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The oxides of rare-earth elements (rare-earth sesquioxide: RE2 O3 ) are known for
their optical and dielectric properties. Europium oxide is known for characteristic red luminescence and gadolinium oxide has excellent insulating properties (band gap: 5.5 eV).
Development of ultra-small nanocrystals (sub-3 nm diameter) of these rare-earth oxides
and investigation of their optical and dielectric properties are explored in this dissertation. A new synthesis process was developed successfully to produce ultra-small colloidal
nanocrystals, which were capped with oleic acid. Europium oxide nanocrystals exhibited
a new luminescence peak because of the occupation of Eu3+ ions in a surface site. The
nanocrystals were assembled into ﬁlms from their suspensions in hexane by electrophoretic
deposition. Films of europium oxide were highly transparent in visible spectral region because of minimal scattering losses within the ﬁlms and exhibited characteristic red luminescence. Gadolinium oxide nanocrystals exhibited charge-storage properties when integrated
in a metal-insulator-semiconductor structure. Layered heterostructures of carbon nanotubes
and nanocrystals were fabricated and their charge-storage properties were studied.
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CHAPTER I

INTRODUCTION

1.1

Overview
The lanthanide series elements [lanthanide (La, atomic number 57) to lutetium (Lu,

atomic number 71)], scandium (Sc, atomic number 21), and yttrium (Y, atomic number
39) are called rare-earth (RE) elements. The oxides of these elements are called rare-earth
oxides, which have been widely used in a variety of applications: as activators and/or
sensitizers in phosphors, as dopants in glasses for coloring, as dopants in optical ﬁbers, as
ultraviolet (UV) absorbing materials in glasses, as neutron absorber in nuclear reactors, as
catalysts in chemical reactions, and as light emitters in tricolor ﬂuorescent lamps. Generally,
rare-earth oxides are found in three compositions: monoxide (REO), sesquioxide (RE2 O3 ),
and dioxide (REO2 ). Of these compositions, rare-earth sesquioxide is the most thermally
and chemically stable composition of majority of the rare-earth elements, which form stable
trivalent ions (RE3+ ). The RE3+ ions (Ce3+ to Yb3+ ) have partially ﬁlled 4f orbitals,
while the RE3+ ions (Sc3+ , Y3+ , La3+ ) have empty 4f orbitals and Lu3+ have completely
ﬁlled 4f orbitals. The ground state electronic conﬁgurations of the lanthanide RE3+ ions
(La3+ to Lu3+ ) are characterized as [Xe]4f n (n = 0 - 14). Various RE3+ ions have emission
transition energies, arising from their ground state electronic conﬁgurations, in or near the
visible region of the electromagnetic spectrum (Table 1.1).1 Therefore, these ions exhibit
emission peaks in or near visible spectral region. Emission spectra of some of these ions is
shown in ﬁgure 1.1. These peaks are sharp due to the discrete energy levels of the RE3+ ions.
Since the 4f electrons of these ions are well shielded from surrounding anions by completely
ﬁlled outer 5s 2 and 5p 6 electrons, the energy levels are discrete and are not aﬀected much
by a crystallographic environment. The splitting of these energy levels into multiple energy

1

Table 1.1: Electronic conﬁgurations and emission colors of trivalent rare-earth ions.1
Ions
Electronic
Emission
Ions
Electronic
Emission
conﬁguration
color
conﬁguration
color
3+
1
3+
8
Ce
4f
ultraviolet, green
Tb
4f
green
Pr3+
4f 2
blue, green, red
Dy3+
4f 9
yellow
Nd3+
4f 3
near infrared (NIR) Ho3+
4f 10
blue, green
3+
5
3+
Sm
4f
pink
Er
4f 11
green, IR
Eu3+
4f 6
red
Tm3+
4f 12
blue
3+
7
3+
13
Gd
4f
ultraviolet
Yb
4f
blue, NIR

Figure 1.1: Emission spectra of some of the RE3+ ions, which show emission peaks in the
visible region. The source of this image is unknown.

2

manifolds occur by the crystal ﬁeld when RE3+ ions reside in a crystallographic environment.
The splitting is very small because of the shielding of the 4f electrons. Hence, the rareearth sesquioxides (RE2 O3 ) comprising the RE3+ ions exhibit sharp emission peaks, which
are characteristic of those ions. Since the RE3+ ions oﬀer such a wide range of emission
colors and their oxides are very stable, these rare-earth oxides are well known as luminescent
materials for their optical characteristics. Apart from the luminescence characteristics, the
rare-earth sesquioxides are known for their excellent dielectric properties (high-κ), which
also arise from their electronic conﬁguration.4 Within the scope of this dissertation, the
rare-earth sesquioxides (RE2 O3 ) are deﬁned as the rare-earth oxides (REOs).
Of all the rare-earth oxides, europium oxide (Eu2 O3 ) and terbium oxide (Tb2 O3 )
have been investigated most thoroughly because they oﬀer two of the three basic colors
required in red-green-blue (RGB) pixel-based video display devices and in tricolor ﬂuorescent lamps. Luminescence from these materials is observed when they are excited with
high-energy photons (UV), fast electrons, X-rays, or γ-rays. Generally, Eu3+ /Tb3+ -doped
in a non-luminescent oxide host lattice is employed instead of a pure oxide (Eu2 O3 and
Tb2 O3 ) to minimize concentration-dependent luminescence quenching, known as concentration quenching. Migration of the excitation energy and the exchange interaction between
the identical luminescent ions (Eu3+ /Tb3+ ) in the pure host lattice remain central to the
concentration quenching eﬀect (Section 1.3.4). The energy migration and exchange interaction are strongly dependent on distance between the identical luminescent ions. Doping
of luminescent ions in a non-luminescent host lattice increases distance between them and
thus minimizes the energy transfer. Gadolinium oxide or yttrium oxide (Gd2 O3 /Y2 O3 )
are preferred over other host lattices because these oxides have same crystal structure and
have similar lattice constants compared to the Eu2 O3 and Tb2 O3 . These oxides are nonluminescent in the visible region. Also, the doping technique facilitates eﬃcient energy
transfer from the Gd2 O3 /Y2 O3 host lattice to the Eu3+ /Tb3+ ions when the host lattice is excited with X-rays, γ-rays, and fast electrons. Overall, luminescence eﬃciency of
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Eu3+ /Tb3+ -doped Gd2 O3 /Y2 O3 is higher than that of pure Eu2 O3 and Tb2 O3 . These
oxides in their microcrystalline form (1 - 10 μm) have been employed in various commercial applications such as cathode-ray tube (CRT) and projection television screens, tricolor
ﬂuorescent lamps, and X-ray intensifying screens.5, 6
Over the past decade, nanocrystalline Eu3+ /Tb3+ -doped Gd2 O3 /Y2 O3 , Eu2 O3 , and
Tb2 O3 materials have gained signiﬁcant research interest, which stems from widespread use
of their microcrystalline particles in various optical devices. The nanocrystals have potential
applications in high-resolution, energy-eﬃcient video display devices, in eﬃcient solid-state
lighting applications, and as bright luminescent probes in immunoassays.7, 8 Typically,
nanocrystals are single crystals with sizes in the sub-100 nm regime. Since nanocrystals
are typically single crystals, they do not have grain boundaries. Since grain boundaries,
present in polycrystalline particles, are defect sites where the excitation energy can be lost
non-radiatively, their absence in nanocrystals is beneﬁcial. In addition, various nanocrystal
synthesis procedures do not employ the mechanical grinding or milling processes, which are
employed in the production of microcrystalline rare-earth oxide particles. Thus, surface
defects that are produced on the particles by mechanical grinding and milling processes are
avoided in nanocrystals. Since nanocrystals have large surface-to-volume (SVR) ratio, they
have a large number of surface defects if their surfaces are not passivated. The nanocrystal
synthesis procedures should passivate nanocrystal’s surfaces by reducing a number of surface
defects that act as luminescence quenching sites, and thus increase luminescence eﬃciency.3
Additionally, the surface passivation of nanocrystals improves their colloidal stability, which
is important for their implementation in biological applications. For example, nanocrystals
are dispersed in a variety of solvents, for which colloidal stability prevents nanocrystal
agglomeration and, hence, facilitates the manipulation and distribution of the nanocrystals
in biological applications.
The primary research thrust within scientiﬁc community has been to develop techniques to produce nanocrystals of Eu3+ /Tb3+ -doped Gd2 O3 /Y2 O3 , Eu2 O3 , and Tb2 O3 and
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to study their optical properties. Important ﬁndings reported by the scientiﬁc community
are outlined here in chronological order.
Eilers H. et al.9 (1995): Synthesis of nanophase ZnO, Eu2 O3 , and ZrO2 , by gas-phase
condensation with cw-CO2 laser heating
• A cw-CO2 laser was employed to directly heat cubic phase Eu2 O3 pellet to gaseous
phase, which was condensed on a cold ﬁnger to form nanophase Eu2 O3 .
• Nanophase Eu2 O3 had monoclinic crystal structure, which is a metastable phase at
room temperature. The particle size varied between 2 - 30 nm diameter.
Bihari B. et al.10 (1997): Spectra and dynamics of monoclinic Eu2 O3 and Eu3+ :Y2 O3
nanocrystals
• Spectroscopy studies of monoclinic Eu2 O3 and Eu3+ :Y2 O3 nanocrystals of 14 and 23
nm average diameter, respectively were conducted at low temparature (∼ 10 K). The
gas-phase condensation technique was employed for the synthesis of the nanocrystals.
• The excitation spectra of nanocrystalline Eu2 O3 showed sharp peaks at 578.5 nm,
582.2 nm, and 582.4 nm corresponding to the three distinct crystallographic sites (labeled as A, B, and C, respectively) where Eu3+ ions reside in the monoclinic crystal
structure. Energy transfer between the three sites was studied by selectively exciting diﬀerent sites and observing intensities of emission peaks. Energy transfer was
observed between all three sites.
• Similar site selective excitation studies, performed on 0.1 wt % Eu3+ :Y2 O3 , revealed
that energy transfer occurs from site A to sites B and C, but energy transfer between
sites B and C was not observed. Energy transfer occured between all the sites for
Eu3+ ion concentration of 0.7 wt % and higher.
Goldburt E. T. et al.2 (1997): Size dependent eﬃciency in Tb doped Y2 O3 nanocrystalline
phosphor
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Figure 1.2: Luminescence eﬃciency of Tb3+ -doped Y2 O3 nanocrystals as a function of size.
After Goldburt ET et al.2

