.
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Figure 5.6 Current-voltage characteristics of Zn-CIS QDs-DSSC devices fabricated
with (spot) ZnS coating and (square) without. Samples were measured under

stimulated AM 1.5 solar illumination (100 mW/cm?) and active area 0.28 cm”.
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Under open-circuit conditions, it is believed that electrons accumulate within the
ZnS shell under visible irradiation, which shifts the apparent Fermi level to negative
potentials. Once the illumination is removed, the accumulated electrons are slowly
discharged because they are scavenged by the defects on the ZnO nanowire surface.
On this basis, the electrons injected from the excited Zn-CIS should be survived in a
longer time length and hence facilitate electron transport without undergoing any
possible loss at grain boundaries.

To prove this assumption, we further employed picosecond emission decay
measurement to analyze the excited electron lifetime, in order to gain better

understanding on the recombination dynamics of excitons.

5.5 Mechanistic aspects of charge transfer into ZnO nanowires

On the basis of the principle ‘of sensitizing large-band-gap semiconductors with
short-band-gap semiconductors, efforts have been made to employ short-band-gap
semiconductors as sensitizers to extend the photoresponse of ZnO into the visible
region. The Zn-CIS particles exhibit a band-edge emission peak, which also shifts to
the blue region with decreasing particle size. Figure 5.7(a) shows the emission spectra
of n2 Zn-CIS QDs deposited on glass slide and ZnO NWs. These QDs exhibit
characteristic emission peaks at 660 nm. When Zn-CIS was anchored onto a ZnO
nanowire (Figure 5.7(b)), a significant quenching of the emission was seen, thus
confirming the excited-state interaction between the two dissimilar semiconductor
particles. This quenching behavior represents the deactivation of the excited Zn-CIS
via electron transfer to ZnO nanowires. The processes that follow the band-gap

excitation of Zn-CIS are presented in Equations (5.1)-(5.3):
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Zn-CIS+hv>Zn-CISern) 2 Zn-CIS+hv (5.1
Zn-CIS+ZnO->Zn-CIS+ZnOy, (5.2)

Zn-CISytRedox—>Zn-CIS+0Oy (5.3)

Whereas the electrons injected into ZnO are collected to generate photocurrent, it
is necessary to employ a redox couple to scavenge the holes (Eq 5.3). Failure to

scavenge holes could lead to surface oxidation, especially during extended period of

irradiation. [122-123]

ZClS/glass

ZCIS/ZnO nanowire
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Figure 5.7 Emission spectra of 4.5 nm (n = 2) diameter Zn-CIS quantum dot film
deposited on (a) glass and (b) ITO/ZnO NWs films. Excitation was at
410 nm. Spectra b carries a multiplication factor of 3. All of the spectra

were recorded using front face geometry.

Time-dependent measurements of Zn-CIS on various plates were performed
using time-correlated single-photon counting (TCSPC) with excitation at ¢ = 410
nm. Typical results of a Zn-CIS/glass solution, a Zn-CIS/ZnO film, and a
Zn-CIS@ZnS/ZnO film are shown in Figure 5.8. To investigate the effect of a rigid
environment without interference from electron-transfer dynamics, deposition of

Zn-CIS QDs on a glass plate was prepared. The phosphorescent decay of the
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Zn-CIS/glass construct is describable with a multiexponential decay; three time
coefficients obtained from regression analysis of the data fitting are listed in Table 5.2.
When deposited on a glass slide, Zn-CIS particles exhibited emission decays with an
average lifetime of 22.6 ns. We anchored Zn-CIS on ZnO films to test the effect of
electron transfer through space from Zn-CIS to ZnO nanowires. The emission
transient is quenched more rapidly than that of Zn-CIS/glass construct, Figure 5.8,
having an average lifetime of 3.53 ns and some curve-fitted parameters are also given
in Table 5.2. This result indicates that interfacial electron transfer through space
quenches efficiently the phosphorescence in the nanosecond range. In the transient of
a Zn-CIS/ZnO film, an additional 0.27 ns component appeared, and other nanosecond
components were substantially quenched. If the shortening of the average lifetime is
attributed to quenching by electron transfer from Zn-CIS QD to ZnO nanowire, the
photocurrent density should be higher than the value above-mentioned. However, the
efficiency is much lower than what is predicted, indicating electron transfer from
Zn-CIS QD to ZnO nanowire is not the only relaxation path of exciton. According to
the hypothesis, faster recombination from excitons trapped by redox or Zn-CIS cation
caused an enhancement of dark current. After ZnS coating on the surface of Zn-CIS,
the average lifetimes were lengthened from 3.53 to 7.7 ns due to the higher
conduction band level of ZnS layer than that of Zn-CIS. The slower decay observed
with ZnS coating provides as a strong indication that the electrons injected from
excited Zn-CIS can survive longer and hence facilitate electron transport without
undergoing possible losses at grain boundaries or trapped by redox species, rather
than obstructed the electron transfer between Zn-CIS QD and ZnO nanowire. From
Equation 5.4, the electron-transfer rate constants of Zn-CIS and Zn-CIS@ZnS
core-shell QDs were evaluated, the results are listed in Table 5.2, indicating energy

transfer of excited Zn-CIS QDs is multiple radiative exciton relaxation from the
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energetically distributed surface-states (k.= 10° s™' [124])

ky = —t ] (5.4)

et
Tizers +zmo )y T(zas )

This implies that the surface of the nanocrystals provides a significant source of
defects or unpassivated sites where nonradiative recombination can take place. In
contrast, ZnS coating appears to eliminate the competing recombination pathways and

improves charge transfer efficiency from excited-state to ZnO nanowire.
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Figure 5.8 Fluorescent decay of 4.5 nm (n=2) diameter Zn-CIS quantum dots
deposited on glass plate (top), ZnO nanowires flim (bottom). Middle is
fluorescent decay of ZnS-coated Zn-CIS quantum dots deposited on

ZnO nanowires film.

Table 5.2 Kinetic parameters of Zn-CIS emission decay analysis

ZCIS/glass ZCIS/ZnO ZCIS/ZnS/ZnO
71 (ns) 157 (5%) 46 (11%) 56.44 (6%)
T, (ns) 5.5 (64%) 11.8 (4%) 14.62 (22%)
T3 (ns) 36.3 (31%) 2.25 (22%) 3.1 (39.4%)
T4 (ns) 0.274 (63%) 0.45 (32.6%)
<7 >(ns) 22.6 3.53 7.7
ke 10°S™ 2.39 0.86
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5.6 Effect of ZnS shell thickness

To understand the effect of the layer thickness of ZnS shell on the resulting
photo-conversion performance, Zn-CIS QDs with varying ZnS shell thickness were
prepared and the corresponding power-conversion efficiency was examined. Figure
5.9 shows the efficiency of the core-shell (Zn-CIS)ZnS QDs-based devices with ZnS
coverage of approximately 0, 0.6, 1.3, and 2.5 monolayers. The definition of a
monolayer here is the shell of ZnS that measured 0.31 nm (the distance between
consecutive planes along the [002] axis in bulk wurtzite ZnS) along the major axis of
ZnS-coated QDs. As the coverage of ZnS on the Zn-CIS surface increases, a dramatic
increase in efficiency was detected, followed by a steady decline at thickness above
~1.3 monolayers. Table 5.3 summarizes the relevant solar-cell parameters for these
samples. It was found that the efficiency value increases from 0.28 to 0.71 with
thickening of ZnS shell at 1.3 monolayers, which mainly resulted from an increasing
Jsc (from 1.29 to 3.50 mA/cm?). The enhancement of Jsc was attributed to the
increased electrons (or excitons) transferred from Zn-CIS core to ZnO electrode
through ZnS shell. Surface passivation by proper coverage of ZnS not only eliminated
defects but also promoted the electrons transfer efficiently. However, once the
coverage of ZnS is thicker than 1.3 monolayers, the Jsc value decreased considerably
to 0.22 mA/cm’ (reduced from 3.21 to 2.99 mA/cm?) which resulted in a reduction of
efficiency (0.085%). This phenomenon is due to the number of growing defects
generated from the lattice mismatch between Zn-CIS and ZnS. These new defects
could be the source of nonradiative recombination sites within the ZnS shell, which

leads to the capture of electrons from Zn-CIS and decreases the Jsc dramatically.
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Figure 5.9 Current-voltage

characteristics

of Zn-CIS@ZnS-DSSC devices

fabricated with different monolayer ZnS coating absorber under

stimulated AM 1.5 solar illumination (100 mW/cm®) and active area

0.28 cm”.

Table 5.3 Photovoltaic performanee of the Zn-CIS@ZnS/ZnODSSCs under AM1.5

illumination (Power 100 mW/cm?) and active area 0.28 cm’.

ZnS monolayer ML=0 ML=0.6 ML=1.3 ML=2.5
(ML)
Jsc /mA cm ™ 1.71 3.12 3.21 2.99
Voc IV 0.34 0.45 0.45 0.45
FF 0.48 0.47 0.49 0.48
7 (%) 0.28 0.66 0.71 0.65

To prove our hypothesis, HR-TEM was used to examine the internal structure of

Zn-CIS@ZnS core-shell QDs. Figure 5.10 shows the HRTEM image of Zn-CIS

quantum dots (a) without ZnS overcoating and (b) with 2.5 monolayers of ZnS

overcoating. For the 2.5 monolayers sample, the outer lattice fringes are slightly

askew compared with the inner part, which may be suggestive of strain-induced

mismtach in the crystal. Figure 5.10(c) displays diffraction patterns of (a) bare Zn-CIS
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nanoparticle and (b) that with overcoating 2.5 monolayers ZnS. A strong influence of
the ZnS shell on the diffraction is revealed where the XRD pattern is dominated by
the nanocrystals with the presence of 2.5 monolayers ZnS coverage compared with
bare nanoparticle. The difference in the first broad diffraction peak between (a) and (b)
spectra in Figure 5.10(c) suggests a possible change in orientation between the core
and shell. Similar studies and analysis were reported for CdSe/ZnS core/shell
structure. [5, 85] The increased Voc was due to a widened band-gap that was
originated by the presence of the ZnS shell, which has been reported earlier using a
PbS sensitized nanocrystalline. [125] Moreover, taking advantage of the energetic
bands between the Zn-CIS core and ZnS shell, the higher conduction edge of ZnS
than that of Zn-CIS QDs prevents the leakage of current from Zn-CIS to the
electrolyte, causing more electrons. to'be‘injected into the ZnO nanowire and
consequently increasing both Jsc and JVoc.

The current solar cell device with 5 pm short ZnO nanowires has reached a
power-conversion efficiency as high as 0.71 % through the use of a novel core-shell
design. Upon normalizing those technical data in terms of the length of the ZnO
nanowires, the average current density is 0.342 mA/cm” per um length and increases
to 0.642 mA/cm” per um length after the coating, enhanced by as much as 1.88 times..
Furthermore, this finding strongly implies that an efficiency enhancement can be
achievable if a maximal coverage and attachment of the Zn-CIS QDs on the ZnO
nanowire can be achieved, and more than that, incorporation of the novel
Zn-CIS@ZnS core-shell QDs further boosts the efficiency to a considerable extent

which is highly expected for photovoltaic uses.

5.7 Concluding Remarks
The charge transfer from Zn-CIS or Zn-CIS/ZnS core/shell QDs into ZnO
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nanowires by combining spectroscopic and photoelectrochemical techniques were
investigated. The photoconversion efficiency of Zn-CIS QDs-based solar cells was
readily tuned by controlling the Cu/Zn ratio. Increase in Zn doping increases the Voc
of the Zn-CIS QD-anchored ZnO nanowires electrode device. Lower Cu/Zn (n = 1)
ratio gives greater Voc and FF but insufficient absorption in the visible region. Higher
Cu/Zn ratio (n = 3) showed better absorption in the visible region but caused sluggish
electron injection into ZnO nanowires as effectively as that of lower-ratio Cu/Zn QDs.
A maximum power-conversion efficiency (0.28%) with Cu/Zn ratio QDs of n =2 was
detected. However, a significantly improved power-conversion performance to as
high as 0.71 % was attained while a thin ZnS shell of optimal thickness was deposited

on these Zn-CIS QDs.
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Figure 5.10 High-resolution transmission electron micrographs of (a) one “bare”
Zn-CIS nanocrystallite and (b) one Zn-CIS nanocrystallite with a 2.5
monolayer ZnS shell. (¢) Corresponding XRD patterns for (a) Zn-CIS
nanocrystals and (b) ZnS-coated Zn-CIS. Two standard data for ZnS
(top inset, vertical bars, JCPDS card No. 05-0566) and CulnS, (bottom
inset, vertical bars, JCPDS card No. 75-0106) are shown for

comparison.
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Chapter 6
Magnetically-induced Synthesis of Highly-Crystalline Ternary