• Sol-gel techniques were employed to produce Tb doped Y2 O3 nanocrystals with diameters between 4 - 10 nm. Monodispersivity of the nanocrystals was between 25 %
- 40 %.
• Increase in luminescence eﬃciency of the nanocrystals was observed as the size decreased. Figure 1.2 shows the graph of luminescence eﬃciency as a function of nanocrystal size. The nanocrystals had 40 % eﬃciency of that of conventional Tb3+ :LaOBr
phosphor.
Wakeﬁeld G. et al.3, 11 (1999): Synthesis and properties of sub-50-nm europium oxide
nanoparticles and Structural and optical properties of terbium oxide nanoparticles
• Eu2 O3 and Tb2 O3 nanocrystals of cubic phase were synthesized by a colloidal precipitation technique. The nanocrystals were passivated with a layer of trioctyl phosphine
oxide (TOPO) in order to minimize non-radiative transition pathways. The Eu2 O3
nanocrystals were synthesized in the size range 2 - 40 nm, while the Tb2 O3 nanocrystals of an average 4.2 nm diameter were produced.
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Figure 1.3: Variation in the photoluminescence intensity with particle size per unit mass
of particles. The ﬁgures given in brackets are the Eu3+ /TOPO ratios. Inset: The photoluminescence spectra of Eu2 O3 nanocrystals with Eu3+ /TOPO ratios of 1:2 and 1:0.02,
respectively. After Wakeﬁeld G et al.3

• Photoluminescence intensity of Eu2 O3 nanocrystals increased as the nanocrystal size
decreased as shown in ﬁgure 1.3.
• Absorption spectrum of Tb2 O3 nanocrystals showed no absorption edge at 400 - 600
nm, which conﬁrmed absence of Tb4+ ions and formation of Tb2 O3 . Luminescence
eﬃciency of these nanocrystals was 37 %.
Bazzi R. et al.12 (2004): Synthesis and properties of europium-based phosphors on the
nanometer scale: Eu2 O3 , Gd2 O3 :Eu, and Y2 O3 :Eu
• Cubic phase Eu2 O3 and Eu3+ -doped Y2 O3 and Gd2 O3 nanocrystals were synthesized
at high temperature (180 ◦ C) in a high boiling-point alcohol (diethylene glycol) by
colloidal precipitation. Nanocrystals with average diameter in the range 2 - 5 nm were
produced.
• Emission peaks of these nanocrystals corresponded to the known emission transi7

tions of Eu3+ ions in the cubic phase lattice (Eu2 O3 , Gd2 O3 , and Y2 O3 ). In the
nanocrystals, relative intensities of the emission peaks were modiﬁed and the peaks
were broadened when compared with bulk. The broadening was attributed to disorder
within the nanocrystals.
Si R. et al.13 (2005): Rare-earth oxide nanopolyhedra, nanoplates, and nanodisks
• A synthesis technique to produce anisotropic rare-earth oxide nanostructures by thermolysis of their benzoylacetonate complexes in oleic acid/oleylamine was developed.
The selective adsorption of the capping ligands (oleic acid or oleylamine) on certain
cubic faces during crystal growth facilitated production of diﬀerent anisotropic structures such as nanopolyhedra, nanoplates, and nanodisks. Anisotropic structures (nanodisks and/or nanoplates) of the Eu2 O3 , Gd2 O3 , Tb2 O3 , and Y2 O3 were produced in
the size range of 10 - 70 nm diameter/ edge length.
• A new emission peak at 625 nm was observed in the photoluminescence spectrum of
the Eu2 O3 nanodisks. Further studies were conducted by the same group and the
presence of this peak was later attributed to the occupation of Eu3+ ions in a unique
surface site of ultrathin nanodisks of Eu2 O3 .14
Yang H. S. et al.15 (2005): Anisotropic growth of luminescent Eu3+ - or Er3+ -doped
Gd2 O3 nanocrystals
• Anisotropic Eu3+ - or Er3+ -doped Gd2 O3 nanocrystals of monoclinic crystal structure were prepared by a two-stage solution phase technique. Metal oleate complexes
were decomposed in a trioctyamine-trioctylphosphine oxide mixture to produce these
nanostructures. Selective adsorption of the surface capping ligands on certain crystal
surfaces resulted in the growth of aniosotropic structures. Edge length of these nanostructures varied between 11 - 16 nm with approximate thickness of 1 nm. Broadening
of the emission peaks in the photoluminescence spectra of these nanostructures was
observed when compared to the bulk.
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Dosev D. et al.16 (2006): Photoluminescence of Eu3+ :Y2 O3 as an indication of crystal
structure and particle size in nanoparticles synthesized by ﬂame spray pyrolysis
• Eu3+ -doped Y2 O3 nanocrystals were synthesized by a ﬂame spray pyrolysis. Within
a single batch of the nanocrystals, the size of nanocrystals varied in the range 5 200 nm. These nanocrystals were separated by centrifugation into two size groups (5
50 nm and 50 200 nm), each characterized by luminescence spectroscopy and X-ray
diﬀraction. The nanocrystals larger than about 50 nm were of the cubic phase of the
Y2 O3 . The nanocrystals smaller than about 50 nm had mix phases of the cubic and
monoclinic structures.
The scientiﬁc community focused their attention primarily on developing techniques
to produce rare-earth oxide nanocrystals and studying their optical properties. It is also important to assemble these nanocrystals into ﬁlms and study their optical properties because
the potential applications for these materials comprise video display and X-ray intensifying screens, and coatings for the ﬂuorescent lamps. Electrophoretic deposition (EPD) is a
promising technique to manipulate and assemble nanocrystals into densely-packed homogeneous and smooth ﬁlms.17 It is essential to have well-dispersed and stable suspension
of the nanocrystals to produce homogeneous ﬁlms, for which nanocrystal surface passivation is essential. Of all the available nanocrystal synthesis techniques, the synthesis technique developed by Wakeﬁeld et al. produces the nanocrystals capped with ligands such as
TOPO.3 We attempted to produce homogeneous ﬁlms of the Eu2 O3 nanocrystals produced
with this technique. Our early eﬀorts to produce homogeneous ﬁlms of these nanocrystals
were unsuccessful because the ﬁlms were formed of micron-size agglomerates of the Eu2 O3
nanocrystals.18 Hence, a new versatile synthesis technique was required to produce the
cubic phase rare-earth oxide nanocrystals (isotropic), capped with ligands. The nanocrystals produced by this technique should be colloidally stable and the surface should be well
passivated so that homogeneous ﬁlms can be deposited. Since this dissertation explores the
properties of ﬁlms of the rare-earth oxide nanocrystals, the development of a nanocrystal
9

technique that facilitates production of homogeneous ﬁlms is very important.
This dissertation explores synthesis of the rare-earth oxide nanocrystals, their assembly into ﬁlms, and investigates of their optical and dielectric properties. Outline of this
dissertation is as follows:
This chapter has introduced rare-earth oxide materials, which are of technological
importance and has listed their widespread applications. In particular, the optical characteristics of the rare-earth sesquioxides (RE2 O3 ; deﬁned as rare-earth oxide in this dissertation)
have been introduced. Important optical properties of Eu2 O3 , Tb2 O3 , Y2 O3 , and Gd2 O3
were highlighted. The chapter outlined research accomplished by scientiﬁc community to
produce nanocrystals of these oxides and to understand their optical properties. Prior to
describe the research conducted on these oxides, it is essential to understand properties of
these materials in detail. Diﬀerent crystal structures of Eu2 O3 , Gd2 O3 , and Tb2 O3 are
explained in this chapter. To understand the origin of the optical properties of these oxides,
diﬀerent processes such as excitation transition, emission transitions, and energy transfer
are discussed. Also, the dielectric properties of these oxides are listed.
Chapter II describes a new colloidal synthesis procedure that was developed to produce ultra-small Eu2 O3 , Tb2 O3 , and Eu3+ -doped Gd2 O3 nanocrystals. It includes results
of various materials characterization techniques that were employed during the development
of the nanocrystals. Results of the optical studies of these nanocrystals are discussed.
Chapter III provides a brief overview of electrophoretic deposition, which is a
particle assembly technique. It includes fundamentals of the deposition technique and lists
various deposition parameters. It describes concisely the long existing and well-known EPD
technique that employs polar solvents. It introduces a relatively new EPD technique that
employs non-polar solvents. Details of the EPD experiments performed in this research are
discussed.
Chapter IV describes an assembly of the Eu2 O3 nanocrystals into transparent
and luminescent ﬁlms using EPD. Results of the optical characterization of these ﬁlms
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are discussed. Eﬀect of the EPD parameters on growth of uniform ﬁlms of the Eu2 O3
nanocrystals is explored.
Chapter V explores dielectric properties of the Gd2 O3 nanocrystals, which are
assembled into ﬁlms via EPD. It includes results of the materials characterization techniques
employed to characterize the ﬁlms of the Gd2 O3 nanocrystals, and includes analysis of these
results. Results of the electrical characterization of these ﬁlms, performed to study their
dielectric properties, are discussed.
Chapter VI describes the development of layered architectures of carbon nanotubes
and nanocrystals using diﬀerent EPD techniques. These heterostructures were characterized
with diﬀerent materials and electrical characterization techniques and those results are
discussed here.
Chapter VII summarizes the research conducted in this dissertation.