Semiconductor Chalcopyrite Nanocrystals at Ambient Conditions

6.1 Introduction

In past decades, the synthesis of group II-VI semiconductors (i.e., binary
semiconductor compounds) with various geometries has been successfully achieved
for a number of different compositional combinations, from single phase elements to
alloys and compound semiconductors. [127,128] In comparison, ternary alloys have
been shown to offer more advantages over binary compounds, including continuously
tunable band gaps and tailored physicochemical properties.

Colloidal semiconductors and metals have been synthesized using coordinating
non-aqueous media by manipulating capping ligands, ligand-solvent pairs, reactant
concentration, or synthesis temperature. [129-135] CulnS, (CIS), which is a ternary
chalcopyrite compound, has demonstrated more optically and electronically tunable
properties than the binary II-VI analogues with the cubic zinc blend structure. CIS has
recently been considered to be a promising candidate for photovoltaic applications,
owing to its relatively high absorption coefficient and excellent energy matching
between its band gap (1.5 eV) and the solar spectrum. CIS nanocrystals have been
synthesized by processes such as the elemental solvothermal technique, [68, 69, 136]
thermolysis, [70,73] the hot injection technique, [137-138] and the single-source
precursor route. [139-140] All of those techniques require high temperature and/or
high pressure environments in order to bring the various kinds of species into the
desirable crystal form. However, compared with the significant progress in
monodisperse binary chalcopyrite colloids, investigation of ternary chalcopyrite

colloids has been limited, owing to the lack of suitable synthesis methods. Therefore,
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the challenge remains in the preparation of monodisperse ternary chalcopyrite colloids
with manageable size and shape.

Making ternary chalcopyrite compounds with superparamagnetic behavior by
magnetic doping has not yet been tried. It is generally understood that incorporation
of magnetic elements might enable the host materials to exhibit magnetic behavior.
[141-144] By limiting the size of the resulting doped compound to a few nanometers
in scale, superparamagnetic character may be developed. Room-temperature
ferromagnetism has been reported for non-magnetic metallic (Pd and Au)
nanoparticles and carbon nanostructures (nanographites and polymerized fullerenes).
[145-149] The ternary chalcopyrite semiconductors expressed as I[-III-VI2, are
considered to be a superstructure of the zinc-blende type. In particular, CuAB2 (A=Al,
Ga, In; B=S, Se) has shown intrinsic p-type conductivity, which suggests that
chalcopyrite compounds might be interesting host materials for magnetic doping. CIS
nanocrystals have been found to exhibit magnetic properties in a limited number of
reports. [150-151] Taking these findings into consideration, we hypothesized that a
new synthesis technology could be advanced by magnetic doping, in which CIS
nanocrystal nucleation and growth could be self-manipulated via magnetically
induced heating of the developing CIS nanocrystals upon synthesis. This is in contrast
to the currently existing time-consuming, cost-ineffective, and eco-unfriendly
autoclaving synthesis.

Here, we report a novel methodology in the synthesis of CIS nanocrystals in
coordinating solvents without sequential chalcogenide precursor injection, which is
achieved by incorporation of magnetic Zn species, i.e., diethyldithiocarbamide zinc
(DECZn), following a high frequency magnetic field induction (HFMF) (Figure 6.1)
at ambient condition. The process for growing the resulting Zn-doped CIS

nanocrystals with definite geometrical evolution can then be developed and
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controlled.

HFM F coil =

ZCIS particle
solution

Cooling water pump

Figure 6.1 Apparatus setup for the magnetically-induced synthesis.

6.2 Optical behavior

A solution mixture of copper chloride (CuCl) and indium chloride (InCls)
precursors was first prepared by dissolving in-oleylamine and diluted with octadecene,
followed by a trioctylphosphine (TOP) capping agent. Judicious choice of the
precursor ratio results in nanocrystals with a tunable [Zn]/[Cu] composition. The
mixed solution was subjected to HFMF for crystal growth. The size and shape of the
resulting nanoparticles could be finely tuned by varying the exposure time and
concentration of the capping agent during the synthesis. Under 90 W AC magnetic
induction, the appearance of the solution underwent a sharp change in color from
yellow to red, over a time period of 45 seconds, and then turned to black after two
minutes of induction. However, without the addition of Zn precursor, the solution
mixture showed no any change in appearance even for a long duration of magnetic
induction. To investigate the effect of magnetic induction, aliquots of the Zn-doped

solutions with different time durations from 30 to 360 seconds were taken and
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examined by ultraviolet-visible spectroscopy, photoluminescence spectroscopy, and
transmission electron microscopy. The fluorescent Zn doped CulnS, nanocrystals
started to appear in the solution within the first 60 seconds and while under 365 nm
UV light exposure, the solutions showed a yellow (30 sec) and red (45 sec)
appearance (Figure 6.2). These two samples with emission peaks at 590 and 630 nm
were similar to those reported by Nakamura et al, [75] who observed an improved PL
intensity when Zn was incorporated into CIS nanocrystals, due to a reduction of
anti-site defects. [76] The UV-vis spectra of these samples (30, 45, 120, 300, and 420
seconds, respectively) show the typical absorption curve of a semiconductor material
(Figure. 6.3): a band-edge peak was visible at around 390 and 800 nm. The absorption
energies for a 120 second exposure were significantly shifted to that of bulk CulnS,
(ca. 810 nm), consistent with the expected ‘effects of quantum confinement. More
evidence for the size confinement effect was provided by PL spectroscopy (Figure
6.2). The PL spectrum of the Zn-CIS colloids showed a blue-shift compared to those
in bulk CIS, which suggests further the size-dependent optical properties of the
colloids. However, after long-term magnetic exposure, the absorption spectrum shifts
to a longer wavelength, and a broad shoulder develops at 800 nm. The shift of the
absorption spectrum to a longer wavelength with increasing photolysis time is
consistent with band gap narrowing due to particle growth. The absorbance range
broadens from 390 to 800 nm (corresponding to particle size from 3.5 to 75.4 nm),
indicating the band-gap of the Zn-CIS nanocrystals underwent a red shift to match the

bulk CIS (1.5 eV, 810 nm).
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Figure 6.2 Absorption (left) and photoluminescence (right) spectra of ZCIS colloids
obtained by HFMF in 30 and 45 seconds. Inset shows the visual image of
these two ZCIS colloids under a 365 nm UV lamp irradiation.
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Figure 6.3 UV-vis absorption spectra of Zn-CIS nanocrystals under magnetic
exposure (from left to right: 30, 45, 180, 300, and 420 sec.).

6.3 Growth of Zn-CIS nanocrystals

The TEM image of these Zn-doped nanocrystals showed narrowly
size-distributed nanoparticles, with an average diameter of 3.5 nm (Figure 6.5(a)). The

high-resolution TEM image (Figure 6.4(a)) further indicated that these nanoparticles
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were single crystalline and spherical in shape. The size-specific quantum confinement
of this size of the Zn-CIS nanocrystals gave a red-color solution. However, after only
two minutes of magnetic field exposure, these nanocrystals grew to a size larger than
the Wannier-Mott bulk exciton radius (i.e., 4.1 nm for CIS [84]). To identify the
crystal growth of the Zn doped chalcopyrite semiconductor under magnetic exposure,
solution samples were taken after magnetic induction for durations of 180, 300, and
420 seconds, where, a steady-state development of the resulting nanocrystals is
assumed, albeit unintentionally selected. For the 180 second duration, the colloidal
Zn-CIS nanocrystals displayed a rectangular geometry, with a size of 12-15 nm in
length (Figure 6.4(b)). In the TEM images, lattice fringes corresponding to {0-11}
and {220} CIS planes were predominantly visible. Based on these observations, the
structure of the Zn-CIS nanocrystals .after 180 seconds of magnetic induction was
confirmed to be trigonal-pyramidal, rather than trigonal-plate, and has been
formulated for CulnSe; [152] and CdS. [153] After 300 seconds of induction, a
nanocubic geometry was obtained (from the same batch of solution), as shown in
Figure 6.4(c). The lattice fringes are separated by a distance of 3.1 A, which
corresponds to the {112} planes of CIS. The surface tension values of the {100},
{010}, and {001} planes of nanocubes are very similar, resulting in a similar distance
between these three crystallographic faces and the Wulff's point. On this basis, a
higher average growth rate along those crystallographic directions is expected,
resulting in Zn-CIS nanocrystals evolved into rectangular or quasi-cubic geometry.
Nevertheless, after 420 seconds of magnetic induction, the {112} plane of the
nanocube showed the fastest growth rate to form a bar-like geometry with an average

length of 75.4 nm and width of 18.3 nm (Figure 6.4(d)).
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Figure 6.4 HRTEM images of the Zn-CIS nanocrystals with various geometries; (a)
nanoparticle, (b) nanopyramid, (c) nanocube, (d) nanobar synthesized
under magnetic exposure. (€¢) Schematic of the growth of nanoparticles
into various geometries of different size, from nanopyramids, nanocubes,

and nanobars under magnetic induction.

Lower-magnification TEM investigations were performed to monitor the
formation of Zn-CIS nanocrystals. As shown in Figure 6.5(a), spherical particles

dominantly appeared in the solution in the 60-second sample. After 180 sec, most of
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the spherical structures were replaced by nanopyramids with diameters of 12-15 nm,
as shown in Figure 6.5(b), indicating that the nanoparticles were transformed in the
magnetic field. The nanocubes (Figure 6.5(c)) were formed after 300 sec and then

eventually grew into nanobars after 420 sec, Fig. 6.5(d).

nanocubes, (d) nanobars. (All the images have the same scale bars (10

nm).)

It appears from experimental observations that both the pyramidal and cubic
Zn-CIS nanoparticles co-existed in the time duration of 300-420 seconds (Figure 6.6).
The nanocubes kept growing along the (112) plane and turned into a nanorod

geometry; in the meantime, the small pyramidal nanoparticles kept growing equally
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along the four faces and turned into large crystals of identical geometry (see Figure
6.4(e) for a better illustration). In other words, both the nanorod and nanopyramid
Zn-CIS crystals of larger dimensions, after a longer magnetic exposure, were
presented simultaneously in the final suspension. However, it is not fully understood
whether there has any interactions evolved between the growth of both types of the
nanocrystals.

In a chalcopyrite CulnS; crystal, the bonding energy between Cu and S atoms is
weaker than that between In and S atoms, which means that the Cu vacancy is
preferably generated. In addition, the Cu vacancies induce anti-site defect generation.
[76] Furthermore, the ionic diameter of Cu (0.635 A) is similar to that of Zn (0.64 A).
On this basis, the Cu site in the lattice is preferentially substituted by Zn where such a
substitution is found to be more energetically favorable to prevent anti-site defects. **
The molar ratio of Zn:Cu:In:S in the nanocrystals of varying stages of magnetic
induction was determined by inductively couple plasma (ICP) spectroscopy and
TEM-EDX analysis (Figure 6.6), both data showed consistent ratio with an average of
1.1:2.5:3.4:5.6, i.e., a Cu-rich phase, for various geometrical structures, as given in
Table 6.1. These results indicated that a relatively uniform compositional evolution of

these Zn-CIS nanocrystals can be achieved.