1.2

Rare-earth oxides
Rare-earth oxides exhibit polymorphism with ﬁve distinct polymorphs, designated

as A, B, C, H, and X. Goldschmidt et al. observed the A-, B-, and C-type polymorphs
below approximately 2000 ◦ C,19 while the H- and X-type polymorphs were formed above
this temperature.20, 21 The thermal stabilities of these ﬁve polymorph types at atmospheric
pressure are represented in ﬁgure 1.4 for diﬀerent REOs.20 For example, the order of
transition for Eu2 O3 is C → B → A → H → X with the increasing temperature . The
C-type polymorph of Eu2 O3 changes to the B-type polymorph at around 1100 ◦ C and
then to the A-type polymorph at about 2040 ◦ C. When the A-type polymorph is heated
further, it transforms to the H-type polymorph at around 2140 ◦ C and then to the X-type
polymorph at about 2280 ◦ C. Further, the X-type polymorph melts at around 2340 ◦ C. Of
these polymorphs of REOs, the crystal structures of the A-, B-, and C-type polymorphs
are well characterized.
The A-type polymorph of REOs has the hexagonal crystal structure with the space
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Figure 1.4: Polymorphic transformation for the lanthanoid sesquioxides. After Foëx M. et
al.20
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Figure 1.5: Schematic of lattice sites in the C-type rare-earth oxides with two types of
symmetry (C2 and S6 ). Of the 32 RE3+ ions, 24 ions occupy the lattice sites with C2
symmetry, and eight ions occupy the sites with S6 symmetry.

group P 32/m and has one formula (RE2 O3 ) per unit cell.22, 23 The coordination number of
RE ions is seven with four oxygen ions closer than the other three. The B-type polymorph
has the monoclinic crystal structure with the space group C2/m and has six formulae
(RE2 O3 ) per unit cell.24, 25 The coordination numbers of RE ions are six and seven. The
C-type polymorph has the cubic crystal structure, like Bixbyite mineral [(Fe,Mn)2 O3 ], with
the space group Ia3. The coordination number of RE ions is six. The unit cell comprises
sixteen formulae of RE2 O3 ; 32 RE ions and 48 oxygen ions per unit cell.26 The RE3+
ions occupy lattice sites with two symmetry types; C2 symmetry and C3i (S6 ) symmetry, as
shown in ﬁgure 1.5. Of the 32 RE3+ ions, 24 ions occupy the lattice sites with C2 symmetry,
and eight occupy the sites with C3i (S6 ) symmetry. The C2 symmetry site lacks inversion
symmetry and the S6 symmetry site has inversion symmetry.
The B- and C-type polymorphs of the europium oxide, gadolinium oxide, and terbium oxide are formed at atmospheric pressure and below the temperature of approximately
2000 ◦ C. The unit cell parameters of these oxides in the two polymorphs are listed in Table
1.2 (a, b, c, and β for monoclinic and a for cubic). The C-type polymorph is stable at
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Table 1.2: Lattice parameters of the Eu2 O3 , Gd2 O3 , and Tb2 O3 polymorphs.27
Oxides
Crystal structure a (nm) b (nm) c (nm)
β
B-type Eu2 O3
monoclinic
1.411
0.360
0.880 100.05 ◦
B-type Gd2 O3
monoclinic
1.406
0.356
0.876 100.10 ◦
B-type Tb2 O3
monoclinic
1.404
0.354
0.872 100.06 ◦
C-type Eu2 O3
cubic
1.086
C-type Gd2 O3
cubic
1.081
C-type Tb2 O3
cubic
1.073
-

atmospheric pressure and at low-temperatures. This dissertation explores the development
of the C-type Eu2 O3 , Gd2 O3 , and Tb2 O3 nanocrystals.

1.3

Optical properties
Luminescence from the europium oxide, gadolinium oxide, and terbium oxide is ob-

served only when these oxides absorb the excitation energy. To understand the origin of
luminescence in these materials, it is essential to have knowledge of the underlying absorption, emission, non-radiative transitions, which are discussed in the following sections.

1.3.1

Excitation transitions
The energy level diagram of a REO provides a clear picture of how the excitation

energy is absorbed. Figure 1.6 shows a schematic energy level diagram of a REO exhibiting
three excitation transitions: (a) 4f -4f transitions, (b) 4f -5d transitions, and (c) chargetransfer state (CTS) transitions.
4f -4f transitions
In the 4f -4f transitions, electrons are transferred between diﬀerent energy levels of
the 4f orbital of the same RE3+ ion. These transitions are actually forbidden by the parity
selection rule, which states that electronic transitions between energy levels with the same
parity can not occur. Since energy levels within the 4f orbital have same parity, the 4f -4f
electronic transitions are forbidden. In reality, these transitions occur in the rare-earth
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Figure 1.6: Excitation transitions are represented in an energy level diagram of a rare-earth
oxide. 4f -4f transitions are forbidden by the parity selection rule, but occur because of
relaxation of the parity selection rule. Occupation of RE3+ ion in a lattice site, which
lacks inversion symmetry (C2 ) is responsible for relaxation of the parity selection rule. The
absorption peaks resulting from these transitions are narrow and weak. In 4f -5d transitions,
one of the 4f electrons is transferred to a higher energy level in 5d orbital within the same
RE3+ ion. In charge-transfer state transitions, one of the 2p electrons of the surrounding
O2− ion is excited to a higher energy level in 4f orbital of the RE3+ ion. The absorption
peaks resulting from the 4f -5d and charge-transfer state transitions are broad and intense.
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oxides because the parity selection rule is relaxed due to perturbations such as electronvibration coupling and uneven crystal-ﬁeld terms. The electron-vibration coupling has a
small inﬂuence on the relaxation of parity selection rule.28 More importantly, the uneven
crystal-ﬁeld terms, which are present as a result of the occupation of RE ion in a lattice site
without inversion symmetry (C2 ), are responsible for the relaxation of the parity selection
rule. A small amount of opposite-parity wave functions (like 5d, charge-transfer states)
are mixed with the 4f wave functions because of these uneven crystal-ﬁeld terms. Thus,
the forbidden 4f -4f transitions occur in the rare-earth oxides. However, absorption peaks
resulting from these transitions are very narrow and weak.
4f -5d transitions
In 4f -5d transitions, one of the 4f electrons is transferred to a higher energy level in
5d orbital within the same RE3+ ion. These transitions are represented as 4f n → 4f n−1 5d.
Unlike 4f -4f transitions, these electronic transitions are allowed and are observed as broad
and strong peaks in the absorption spectra. Between the three rare-earth oxides (Eu2 O3 ,
Gd2 O3 , and Tb2 O3 ), Tb2 O3 has lowest 4f -5d transition energy, which is explained by the
electronic conﬁguration of the Tb3+ ion (4f 8 ). An empty or a half-ﬁlled or a completely
ﬁlled electron shell is a very stable conﬁguration. Since Tb3+ ion (4f 8 ) has one electron
excess of the half-ﬁlled conﬁguration (4f 7 ), the excess electron is readily transferred to the
5d orbital. Hence, the 4f -5d transitions occur at the lower energy in Tb2 O3 compared to
Eu2 O3 and Gd2 O3 .
Charge-transfer state transitions
In charge-transfer state transitions, one of the 2p electrons of the surrounding O2−
ion is excited to a higher energy level in 4f orbital of the RE3+ ion. These transitions
are represented as 4f n → 4f n+1 2p −1 . Similar to the 4f -5d transitions, these electronic
transitions are also allowed and are present as broad and intense peaks in the absorption
spectra. Eu2 O3 has the lowest CTS transition energy between the three rare-earth oxides
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(Eu2 O3 , Gd2 O3 , and Tb2 O3 ). Since Eu3+ ions (4f 6 ) has one electron less than the halfﬁlled conﬁguration (4f 7 ), the 4f orbital of Eu3+ ion readily accepts an electron from the 2p
orbital of the neighboring oxygen ion. Hence, the charge-transfer transitions occur at the
lower energy in Eu2 O3 compared to Gd2 O3 and Tb2 O3 .
Based on the discussion of diﬀerent excitation transitions in the rare-earth oxides, it
is clear that the excitation energy is absorbed eﬃciently via two types of transitions: 4f -5d
transitions and charge-transfer state transitions. The absorption bands corresponding to
the CTS transitions of Eu2 O3 and the 4f -5d transitions of Tb2 O3 are in the UV region. The
UV radiation (∼ 254 nm) is the minimum energy radiation that excites the ions eﬃciently
and is employed to excite the rare-earth oxide nanocrystals explored in this dissertation.
However, these oxides can also be excited with higher energy irradiations by fast electrons,
X-rays, and γ-rays.