Table 6.1 Composition of the varied structure Zn-CIS nanocrystal

Zn% Cu% In% S% Ratio
Nanoparticle  8.73 19.84 26.98 44.44 1.12.5:3.4:5.6
Pyramid 8.46 19.6 28.07 43.87 1.12.5:3.6:5.7
Cube 9.01 19.67 27.45 44.87 1.12.4:3.4:5.5
Bar 9.34 19.42 27.75 43.49 1.22.5:3.6:5.6
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Figure 6.6 Energy dispersive X-ray spectra (EDX) and corresponding TEM images
of nanobar shaped ZCIS nanocrystals. EDX analysis evidences
components of ZCIS nanocrystals. Larger pyramidal shape of ZCIS
crystals also found under long-term HFMF exposure, which indicated
small pyramidal crystals kept growing along three directions and
eventually coexisted with nanorod crystals.

6.4 Crystallographic analysis
The crystal phase of the as-synthesized compound was identified by powder
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X-ray diffraction (XRD) (Figure 6.7, black lines on the X-axis, respectively, denote
CulnZnS, diffraction patterns, JCPDS NO. 47-1731) and higher energy XRD (Figure
6.8), which clearly reveals that all the diffraction peaks perfectly match the
crystallographic structure of chalcopyrite CulnZnS, (space group: /42d (No.122) and
unit cell dimensions : a = b = 5.508 A, ¢ = 11.09 A), with no other impure phases
detected, indicating that a phase-pure Zn doped CIS can be efficiently obtained.
Moreover, regardless of the particle size (ranging from 3.5 to 75.4 nm) of the
synthesized Zn-CIS nanocrystals, they all gave an identical diffraction pattern. These
results, together with the HR-TEM observations, further prove that all the Zn-CIS
nanocrystals synthesized under magnetic induction possess single-crystal structure
with a relatively high degree of uniformity. Although the variation of crystal shape
has been addressed in a number of articles, the details of the mechanism have not yet
been clarified. [154-156] It is generally believed that the shape evolution of the
nanocrystals is dominated by the inherent crystal structure during the initial nucleation
stage. The subsequent growth was then managed through the delicate control of

external factors, such as surfactants, temperature, and time. [157]
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Figure 6.7 XRD patterns of the Zn-CIS nanocrystals of different shapes, with

bottomlines on the x-axis, denoting standard CIS powder diffraction

pattern.
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Figure 6.8 XRD spectrum of Zn-CIS nanobar by using higher-energy XRD, bottom
inset is the chalcopyrite structure CulnS, for comparison.

6.5 Discussion

The discovery of magnetic-induced synthesis of a ternary semiconductor is far
beyond what has been observed to date using traditional solution chemistry, such as
the solvothermal method, where temperatures as high as 200-300° C over time periods
of several to dozens of hours are frequently required. The magnetic-induced crystal
growth of Zn-doped CIS in this investigation should cause a self-heating effect
originating from the developing Zn-CIS compound, since the CIS nanocrystals
showed a stronger paramagnetic behavior after doping with Zn, Figure 6.9. The
hysteresis loop for the resulting Zn-CIS nanocrystals was corrected for the
diamagnetic contribution (inset of Figure 6.9) and shows typical paramagnetic
behavior, with the magnetization essentially saturated above 10 kOe. The hysteresis
loop data for the Zn-CIS nanocrystals at 300k and 5k (Figure 6.10) also evidenced the
superparamagnetism of such Zn doped CIS nanocrystals. In theory, magnetic colloids
in a magnetic field experience an internal stress as a result of the non-uniform

distortion arising from magnetic forces, generating heat. Under magnetic induction,
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the temperature of the Zn-CIS colloidal solution gradually rose from the very
beginning and reached a steady-state temperature of several tens of Celsius, at which
point the heat generation from the magnetic Zn-CIS nanocrystals was equilibrated

with the heat dissipated to the environment.
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Figure 6.9 Magnetization curves measured at room temperature for Zn-CIS QDs

(hollow) and Zn-CIS nanocubes-(solid). The inset shows the raw data

and the data after subtracting the high-field diamagnetic component.
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Figure 6.10 Magnetization curves measured at different temperature for Zn-CIS
QDs.
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Assuming magnetic heating involves only isolated, independent nanoparticles,
RF field friction in and around a magnetic particle can be stemming from two sources:
[158] first, the particle may tumble causing frictional heating at the particle-solvent
interface. The relaxation time for this mode can be estimated as the time required for
Brownian motion over a characteristic distance of the order of one particle diameter.
Brownian relaxation may not be responsible for the frictional heating of the Zn-CIS,
however, because the heat generated from this mechanism should be equally shared
between the nanoparticle and solvent so it is unlikely for the Zn-CIS alone to reach a
very high temperature. Friction may also arise from spin rotation without crystal
lattice rotation within the crystal. The relaxation time for this mode (Neel relaxation)
is the reciprocal of the spin flipping rate, too fast to contribute any significant friction
in a RF field. As a first approximation; 'we can. roughly approximate the heating rate
Rycis of the Zn-CIS (or ZCIS) nanoparticles in terms of Rs using VzcisRzcisCrois=
(1-Vzcis)RsCs. Here Vzcis is the volume fraction of the Zn-CIS nanocrystals relative
to the solution, and Cs and Cycjs are the volumetric specific heat of the solvent and
ZCIS, respectively. Here we used Vzcis~0.01, meanwhile, referring to the specific heat
of ZCIS and the solvent, we estimate Cs/Czcis ~1. Therefore, the calculated Rzcis is
from 10° C/s to 100° C/s, i.e., it takes a few to few tens of seconds for the temperature
to rise to several hundred degrees of Celsius in the Zn-CIS nanocrystals before a
steady state is reached. However, interfacial heat transfer at a nanometer scale
surrounding the nanocrystals is not well determined.

Referring back to the forming of such Zn-CIS nanocrystals under magnetic field,
how do these particles form in the first place? In the solution without adding Zn
precursor (which is virtually a Zn-S-containing precursor), the other two precursors
(i.e., Cu and In) are unable to react in the presence of magnetic field (we have also

found no any reaction with Zn-S-containing precursor alone). However, after the

74



Zn-S-containing precursor was prepared separately, i.e., completely dissolved in a
solvent, we found no any precipitate in the solution and believed it may form a
Zn-S-containing compound. While the first aliquot amount of the compound was
added to the mixture solution, energetically effective collisions (under heating and
agitating) among those precursors should cause the incorporation of Cu ion with the
compound (due to the similar ionic size between Cu and Zn ions), upon which a
chemically equivalent mixture of the those molecular precursors may develop into the
first nanocrystal or “first compound” in the presence of magnetic field, such as
Cu-containing ZnS compound, which allows to induce heating under exposure of the
field. Since the electron configuration of Cu” is d'°, ZnS doped with Cu” would be
diamagnetic. If copper existed as Cu’ or Cu®" in the ZnS, the system would be
strongly paramagnetic. [159] In our study;'the Cu precursor is CuCl, which means Cu”
could be pseudo-oxidized by the Zn-S-containing compound (i.e., S° in the Zn

precursor, Figure 6.11).

dethyldithiocartamic acid zrc
+’/— /,/’/ 1
Cu Zn++ : Cu++ e Zn++ :

Figure 6.11 Mechanism of “first paramagnetic nanocrystal” formation.

While the Cu-containing ZnS compound exhibits paramagnetism, the magnetic
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field can thus induce heat. To prove our hypothesis for the formation of a chemical
compound, we mixed only Cu precursor into the solution of Zn-S-containing
precursor, in the absence of In precursor. A secondary force may bring interaction
between Cu and S ions, rather than forming any chemical bond, leading to a
featureless of Cu-S bond using Raman spectroscopic analysis, in other words, there
appears no chemical interaction between Cu and S in the mixture. In spite of such
weak attraction, the reaction is somehow an ongoing procedure in the presence of
magnetic field which was confirmed by a visual observation of the solution, turning
from turbid appearance to transparent. This phenomenon indicated the precursors in
the solution were actually affected by the magnetic field and consequently induced
heating for further reaction. Although we have no direct evidence available for such
an intermediate compound presently, the-SQUID analysis of collected precipitation
from the mixed Zn-S and Cu préecursors demonstrated our hypothesis (see Figure
6.12). It is highly likely to believethat the “first” magnetic nanocrystal may preserve
for a short period of time and form rapidly into a more stable nanocrystal with
Zn-Cu-In-S near-stoichiometric chemistry under the presence of magnetic field due to
the involvement of other ions, such as In. Once the first paramagnetic Zn-CIS
nanocrystal was developed, a continuous growth was followed immediately and
rapidly. Development of such a "first paramagnetic nanocrystal" in the solution should
be time dependent, following a crystal growth kinetic, both scenarios result in a
mixture of the nanocrystals of varying geometry and size over a certain time span of
reaction, as evidenced in Figure 6.4, where the nanocrystals with different size and

shape can be observed simultaneously.
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Figure 6.12 Magnetization curve of precipitation from Zn and Cu precursors.

Accordingly, the formation of Zn-CIS nanocrystals arising from magnetic
induction is associated with fast nucleation and growth kinetics. In other words, once
the nuclei begin evolving, a rapid temperature rise in the Zn-CIS nuclei should
promote fast atomic deposition from the surrounding precursor bath. The exchange of
heat and mass between the growing hot nanocrystals and the surrounding cold solvent
due to convection should accelerate the atomic deposition of the precursors. One
important feature of this synthesis is that the hot nanocrystals are likely to impart
energy to the impacting precursor molecules which carry an organic part, where a
further thermal dissociation of the organic compartment at the points of deposition or
collision should take place upon numerous collisions between the precursor molecules
and growing nanocrystals. This results in a chemically-pure deposition, leaving
behind the organic counterparts in the solvent medium, as is further evidenced in the
HR-TEM photos, (Figure 6.4), where highly orderly-arranged texture of the Zn-CIS
lattice for the nanocrystals from smallest to largest dimensions can be resolved at
various time periods of synthesis. This result is not possible for solvothermal or

similar techniques, except at relatively high temperatures, e.g., >200° C, for a long
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synthesis duration, e.g., >10 hours, where the resulting ternary nanocrystals showed
very poor crystallinity (Figure 6.13) and poor optical behaviors. Incorporation of
organic molecules into the developing semiconductor nanocrystals may be one critical

factor deteriorating the desired properties.

Figure 6.13 HR-TEM images: of ZCIS .nanocrystals synthesized through
high-temperature organic solvent method (a) and HFMF (b). This
comparison indicated that crystallinity of ZCIS nanoparticles was
enhanced by HFMF.

It is also surprisingly to learn that a highly uniformly compositional development
of the nanocrystals of various geometries can be achieved, which suggests that the
co-deposition of all those molecular precursors over the time span of the synthesis is
kinetically similar. In other words, once the nanocrystals were initially evolved, the
potential of those precursors upon impingement to the growing nanocrystals should be
energetically similar. Such a collision should be a matter of an interaction between the
precursor and nanocrystals, as a result of interparticle attraction. This is further
evidenced with a subsequent zeta potential measurement (supporting information
Table 6.2) of the nanocrystals. The zeta potential value of Zn-CIS nanocrystals was

slightly negatively charged in an average value of -10.8 + 3.2 mV for various
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geometrical structures. These slightly negatively charged nanocrystals should exert
weak attraction to the precursors, following a kinetically similar impingement to form
final Zn-CIS crystals. However, the Cu-rich phase evolution of the nanocrystals
suggests when incorporated into the lattice, the Cu precursor tends to form a
lowest-energy solid solution compared to those with Zn precursor. Furthermore, the
maximum amount of Cu substitution by Zn in the development of the energetically

stable Zn-CIS nanocrystals in this finding is approximately 32.43%.

Table 6.2 Zeta potential values of different shape Zn-CIS nanocrystals. Particles are
the sample obtained under HFMF duration for 30 and 45 seconds which

show emission peaks at 590 and 630 nm.