1.3.2

Emission transitions
Upon absorption of the excitation energy, electrons are transferred to the higher

energy levels as described in the earlier section and then, they return to the ground state
via non-radiative and/or radiative transitions. Radiative transitions are known as emission
transitions, which are discussed in this section. Emission transitions in the rare-earth oxides
(Eu2 O3 , Gd2 O3 , and Tb2 O3 ) are characteristic of the 4f -4f transitions within the Eu3+ ,
Gd3+ , and Tb3+ ions, respectively. Since the 4f orbitals in these ions are shielded by the 5s
and 5p orbitals, the inﬂuence of lattice (surrounding crystallographic environment) on the
energy levels of the RE3+ ions and therefore, on the emission transitions is small, but very
important. Here, we discuss the emission transitions of the three oxides (Eu2 O3 , Gd2 O3 ,
and Tb2 O3 ) based on their energy level diagrams.
Eu2 O3
Figure 1.7 shows the energy level diagram of the Eu2 O3 , where 7 F0 is the ground
state.29, 30 The electrons excited into the CTS, transit non-radiatively to occupy various 5 D
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Figure 1.7: Schematic energy level diagram of Eu2 O3 showing emission transitions. The
electrons excited into the CTS transit non-radiatively to occupy various 5 D levels (5 DJ ,
J = 0, 1, 2, 3). The electrons from the high 5 D levels (5 DJ , J > 0) transfer to the 5 D0
level by cross-relaxation and populate the 5 D0 energy level. Further, these electrons transit
radiatively to the 7 F energy levels (7 FJ , J = 0 - 6). Typically, the 5 D0 → 7 F2 transition
dominates over the other transitions. The energy of this transition corresponds to the red
emission color (∼ 611 nm), which is characteristic of the Eu3+ ions.
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levels (5 DJ , J = 0, 1, 2, 3). The electrons from the high 5 D levels (5 DJ , J > 0) transfer to
the 5 D0 level by cross-relaxation mechanism (Section 1.3.4) and populate the 5 D0 energy
level. Further, these electrons transit radiatively to the 7 F energy levels (7 FJ , J = 0, 1, 2,
3, 4, 5, 6). The above transitions are of two types, magnetic-dipole transitions and electricdipole transitions. The magnetic-dipole transitions are subject to the selection rule ΔJ =
0, ±1 (J = 0 → J = 0 is forbidden). Electric-dipole transitions between 4f levels of Eu3+
ions are strictly prohibited because of the parity selection rule. However, this rule is relaxed
because of the inﬂuence of the lattice. As described earlier (Section 1.2), Eu3+ ions occupy
lattice sites with the two diﬀerent symmetry types in C-type Eu2 O3 : S6 symmetry site that
has inversion symmetry and C2 symmetry site that lacks inversion symmetry (Figure 1.5).
The absence of inversion symmetry at C2 symmetry site is responsible for the presence
of uneven crystal-ﬁeld terms, because of which, the odd parity wave functions (CTS) are
mixed with the 4f wave functions. Thus, the parity selection rule is relaxed and the electricdipole transitions are possible only within the Eu3+ ions that occupy lattice sites with C2
symmetry. These transitions are known as forced electric-dipole transitions within rareearth scientiﬁc community and are subject to the selection rule. Since J = 0 for the initial
energy level, ΔJ = 2, 4, and 6. The forced electric-dipole transitions do not occur within
the Eu3+ ions occupying the lattice site with S6 symmetry because of inversion symmetry
and only the magnetic-dipole transition 5 D0 → 7 F1 is possible. In addition to the forced
electric-dipole transitions [5 D0 → 7 FJ , (J = 2, 4, 6)] and the magnetic-dipole transitions
[5 D0 → 7 F1 ], the following transitions [5 D0 → 7 FJ , (J = 0, 3, 5)] are present,31 but have
very low intensity. The radiative transitions 5 D0 → 7 FJ , (J = 0, 1, 2, 3, 4) are observed
as the emission peaks in the visible spectral region. Typically, the 5 D0 → 7 F2 transition
dominates over the other transitions. The energy of this transition corresponds to the red
emission color (∼ 611 nm), which is characteristic of the Eu3+ ions.
The energy levels of Eu3+ ions, exhibited in ﬁgure 1.7, are actually split into multiple
energy manifolds (not shown in ﬁgure 1.7) by the crystal ﬁeld (crystal-ﬁeld splitting) when
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the ions occupy a crystalline host lattice. The splitting of the 4f energy levels is small
because the 4f electrons are shielded from the surrounding crystallographic environment
by the 5s 2 and 5p 6 electrons. An energy level with J = 0 is a single, non-degenerate state,
which can not be split. The 5 D0 level is not split by the crystal ﬁeld (J = 0), but the
crystal-ﬁeld splitting of the 7 F levels occurs. The number of these crystal-ﬁeld-split energy
manifolds depends on the crystallographic symmetry at the location of Eu3+ ion. The
transitions with ΔJ = 0, ±2 are hypersensitive to this eﬀect. Since the starting energy
level has J = 0, the 5 D0 → 7 F2 transition is a hypersensitive transition. This hypersensitive
5D
0

→ 7 F2 transition distinctly exhibits these multiple energy manifolds as the multiple

emission peaks in the luminescence spectrum.
Tb2 O3
Figure 1.8 shows the energy level diagram of the Tb2 O3 , where 7 F6 is the ground
state.29, 30 The electrons excited into the 4f -5d state, transfer non-radiatively to occupy
5D
3

and 5 D4 energy levels. The electrons from the higher 5 D3 level transit to the 5 D4

level by cross-relaxation mechanism (Section 1.3.4). The 5 D4 energy level is populated at
the expense of 5 D4 . These electrons transit radiatively to the 7 F energy levels (7 FJ , J =
6, 5, 4, 3, 2, 1, 0). Similar to the Eu3+ , the forced electric-dipole transitions are present
within the Tb3+ ions because they occupy lattice sites that lack inversion symmetry (C2 ).
The forced electric-dipole and magnetic-dipole transitions are present in Tb2 O3 . Of the
emission transitions, 5 D4 → 7 F5 is the dominant transition. The energy of this transition
corresponds to the green emission (∼ 542 nm), which is characteristic of the Tb3+ ions. For
the majority of the transitions, the J values of involved energy levels are non-zero. These
energy levels can be split into multiple manifolds by the crystal ﬁeld (not shown in ﬁgure
1.8), which are observed as multiple peaks in the luminescence spectrum.
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Figure 1.8: Schematic energy level diagram of Tb2 O3 with emission transitions. The electrons excited into the 4f -5d state, transfer non-radiatively to occupy 5 D3 and 5 D4 energy
levels. The electrons from the higher 5 D3 level transit to the 5 D4 level by cross-relaxation
mechanism (Section 1.3.4). The 5 D4 energy level is populated at the expense of 5 D4 . These
electrons transfer radiatively to the 7 F energy levels (7 FJ , J = 6, 5, 4, 3, 2, 1, 0). The 5 D4
→ 7 F5 is the dominant transition, which corresponds to the green emission color (∼ 542
nm) in visible spectrum. Green color is characteristic of the Tb3+ ions.
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Gd2 O3
The Gd3+ ion has a very stable electronic conﬁguration 4f 7 , which is a half-ﬁlled 4f
shell. Compared to Eu2 O3 and Tb2 O3 , Gd2 O3 requires more energy to excite an electron
from the ground state of Gd3+ ion to the 4f -5d state or to accept an electron into the 4f
orbital of Gd3+ ion from the 2p orbital of the oxygen ion. Figure 1.9 shows the energy level
diagram of the Gd2 O3 , where 8 S7/2 is the ground state.29, 30 The UV (254 nm) radiation
does not correspond to any excitation transition and thus, cannot be employed to excite
Gd2 O3 . The higher energy UV radiation, fast electrons, X-rays, and γ-rays can excite
Gd2 O3 . The lowest-energy emission transition (6 P7/2 → 8 S7/2 ) corresponds to an emission
peak in UV (∼ 313 nm) region. Hence, Gd2 O3 is not employed as a luminescent material.
However, it is used as a host for luminescent material (Gd2 O3 :Eu3+ /Gd2 O3 :Tb3+ ).

1.3.3

Non-radiative transition
The electrons transferred into the excited state upon absorption of excitation energy

can return to a lower energy level or the ground state without emission of radiation. Such
a transition is called non-radiative transition. If the energy diﬀerence between the levels is
equal to or less than about 5 times the highest vibrational frequency of the host lattice, the
energy can excite multiple phonon (high energy vibrations) simultaneously. This transition
is called multi-phonon relaxation. Thus, the excitation energy is given up as heat to the
host lattice. Such a non-radiative transition is observed in the rare-earth oxides discussed
earlier (Eu2 O3 , Gd2 O3 , and Tb2 O3 ).