Shape Particle Particle Cube/Pyramid | Bar
(30sec) (45sec)
Zeta potential (mV) | 7.25 14.3 9.36 9.74

In order to distinguish the difference between magnetically-induced synthesis
and the high-temperature organic solvent method (HTOSM), we compared our
nanocrystal with the one reported by Nakamura et al. [75] The optical properties,
including PL and UV-vis characters, are presented in Figure 6.14. There are two
emission peaks located at 420 and 560 nm of the HTOSM sample. The 420 nm peak
contributed from the ZnS indicates an insufficient energy transition in HTOSM to
permit alloying of the Zn atom into the CIS lattice and form a secondary phase, ZnS.
This result confirmed our hypothesis of energy transform through magnetic induction.
Moreover, the UV-vis absorption spectra of the Zn-CIS nanocrystals prepared with
magnetic induction shows a stronger and sharper peak compared to the Zn-CIS
nanocrystals prepared through HTOSM. The relatively sharp exciton peak in the

absorbance spectra indicates that the Zn-CIS nanocrystals are relatively size- and
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Figure 6.14 Fluorescence (a) and absorption (b) spectra of the Zn-CIS nanocrystals
obtained with (red) and without magnetic induction (black). The

excitation wavelength for the fluorescence measurements was 366 nm.

shape- monodisperse. Furthermore, the optical properties are much better with band
edge PL and narrow peak widths compared with the one prepared from HTOSM.
While there are some studies have reported decent results of CIS [160-164] and CISe
[164-165] (CulnSe;) nanocrystals recently, few of them exhibited
quantum-confinement behaviors. Nevertheless, all of these reports need rigorous
conditions such as high temperature (180~300°C), long crystal-growth duration (1~24

hours), and non-oxygen environment. Compared to those experiment conditions,
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magnetically-induced Zn-CIS synthesis is much more easy and fast for such
nanocrystals development. This distinct feature further confirms the promising
development of magnetically-induced Zn-CIS synthesis over conventional

high-temperature pathways.

6.6 Conclusion and implication

A novel method using magnetic doping to form highly-crystalline semiconductor
compound in an ambient environment has been explored for the first time. The
geometries and lengths of the resulting Zn-doped CIS nanocrystals can be
manipulated as a function of the duration in a high-frequency magnetic field. The
Zn-CIS nanocrystals exhibited excellent phase pure optical properties and chemically
pure crystallinity compared to those prepared via conventional high-temperature
methods. The UV-vis absorption: spectra of the Zn-CIS colloids has a strong
absorption over a relatively wide region from UV to near IR, depending on the
dimensional evolution of the Zn-CIS- "nanocrystals, indicating that the
highly-crystalline Zn-CIS colloidal compound prepared in this work can be
considered as a potential candidate for solar absorption. Such a magnetically-induced
synthesis technology offers great advantages over currently existing methodologies
for the growth of these nanocrystals, resulting in better crystalline development and
compositional uniformity for such a complex semiconductor compound. Such a novel
synthesis method provides a new avenue for the development of ternary chalcopyrite
materials via magnetic doping. We also believe that an expansion of such a synthesis
technique can be adapted to other important semiconductor compounds, resulting in

considerable improvement in purity and optically tunable properties.

81



Chapter 7
Application of Zn-CulnS2 Nanocrystals Synthesized through
Magnetic Field

To employ the Zn doped CulnS, (Zn-CIS) nanocrystals, as described in chapter
6, for practical application, we prepared a series of Zn-CIS nanocrystal-based solar
cell devices using the nanocrystals of various shapes, to measure the solar-cell
parameters. The prototype device is schematically represented in Figure 7.1, and
Figure 7.2 presents the current-voltage characteristics of the nanocrystal-based
devices. The relevant solar-cell parameters for those three samples are given in
Table 7.1, which include the current density at short circuit (Jsc in mA cm_z), the
voltage at open circuit (Voc in V), the fill factor (FF), and the efficiency of power
conversion (77 = Jsc'Voc FF/Pi, with P, = 100 mW cm_z).

Nanocube-based device displayed following characteristics: Jsc = 3.012
mA/cm?, Voc = 0.61V, FF = 0.38, and an efficiency of 0.70 % in average. The Jsc
values increased from 3.012 to 3.317 mA/cm® at nanopyramid-based device
accompanied with increasing efficiency from 0.7 to 0.80%. The maximum value of
Jsc reached 4.21 mA/cm® at nanobar-based device with a power conversion
efficiency of 1.01% in this study. This result indicated that the ability of
light-absorption of Zn-CIS nanocrystal was enhanced once the crystal size was
increased. It is obviously suggested that the increasing efficiency of these devices is
related to the broadened absorption wavelength of larger Zn-CIS nanocrystals.
Referring to previous chapter (see chapter 6), the absorption band of Zn-CIS
nanocrystals shows a red shift with increasing size, as shown in Figure 7.3. As can
be seen in the Table 7.1, compared to other parameters such as Voc and FF, the Jsc

is more determinative for this trend, corresponded to the absorbance spectrum.
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However, the highest value (4.21 mA/cm?) of Jsc here is still lower than reported
[166] (17 mA cm™), which might result from thinner absorber layer. Therefore, we
deposited the Zn-CIS layers of different thickness for prototype devices, in order to
enhance efficiency of the device by increasing Jsc. (The Zn-CIS nanocrystals used

here is nanobar-like sample.)

ﬂﬂﬂﬂ Front contact

Back contact

Figure 7.1 Prototype structure of Zn-CIS device.
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Figure 7.2 Current-voltage characteristics of Zn-CIS devices with different shape
nanocrystal under stimulated AM 1.5 solar illumination (100 mW/cm?)
and active area 0.28 cm’.
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The thickness of Zn-CIS layer can be controlled by varying the nanocrystal
concentration in the suspensions. Figure 7.4 shows the relationship between
absorber layer thickness and the efficiency (the thickness here measured by « -step
analysis.). After increasing the thickness of Zn-CIS film, the Voc value shows a
slightly increase from 0.59 to 0.62 V which is related to the amount of Zn in the
Zn-CIS layer. Based on chapter 6, the incorporation of small amounts of Zn led to an
increased Voc [2]. The amount of Zn in the nanobar-like nanocrystal is lightly more
than that in other two kinds of nanocrystals, which might provide explanation to the
variation of the Voc. The FF value shows a decline from 0.41 to 0.39 at 2.132 pum,
indicating the increasing charge recombination with thicker Zn-CIS absorber film.
The source of charge recombination might have been a result of film cracking,
which became more significant for thicker films than for those two thinner ones. The
results display a notably systematic trend for Jsc, such that the current density
increases significantly from Jsc = 4.21. mA/ em?’ at 1.012 um to Jsc = 5.871 mA/cm?
at 2.132 pm because thicker absorber offers a promotion of light absorption and
photo carrier collection. Because the extent of the increase in Jsc was much greater
than the extent of the decrease in FF, the overall efficiency of conversion of photons
to current exhibits a systematic increase from 7= 1.01 % at 1.012 um to 7= 1.44 %
at 2.132 pm.

These devices provide a baseline performance and demonstrate as a
proof-of-concept that these nanocrystals can be used in PVs. Practical devices,
however, require higher efficiencies. There are many ways to try to promote PV
efficiency, including using nanocrystals with shorter chain capping ligands,
incorporation Ga into the films, and using various chemical or thermal treatment of
nanocrystal layers to increase their conductivity. New device architectures that are

more favorable to using nanocrystal absorber layers and low-temperature
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manufacturing steps may also provide ways to increase device efficiency and
eliminate the need for high temperature processing. These are all important topics

for further study.

Table 7.1 Photovoltaic performance of the different shape-Zn-CIS
nanocrystal-based devices under AM 1.5 solar illumination (100

mW/cm?) and active area 0.28 cm’.

nanocube nanopyramid nanobar
J/mAcm™ 3.012 3.317 421
VoV 0.61 0.62 0.59
FF 0.38 0.39 0.41
7 (%) 0.7 0.80 1.01
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Figure 7.3 UV-vis absorption spectra of different shape Zn-CIS nanocrystals.
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Figure 7.4 Current-voltage characteristics-of Zn-CIS devices with different Zn-CIS
film thickness under stimulated AM 1.5 solar illumination (100 mW/cm?)

and active area 0.28 cm”.

Table 7.2 Photovoltaic performance of the different thickness of Zn-CIS nanocrystal

film devices under AM 1.5 solar illumination (100 mW/cm?) and active

area 0.28 cm>.

Thickness (um) 1.012 1.594 2.132
Jo/mAcm™ 421 4.959 5.871
Vool V 0.59 0.61 0.62

FF 0.41 0.41 0.39

1 (%) 1.01 1.25 1.44

86




Chapter 8

Conclusion

In this thesis, we study the synthesis of nano-scale chalcopyrite CulnS, (CIS)
semiconductors and their application to energy issue. Firstly, we have synthesized
CIS nanocrystals smaller than the Wannier-Mott size (< 8.1 nm) through a colloidal
solvent process. The nanocrystals produced by this method are 2.4+0.5 nm in size.
We have observed the emission peak around 450 nm of these CIS nanoparticles,
which is significantly shorter than that of bulk CIS (810 nm) due to quantum
confinement effect. After deposition of ZnS layer onto these bare CIS nanocrystals,
the photoluminescence intensity was dramatically enhanced by elimination of
surface defects. However, new defects were generated with the thickness of ZnS
layer over 2 monolayers and resulted in-a decreasing PL intensity. (Chapter 4)

In order to extend the CIS nanocrystals onto solar energy application, we dope
the Zn into CIS nanocrystal to broaden-the" absorbance spectrum. The average
particle sizes of synthesized Zn-CIS nanocrystals with different Cu/Zn ratio (n) from
1~3 are 3.5, 4.5, and 4.4 nm respectively. The excitonic transition peaks are shifted
to 530, 570, and 660 nm for n = 1, 2, and 3, respectively. It is noticeable that the
absorption and PL properties of Zn-CIS nanocrystal are dominated by the
concentration of Zn doping. The Cu site in the lattice is preferentially substituted by
Zn and the substitution is found to be more energetically favorable to prevent
anti-site defects, which will affect the absorption spectrum. We have deposited these
Zn-CIS nanocrystals onto 5 pm long ZnO nanowires to fabricate the solar device.
The best power conversion efficiency of these devices we obtained with different n
values is 0.28 % at n = 2 (Jsc = 1.71 mA/em?, Voc = 0.34 V, FF = 0.48). The

reasons for such low efficiency of this kind of quantum dot-based solar device might
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be the QD corrosion from electrolyte and fast recombination. We have demonstrated
ZnS deposition as a protecting layer to prevent the corrosion and reduce the
recombination by prolonging the exciton lifetime. The efficiency is 0.66 % for the
initial ZnS deposition with 0.6 monolayers and promotes to 0.71 % by 1.3
monolayers ZnS deposition due to efficient enhancement of Jsc from 1.71 to 3.21
mA/cm’. (Chapter 5)

Based on Zn-CIS nanocrystals, we continue to investigate the effect of Zn
doapant and new synthesis method of this series material. We have synthesized
Zn-CIS nanocrystals with different geometries in the presence of high frequency
magnetic field (HFMF) at ambient condition. Crystal shape deviates from spherical,
cubic, pyramidal, and finally bar with duration time of HFMF. The Zn-CIS
nanocrystals obtained within the first, 60 séconds exhibited quantum confinement
effect, showing emission peaks at 590 (30 sec) ad 630 (45 sec) nm. After longer (120,
300, and 420 seconds, respectively) duration, the UV-vis spectra show the typical
absorption curve of a semiconductor material: a band-edge peak was visible at
around 710, 780, and 800 nm respectively. All these nanocrystals with variety
shapes are monodisperse and highly-crystalline, indicating convenience, rapidity,
and novelty of our method. This result demonstrates the fast crystal growth under
magnetc-induced heating of such magnetic dopant chalcopyrite semiconductors have
potential for optical and energy application. (Chapter 6)

For expansion of magnetic-induced synthesized Zn-CIS nanocrystals, we have
fabricated a series of solar cell devices using Zn-CIS nanocrystals of various shapes.
The best efficiency we obtained is 1.01 % for the nanobar-based device, with Jsc =
4.12 mA/cmz, Voc = 0.59V, FF = 0.41. The thickness of absorber layer in these
devices is around 0.983~1.012 um. The efficiency of performance is promoted to

1.41 % after deposition of thicker absorber layer (2.132 pm). There are many ways

88



to try to promote PV efficiency, but our results show the great potential for

application in optical and energy device. (Chapter 7)
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