1.3.4

Energy transfer: origin of concentration quenching
When the excitation energy is absorbed by the system (e.g. Eu2 O3 and Tb2 O3 ),

all the Eu3+ /Tb3+ ions within the system do not absorb the energy. The ions that absorb
the excitation energy are in the excited state, but the energy is not conﬁned to those
ions (excited state). The excitation energy can be transferred from one Eu3+ /Tb3+ ion
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Figure 1.9: Schematic energy level diagram of Gd2 O3 with emission transitions. The lowestenergy emission transition (6 P7/2 → 8 S7/2 ) corresponds to an emission peak in UV (∼ 313
nm) region.
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(excited state) to the other Eu3+ /Tb3+ ion (ground state). Energy transfer between the
two ions is possible only if (a) the energy diﬀerences between the ground state and excited
state of the two ions are equal, which is known as energy resonance and (b) a suitable
interaction between the two ions is present. The interaction between the two ions may be
of exchange type (overlap of wave functions) or an electric or magnetic multipolar type.
The electric multipolar interaction is strong if the electric-multipole transitions are allowed.
Since the electric-dipole transitions within the 4f energy levels of Eu3+ /Tb3+ ions are
forced, but not allowed, the multipolar interactions are weak. Energy transfer between
the Eu3+ /Tb3+ ions is possible only if the exchange interaction is strong. The strength
of the exchange interaction is inﬂuenced by the distance between the ions. Typically, the
exchange interaction is eﬀective when the distance between the ions is shorter than 5-8 Å.
At high concentration of the ions (e.g. Eu2 O3 and Tb2 O3 ), the distance between them is
short. Since the two identical Eu3+ /Tb3+ ions fulﬁll the energy resonance criterion and the
exchange interaction is eﬀective, the energy transfer occurs. Considering the long radiative
lifetimes (∼ 1 ms) of Eu3+ and Tb3+ ions, the energy transfer can occur multiple times. The
excitation energy can relocate far away from the original location where it was absorbed,
which is called energy migration. If the excitation energy migrates to a defect or impurity
site where it is lost non-radiatively, the radiative emission (luminescence) is quenched. This
process leads to reduction in the luminescence eﬃciency. This phenomenon is deﬁned as
concentration-dependent luminescence quenching or concentration quenching. A schematic
of the energy migration process that leads to concentration quenching is shown in ﬁgure
1.10.
The Eu3+ /Tb3+ -doped RE2 O3 is preferred over the pure Eu2 O3 /Tb2 O3 for their
higher luminescence eﬃciency. Common host lattices are Y2 O3 (lattice constant = 10.60
Å, space group: Ia3) and Gd2 O3 (lattice constant: 10.81 Å, space group: Ia3). The crystal
structure of these host lattices is identical to that of Eu2 O3 and Tb2 O3 . Typically, Y2 O3
is employed because yttrium (Y) is abundant compared to gadolinium (Gd). Reducing
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Figure 1.10: Schematic of excitation migration mechanism.

the concentration of luminescent ions minimizes the exchange interaction between them.
For example, all lattice sites occupying RE3+ ions are ﬁlled by Eu3+ ions in pure Eu2 O3 .
In contrast, 10%Eu3+ :Gd2 O3 has only 10% of the RE3+ ion occupying lattice sites ﬁlled
by Eu3+ ions. The Eu3+ ions occupy these lattice sites in a statistical way. Hence, the
Eu3+ -Eu3+ distance increases as the Eu3+ ion concentration decreases, which minimizes the
exchange interaction between them at low concentration. The excitation energy migration
is reduced and it is conﬁned to the ion where it was absorbed. Thus, the luminescence
eﬃciency is increased.
Low concentration of luminescent ions is required to enhance the luminescence eﬃciency, but a certain concentration should be employed to quench higher energy-level emission transitions by cross-relaxation. In cross-relaxation, a part of the excitation energy of
one luminescent ion is transferred to another identical luminescent ion via phonon-assisted
energy transfer. Cross-relaxation is the preferred energy transfer mechanism because certain higher energy level emission transitions are quenched at the expense of lower energy
level excitation transitions, which can be easily explained for Eu3+ and Tb3+ ions. Figure 1.11 shows cross-relaxation process using the energy level diagrams of Eu3+ and Tb3+
ions. For example, the 5 D1 → 5 D0 emission transition is quenched in one Eu3+ ion at the
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Figure 1.11: Schematic of cross-relaxation mechanism in Eu3+ and Tb3+ ions. The 5 D1
→ 5 D0 emission transition is quenched in one Eu3+ ion at the expense of the 7 F0 → 7 F3
excitation transition in another Eu3+ ion. Similarly, the 5 D3 → 5 D4 emission transition is
quenched in one Tb3+ ion at the expense of the 7 F6 → 7 F0 excitation transition in another
Tb3+ ion.
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expense of the 7 F0 → 7 F3 excitation transition in another Eu3+ ion. Such transitions are
preferred because electrons are populated at the 5 D0 energy level and emission transitions
from the higher energy level [5 D1 → 7 FJ (J = 0-6)] are avoided. Similarly, the 5 D3 → 5 D4
emission transition is quenched in one Tb3+ ion at the expense of the 7 F6 → 7 F0 excitation
transition in another Tb3+ ion. Thus, electrons are populated at the 5 D4 energy level and
emission transitions from the higher energy level [5 D3 → 7 FJ (J = 6-0)] are avoided. The
cross-relaxation is observed above a critical concentration of luminescent ions as it depends
on the interaction between the luminescent ions. The critical concentration depends on the
host lattice (3% Eu3+ -doped Y2 O3 ).5 Doping of the host lattice with the luminescent ions
to the critical concentration is desired. Doping of the luminescent ions in the host lattice
above the critical concentration results in lower luminescence eﬃciency as described earlier.

1.4

Dielectric properties
Apart from the luminescent characteristics of the rare-earth oxides, their excellent

dielectric/insulating properties are well known. These oxides have large band gaps (Eg ),
which range between 3 - 6 eV.32 Again, the 4f n conﬁguration of the RE3+ ions is responsible
for their large band gaps. The dielectric constants of these oxides are high (κ = 7 - 20).33
Also, these oxides have high electrical resistivity (ρ = 1012 - 1015 Ωcm).34 In addition,
these oxides are thermodynamically stable with silicon, which avoids formation of silicides
at high temperatures.35 The band gaps of the rare-earth oxides (Eu2 O3 , Gd2 O3 , and Tb2 O3 )
explored in this dissertation are ∼ 4.5 eV, ∼ 5.5 eV, and ∼ 3.8 eV, respectively. Since the
4f 7 conﬁguration of the Gd3+ ions is more stable than the conﬁgurations of the Eu3+ ions
(4f 6 ) and Tb3+ ions (4f 8 ), the band gap of Gd2 O3 is largest among the three rare-earth
oxides. The dielectric constants of Eu2 O3 , Gd2 O3 , and Tb2 O3 are ∼ 12, ∼ 14, and ∼ 13,
respectively.
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CHAPTER II

ULTRA-SMALL RARE-EARTH OXIDE NANOCRYSTALS:
SYNTHESIS & CHARACTERIZATION

2.1

Introduction
The synthesis of rare-earth oxide nanocrystals is of interest to explore the eﬀect of

size on their optical properties. The synthesis of these nanocrystals is not only of scientiﬁc
interest but also of technological importance for their potential applications in solid state
light-emitting devices or as luminescent probes in immunoassays.7, 8 Over the past decade,
nanocrystals of europium oxide (Eu2 O3 ), terbium oxide (Tb2 O3 ), and RE3+ -doped gadolinium or yttrium oxide (Gd2 O3 :RE3+ , Y2 O3 :RE3+ ; RE = Eu, Tb, Er), have been synthesized
via multiple approaches in a range of sizes (2-100 nm).3, 9, 11, 12, 16, 36–38 Various synthesis
approaches include gas-phase condensation,9 sol-lyophilization,36 ﬂame pyrolysis16 and colloidal synthesis.3, 11, 12, 37, 38 In the gas-phase condensation technique,9 a continuous-wave
CO2 laser is used to vaporize the rare-earth oxide. These vapors condense upon collision
with inert-gas molecules to form clusters that are collected on a cold ﬁnger. In ﬂamepyrolysis,16 a dispersion of rare-earth nitrate in ethanol is sprayed through a nebulizer to
form micron-size droplets, which are oxidized in a hydrogen diﬀusion ﬂame. A cold ﬁnger is
used to collect the nanocrystals. Both techniques produce nanocrystals that are generally
polydisperse in size and are not well-dispersed in solvents. In sol-lyophilization method,36
rare-earth hydroxide sols are produced, which are calcined at high temperatures to produce
rare-earth oxide nanocrystals. In the colloidal precipitation method,3, 11 surface-passivated
Eu2 O3 and Tb2 O3 nanocrystals were produced at room temperature within an alcohol environment. The dehydrating properties of alcohol facilitated formation of oxide instead of
hydroxide. In the polyol method,12, 37 the nanocrystals were synthesized at high temper-
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ature in a high boiling point alcohol (diethylene glycol) by colloidal precipitation. Both
techniques employed a base (NaOH) for the precipitation of the nanocrystals. The amount
of NaOH controlled the reaction yield as well as the luminescence eﬃciency of the nanocrystals. A time consuming dialysis procedure is required to purify the nanocrystals produced
by these techniques. Recently, anisotropic nanostructures of rare-earth oxide, such as nanodisks and nanoplates, in the size range of 5-20 nm in diameter have been synthesized by
decomposition of various RE-complexes in the presence of fatty acids as surface stabilizing
agents in high boiling point solvents.14, 15, 39, 40 However, throughout the previous work,
there has been a considerable challenge to produce monodisperse, ultra-small (sub-3 nm)
nanocrystals. The nanocrystals in this size regime exhibit interesting optical properties considering their size approaches a few multiples of lattice constants (Eu2 O3 : 10.86 Å, Gd2 O3 :
10.81 Å, Tb2 O3 : 10.73 Å).
In this chapter, the development of a two-stage hot-solution phase technique to synthesize monodisperse, colloidally stable sub-3 nm cubic phase Eu2 O3 , Tb2 O3 , and Gd2 O3 :Eu3+
nanocrystals is discussed. The addition of oleic acid, which was employed in this technique,
provides control over the nanocrystal size within a small regime. The nanocrystals and respective precursors were characterized systematically with various meterials characterization
techniques. Photoluminescence (PL) characteristics of these nanocrystals are investigated
and the new optical features are discussed. The luminescence intensities of the Eu2 O3 and
Gd2 O3 :Eu3+ nanocrystals are compared to investigate concentration quenching eﬀects.
The research described in this chapter has been published in the following journal
articles:
• S. V. Mahajan and J. H. Dickerson, Synthesis of monodisperse sub-3 nm RE2 O3 and
Gd2 O3 :Eu3+ nanocrystals, Nanotechnology, 18 325605, (2007)
• S. V. Mahajan and J. H. Dickerson, Optical studies of sub-3 nm Eu2 O3 and Gd2 O3 :Eu3+
nanocrystals, J. Alloys Compd., 488 574, (2009)
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2.2

Experimental details
A two-stage procedure was developed to synthesize colloidally stable, ultra-small

rare-earth oxide nanocrystals with oleic acid as the surface capping ligand.41 First, rareearth oleate complex (RE-oleate) was prepared from commercially available chemicals. In
the second stage, the nanocrystals were synthesized via the thermal decomposition of the
RE-oleate complex in a high boiling point solvent.

2.2.1

Precursor preparation
Commercially available europium (III) chloride hexahydrate (EuCl3 ·6H2 O, 99.99%),

terbium (III) chloride hexahydrate (TbCl3 ·6H2 O, 99.99%), gadolinium (III) chloride hexahydrate (GdCl3 ·6H2 O, 99.99%), and oleic acid (CH3 (CH2 )7 CH:CH(CH2 )7 COOH, 90%
tech. grade) were purchased from Sigma-Aldrich. Sodium oleate (C18 H33 O2 Na, 95%) and
tri-n-octylamine (C24 H51 N, 90.0%) were purchased from TCI America. All the chemicals
were used as-received without further puriﬁcation. The precursor preparation step was derived from a previously reported preparation of a Fe oleate precursor.42 Figure 2.1(a) shows
the experimental set-up of the precursor preparation stage. RE-(III) chloride hexahydrate
(2 mM) and sodium oleate (6 mM) were mixed with ethanol (4 ml), de-ionized (DI) water
(3 ml), and hexane (7 ml) in a round-bottom ﬂask (25 ml). A water-cooled condenser
was connected to the ﬂask to condense vapors of ethanol and hexane during the reaction.
The ﬂask was immersed in a silicone oil bath, which was placed on a heating and stirring
plate. The reaction mixture was heated to and maintained at ∼60-65 ◦ C for 4 hours. A
Teﬂon-coated magnetic stir bar stirred the mixture vigorously to achieve uniform distribution of reactants and temperature inside the ﬂask. The reaction mixture became colorless
and transparent as soon as the reactants dissolved completely (approximately within 10-15
min). Upon completion of the reaction, the ﬂask was removed from the oil bath and was
cooled in air. The reaction can be expressed as stated in equation 2.1.
RECl3 · 6H2 O + 3N a-oleate

hexane, water, ethanol, 60◦ C

−→
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RE-(oleate)3 + 3N aCl

(2.1)

Figure 2.1: (a) Experimental set-up of the RE-oleate precursor preparation inside of a fume
hood in air environment. A silicone oil bath, used to heat the reaction mixture, was kept
on a heating & stirring plate. A round bottom ﬂask, ﬁlled with the reaction mixture, was
immersed into the oil bath. A stir bar inside the ﬂask stirred the mixture vigorously to
achieve uniform distribution of reactants and temperature in the ﬂask. A water-cooled
condenser facilitated condensation of hexane-ethanol vapors. (b) Precursor isolation was
achieved using a separatory funnel. Since hexane and water are immiscible, they formed
bi-layers. Water settled at the bottom because it is heavier than hexane. The RE-oleate
complex was retained by removing water (NaCl).
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To isolate the RE-oleate complex from the reaction mixture, the mixture was transferred to a separatory funnel. Since hexane and water are immiscible, they formed bi-layers.
Water (H2 O) is heavier than hexane (C6 H14 ), which settled at the bottom as seen in ﬁgure
2.1(b). The top hexane layer contained RE-oleate, and the bottom water-ethanol layer
contained sodium chloride (NaCl). The bottom water layer was removed, and the top hexane layer, which contained RE-oleate complex, was retained. The RE-oleate complex was
washed once with DI water to get rid of NaCl completely. The RE-oleate complex, suspended in hexane, was a colorless, transparent, viscous solution. This solution was divided
into four glass vials (0.5 mM RE-oleate each) and was stored at room temperature in a
dessicator. This RE-oleate complex was used as a standard precursor for the synthesis of
the nanocrystals.
To prepare precursor for the synthesis of Gd2 O3 :Eu3+ (10%) nanocrystals, we employed 1:9 molar ratio of the europium (III) chloride hexahydrate and gadolinium (III)
chloride hexahydrate, while keeping all the other parameters the same.

2.2.2

Nanocrystal synthesis
Synthesis of RE2 O3 nanocrystals was performed in a glassware set-up under argon

atmosphere using a Schlenk line as depicted in ﬁgure 2.2. The RE-oleate (0.5 mM) and oleic
acid (0.25 mM) was mixed with 7 ml of tri-n-octylamine in a three-neck, round-bottom ﬂask
(25 ml). The ﬂask was connected to a Schlenk line through a ﬂash guard, which was used to
safeguard the Schlenk line from becoming contaminated with reaction mixture during the
degassing stage. The reaction ﬂask was placed inside a heating mantle that was kept on a
stir plate, and a thermocouple was inserted into the mixture. The thermocouple and heating
mantle were connected to a digital temperature controller (Crouzet, CTD 46), which, in
turn, connected to a power source to monitor and to control temperature precisely inside
the reaction ﬂask. A Pyrex-coated magnetic stir bar was used to stir the mixture vigorously
to achieve uniform distribution of reactants. Since the ﬂask was heated from the bottom,
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Figure 2.2: A glassware set-up for RE2 O3 nanocrystal synthesis inside the fume hood using
a Schlenk line under an Argon environment. A three-neck ﬂask, ﬁlled with the reaction
mixture, was placed inside a heating mantle on top a stir plate. A Pyrex-coated magnetic stir
bar vigorously stirred the reaction mixture to maintain a uniform distribution of reactants
and temperature. A thermocouple, inserted into the mixture, and a heating mantle were
connected to a digital temperature controller to monitor and control temperature of mixture
precisely.
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uniform temperature was maintained by stirring the mixture. First, the mixture was put
under vacuum (degassing) and purged with argon twice at room temperature to remove air.
Next, the mixture was heated to and maintained at 100 ◦ C for 30-45 min under vacuum to
expedite the removal of moisture and hexane from the mixture. Next, the solution purged
with argon and was heated to approximately 350 ◦ C at an average rate of 5 ◦ C min−1 under
constant argon ﬂux. The solution was maintained at this temperature for one hour. Upon
completion of this stage, the ﬂask (and solution) was cooled rapidly to room temperature
using a burst of compressed air. The nanocrystal solution was stored in a glass vial in a
dessicator. The nanocrystal synthesis can be expressed schematically as in equation 2.2.
RE-(oleate)3

2.2.3

oleic acid, tri−n−octylamine, Ar, 350◦ C

−→

RE2 O3 nanocrystals

(2.2)

Nanocrystal cleaning
To isolate the nanocrystals from the reaction mixture, a sequential precipitation

and centrifugation process was employed. The addition of ethanol to the reaction mixture
facilitated nanocrystal precipitation; centrifugation helped to isolate the nanocrystals. 10
ml of ethanol was added to 1 ml of nanocrystal solution to precipitate the nanocrystals. The
nanocrystal solution turned milky white, indicating the precipitation of the nanocrystals.
This solution was centrifuged at 3500 rpm for 90 min in a Horizon Premier centrifuge,
manufactured by the Drucker company. The nanocrystals settled at the bottom of the vial,
and then, the supernatant was poured oﬀ to isolate the nanocrystals. The nanocrystal
cleaned once with this sequence were termed as 1× -cleaned nanocrystals. The isolated
nanocrystals were dispersed back in hexane and the precipitation-centrifugation sequence
was repeated. The nanocrystals puriﬁed more than once were deﬁned according to the
number of cleaning steps employed. 8×-cleaned nanocrystals were employed for all the
characterizations.
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2.2.4

Characterization techniques
A Link ISIS Series 300 microanalysis system (Oxford Instruments) connected to a

Hitachi S-4200 scanning electron microscope (SEM) was used to conduct elemental analysis
of the RE-oleate complexes with X-ray energy dispersive spectroscopy (EDS). A thin-ﬁlm
of RE-oleate was deposited onto a silicon substrate by drop-casting technique, and the
ﬁlm was dried in air until the hexane evaporated. Molecular bondings of the RE-oleate
complexes were characterized with Fourier transform infrared (FT-IR) spectroscopy using a
Thermo-Nicolet 300 FT-IR spectrometer. A few drops of the precursor solution were placed
onto a IR-transparent, potassium bromide (KBr) substrate and air-dried until the hexane
evaporated. A TGA-1000 (Scientiﬁc Systems Inc.) thermogravimetric analysis (TGA) system was employed to determine the thermal decomposition temperatures of the RE-oleate
complexes. A small section of the drop-casted ﬁlm of RE-oleate was placed in a platinum
weighing pan and was heated to 700 ◦ C in an N2 environment at a heating rate of 5 ◦ C
min−1 . A Scintag X1 powder diﬀractometer with Cu Kα1 radiation (λ = 1.5406 Å) was used
to conduct X-ray diﬀraction (XRD) experiments using a scan rate of 0.15 degree min−1 on
the nanocrystals. A thin-ﬁlm of the nanocrystals was prepared on a zero-background silicon
plate (511 orientation) by drop-casting technique for XRD measurements. The nanocrystal
size and size distribution were investigated using a Philips CM 20 transmission electron microscope (TEM) operating at 200 kV. The TEM samples were prepared by adding a drop
of cleaned nanocrystals, dispersed in hexane, onto a copper grid covered with ultra-thin
type-A carbon ﬁlm (Ted Pella). A FT-IR spectroscopic analysis of the nanocrystals was
conducted to investigate coverage of ligands on nanocrystal’s surface. Photoluminescence
(PL) experiments were performed using a Fluorolog 3 FL3-111 spectrophotoﬂuorometer,
equipped with 450 W Xenon lamp and photomultiplier tube. A quartz cuvette with 1cm path length was used to hold the nanocrystal suspension prepared in hexane for PL
measurement.
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Figure 2.3: EDS spectrum of the europium precursor on a silicon substrate, which reveals
the presence of europium, oxygen, and carbon that originates from the Eu-oleate complex.
The absence of sodium and chlorine peaks conﬁrmed suﬃcient cleaning of the Eu-oleate
complex.

2.3
2.3.1

Results and discussion
Precursor characterization
To verify the completion of the reaction and the formation of the RE-oleate complex

according to the equation 2.1, an elemental analysis of the precursor solution was performed.
For the analysis, a few drops of the precursor solution were placed onto a silicon substrate.
We chose a silicon substrate because its EDS peaks do not coincide with the europium,
terbium, gadolinium, oxygen, and carbon peaks. Figure 2.3 shows a typical EDS graph
of the Eu-oleate precursor. The characteristic X-ray emission peaks associated with the
europium (L & M), carbon (K), and oxygen (K) were detected, which conﬁrmed the presence
of these elements. Hence, the precursor synthesis reaction was successful. In addition, the
absence of sodium and chlorine peaks conﬁrmed that the Eu-oleate precursor was washed
suﬃciently to remove sodium chloride (NaCl).
Fourier transform infrared spectroscopy is an excellent technique to characterize
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Figure 2.4: FT-IR spectra of Eu-, Gd-, and Tb-oleate complexes. The peaks at 1450
cm−1 and 1540 cm−1 are assigned to the symmetric ν s (COO− ) stretch and asymmetric
ν as (COO− ) stretch vibrational modes, respectively. The FT-IR spectra are shifted vertically
for clarity.

molecular bondings of a complex. The FT-IR analyses were performed on the precursor
solutions to verify the formation of RE-oleate complexes. The FT-IR spectra in ﬁgure 2.4
show the presence of characteristic peaks of metal-oleate,43 which conﬁrmed the formation
of the RE-oleate complexes. The peaks at 1450 cm−1 and 1540 cm−1 were assigned to the
symmetric ν s (COO− ) and asymmetric ν as (COO− ) vibrational stretch modes of RE-oleates,
respectively.
To investigate the thermal decomposition properties of the RE-oleate complexes,
thermogravimetric analyses were conducted. TGA monitors weight of the sample as a
function of temperature. Figure 2.5 shows the TGA curves of the RE-oleate complexes. A
large drop in the weight of a complex indicated decomposition of the precursor. Complete
decomposition of the RE-oleate complexes occurred below 550 ◦ C since the weight of the
complexes did not change signiﬁcantly above 550 ◦ C. Since the decomposition rates (or
slopes of the curves) were maximum in the 350 - 375 ◦ C region, the nanocrystal synthesis
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Figure 2.5: TGA curves of Eu-, Gd-, and Tb-oleate complexes. The thermal decomposition
rate was maximum in 350-375 ◦ C region, indicated by a sharp drop in weight.

temperature should be selected from this region.

2.3.2

Nanocrystal characterization
The decomposition of RE-oleate complexes in the presence of oleic acid and tri-n-

octylamine yielded the rare-earth oxide (Eu2 O3 , Tb2 O3 , and Gd2 O3 :Eu3+ ) nanocrystals.
Investigations of the crystalline structure of these oxides were performed using X-ray diﬀraction. Figure 2.6 shows XRD patterns of the rare-earth oxide nanocrystals. Each of the peaks
of the three patterns matched with the XRD patterns of the body-centered-cubic (bcc)
crystallinities of the respective oxides [space group: Ia3; JCPDS: 34-392 (Eu2 O3 ), JCPDS:
23-1418 (Tb2 O3 ), and JCPDS: 43-1014 (Gd2 O3 )]. The peaks were assigned to the speciﬁc
lattice planes of the body-centered-cubic (bcc) crystallinities of the respective oxides. Since
the lattice constants and crystal structures for the compounds were very similar [Eu2 O3 :
10.86 Å, Tb2 O3 : 10.73 Å, and Gd2 O3 : 10.81 Å], the XRD patterns were similar as seen
in ﬁgure 2.6. The presence of broadened peaks suggested that the nanocrystals were small
in size. We attempted to identify the size of these nanocrystals with Scherrer analysis. A
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Figure 2.6: XRD patterns of Eu2 O3 , Gd2 O3 :Eu3+ , and Tb2 O3 nanocrystals. All the peaks
are assigned to the body-centered-cubic (bcc) form of their oxides [JCPDS: 34-392 (Eu2 O3 ),
JCPDS: 23-1418 (Tb2 O3 ), and JCPDS: 43-1014 (Gd2 O3 )]. The observed peaks are reﬂections from the same lattice planes for the three oxides.

good peak ﬁtting was not observed for the three curves because the peaks were very broad.
The diameter of the nanocrystals determined from the analysis was ∼ 1.6 nm, which was
signiﬁcantly diﬀerent from the diameter (∼ 2.4) measured from the TEM images.
Figure 2.7 shows the TEM images of Eu2 O3 , Tb2 O3 , and Gd2 O3 :Eu3+ nanocrystals.
The nanocrystals were 2.4 ± 0.3 nm in size. We observed the identical diameter and dispersivity for the three nanocrystal types, using the same synthesis parameters. Controlled
nucleation and growth of oxide nuclei via appropriate precursor and synthesis temperature
selection were key to the synthesis of monodisperse, small size nanocrystals. A metaloleate complex is formed inevitably when oleic acid is involved in the synthesis with any
metal precursor because oleic acid reacts quickly with metal ions at high temperatures.42, 44
Therefore, it was advantageous to employ RE-oleate complexes as RE-precursor for controlled nucleation. Further, the synthesis temperature (∼ 350 ◦ C) was slightly lower than
the temperature (∼ 370 ◦ C) at which decomposition rate was a maximum. Thus, the slow
nucleation and growth facilitated the formation of very small nanocrystals.
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Figure 2.7: TEM images of (a) Eu2 O3 , (b) Gd2 O3 :Eu3+ , and (c) Tb2 O3 nanocrystals. The
average size of all three nanocrystals types is ∼ 2.4 nm. Scale bars for the images are 12
nm.41

Colloidal stability of the nanocrystals is dependent on the nanocrystal surface ligand
coverage and the equilibrium adsorption/desorption of the ligands on said surface.45, 46 To
assess the colloidal stability of our nanocrystals, we probed the surface binding through
FT-IR spectroscopy. Figure 2.8 shows the FT-IR spectra of the nanocrystals. The spectra
revealed the binding nature of capping ligand with the nanocrystal surface. Free carboxylic
acid has a characteristic peak near 1700 cm−1 , which represents the C=O stretch mode
of free carboxylic acid. The absence of this characteristic peak near 1700 cm−1 indicated
the absence of free oleic acid. The peaks at 1440 cm−1 and 1550 cm−1 were assigned to
the symmetric ν s (COO− ) stretch and asymmetric ν as (COO− ) vibrational stretch modes,
respectively. The diﬀerence of 110 cm−1 between the symmetric and asymmetric stretches
identiﬁed the binding as chelating bidentate.47, 48
Photoluminescence characteristics of the RE-oleate complexes and the nanocrystals
were investigated with photoluminescence spectroscopy. PL spectra were collected in the
spectral range of 575 - 725 nm wavelength for Eu3+ -based materials and 475 - 650 nm
wavelength for Tb3+ -based materials upon UV excitation at 254 nm. The nanocrystals
and the RE-oleate complexes were suspended in hexane for the PL measurements. Prior
to measuring the PL spectrum of the sample, a background spectrum of pure hexane was
collected in the same cuvette using the same experimental parameters. This spectrum
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Figure 2.8: FT-IR spectra of Eu2 O3 , Gd2 O3 :Eu3+ , and Tb2 O3 nanocrystals. The peaks at
1440 cm−1 and 1550 cm−1 are assigned to the symmetric ν s (COO− ) stretch and asymmetric
ν as (COO− ) stretch vibrational modes, respectively. The FT-IR spectra are shifted vertically
for clarity.

was subtracted from the spectrum of the nanocrystal/RE-oleate suspension by the data
collection software to obtain the photoluminescence characteristics of the nanocrystals and
the RE-oleate complexes.
Figure 2.9(a) exhibits PL spectra of the Eu-oleate and Eu2 O3 nanocrystals. The
spectra were collected upon excitation with a xenon lamp (254 nm). The PL spectra represent the luminescence peaks arising from a collection of the 5 D0 → 7 FJ (J = 0 - 4) emission
transitions within Eu3+ ions (Figure 1.7). Detailed explanation of these emission transitions is provided in section 1.3.2. The electronic transitions 5 D0 → 7 F2,4 are particularly
sensitive to the local environment of the Eu3+ ions. Eu3+ ions arranged within a bcc crystal structure of Eu2 O3 have luminescence characteristics that diﬀer from those of the Eu3+
oleate complex. For the sensitive 5 D0 → 7 F2 transition, the Eu2 O3 nanocrystals exhibited
two strong, narrow peaks (612 nm and 620 nm) and one weaker peak (625 nm) compared
to a single strong peak (616 nm) for the Eu-oleate complex as clearly observed in ﬁgure
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Figure 2.9: (a) PL spectra of Eu oleate and Eu2 O3 nanocrystals. A completely diﬀerent
optical signature for nanocrystals, in comparison to Eu oleate, conﬁrms the formation of
oxide nanocrystals. (b) PL spectra of Eu2 O3 , and Gd2 O3 :Eu3+ nanocrystals. All the above
mentioned spectra are normalized and shifted vertically for clarity.
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2.9(a). Eu3+ ions in the Eu2 O3 nanocrystals are in a crystallographic lattice. The energy
levels of the Eu3+ ions split into multiple energy manifolds because of the crystal ﬁeld. The
transition of electrons into these multiple energy manifolds corresponds multiple luminescent peaks in the PL spectrum. The splitting of energy levels of Eu3+ ions in Eu-oleate
complex does not occur because the ions are not in a crystallographic environment. Similarly for the other transitions [7 FJ : J = 0, 1, 3, 4], diﬀerent luminescence characteristics
were observed for the Eu2 O3 nanocrystals compared to the Eu oleate complex. When we
compared the spectrum of our Eu2 O3 nanocrystals with spectra reported in the literature
for nanocrystalline and bulk cubic Eu2 O3 , we observed a new luminescence peak at 620 nm
for our nanocrystals.12, 14, 39 The origin of this peak is discussed in the section 2.3.3.
Figure 2.9(b) shows the PL spectrum of the Gd2 O3 :Eu3+ nanocrystals juxtaposed
with that of the Eu2 O3 nanocrystals. Similarity between the two spectra is clearly observed.
The spectral positions of the luminescence peaks for these two nanocrystal types were
largely unaﬀected. Similarity between the respective unit cells [bcc crystal structure, space
group: Ia3, lattice constants: Eu2 O3 : 10.86 Å & Gd2 O3 : 10.81 Å] provided similar atomic
environment to the Eu3+ ions. Thus, the electron transition energy levels within Eu3+ ions
of the Gd2 O3 :Eu3+ and Eu2 O3 nanocrystals and, therefore, the corresponding luminescence
peaks were identical as expected.
The photoluminescence studies of our very small Tb2 O3 nanocrystals were also
performed. The PL spectra of the Tb oleate and Tb2 O3 nanocrystals are shown in ﬁgure
2.10. The PL spectra represent the luminescence peaks arising from a collection of the
5D
4

→ 7 FJ (J = 6 - 3) emission transitions within Tb3+ ions (Figure 1.8). Similar to

Eu2 O3 , Tb3+ ions arranged within a bcc crystal structure of Tb2 O3 have luminescence
characteristics that diﬀer from those of the Tb3+ oleate complex. For the 5 D4 → 7 F5
transition, the Tb2 O3 nanocrystals exhibited one strong peak (542 nm) and one weaker
peak (548 nm) compared to a single strong peak (542 nm) for the Tb-oleate complex (Figure
2.10). The crystal ﬁeld dependent energy level splitting was responsible for this eﬀect in

43

Figure 2.10: PL spectra of Tb oleate and Tb2 O3 nanocrystals. A peak at 548 nm observed
for nanocrystals, in comparison to Tb oleate, conﬁrms the oxide nanocrystals formation.
The spectra above mentioned are normalized and shifted vertically for clarity.

Tb2 O3 nanocrystals.

2.3.3

New luminescence peak: a size eﬀect
The emergence of a new luminescence peak at 620 nm from our Gd2 O3 :Eu3+ and

Eu2 O3 nanocrystals was of substantial interest to us because this peak had not been reported
for other Eu3+ -based rare-earth oxide nanostructures. To investigate origin of the new
luminescence peak, the nanocrystals of diﬀerent sizes were synthesized to probe a potential
size eﬀect, if any.49 The nanocrystals of diﬀerent sizes were synthesized by varying the
amount of oleic acid added to the reaction mixture during synthesis. The eﬀect of oleic acid
on nanocrystal size relied on nucleation and growth mechanism. The addition of oleic acid
helped to redissolve a portion of oxide nuclei and, thus, conserved precursor (RE-oleate)
for the nanocrystal growth. Therefore, an increased amount of oleic acid produced larger
nanocrystals within a small size regime (Figure 2.11). However, an increase in the amount
of oleic acid led to lower reaction yields. A low reaction yield (<30%) was observed when
we employed 1 mM of oleic acid. Table 2.1 lists the amount of oleic acid used in the reaction
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Figure 2.11: Schematic of the nanocrystal size control process via addition of oleic acid.
Addition of oleic acid redissolves oxide nuclei during synthesis and facilitates growth of large
nanocrystals.

Table 2.1: Comparison of synthesis reaction mixture and nanocrystal size.
RE precursor Oleic acid tri-n-octylamine Nanocrystal size
(mM)
(mM)
(mM)
(nm)
0.50
0.00
16.0
∼ 1.8
0.50
0.25
16.0
∼ 2.4
0.50
1.00
16.0
∼ 3.0

mixture and corresponding nanocrystal size produced.
PL measurements were performed on the three diﬀerent nanocrystal sizes (1.8 nm,
2.4 nm, and 3.0 nm) of the two nanocrystal types (Eu2 O3 & Gd2 O3 :Eu3+ ). Figure 2.12 a
and b show the size-dependent photoluminescence spectra for the Eu2 O3 and Gd2 O3 :Eu3+
nanocrystals. Each spectrum was normalized to the peak at 612 nm and shifted vertically
for clarity. We focused our attention on the peaks at 612 nm, 620 nm, and 625nm, which
were attributed to the most sensitive transition (5 D0 → 7 F2 ) of Eu2 O3 and Gd2 O3 :Eu3+
nanocrystals. The observed peak broadening for our nanocrystals is consistent with that observed for the other nanocrystalline Eu2 O3 and Gd2 O3 :Eu3+ .3, 10, 12, 15, 36 When the spectra
of our nanocrystals were compared with the spectra reported for nanocrystalline and bulk
Eu2 O3 materials, we identiﬁed the conventional peak for cubic Eu2 O3 at 612 nm. The peak
at 625nm has been reported for cubic Eu2 O3 nanodisks, which the authors attributed to
the occupation of Eu3+ ions in a unique surface site because of ultrathin thickness (1.6 nm)
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Figure 2.12: PL spectra of Eu2 O3 (a) and Gd2 O3 :Eu3+ (b) nanocrystals synthesized with
varying amount of oleic acid. The spectra are normalized to the peak at 612 nm and shifted
vertically for clarity. (c) The intensity variation of the new peak (620 nm) with respect to
the 612 nm peak determined from the above PL spectra.
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of nanodisks.14 The presence of the new spectral feature in PL spectra of our nanocrystals
suggests a similar size-dependent eﬀect on the 7 F2 states in our nanocrystals. A comparable number of surface lattice sites in comparison with the core lattice sites are present
in very small-size nanocrystals due to an increased surface-to-volume ratio (SVR). Eu3+
ions occupying the nanocrystal surface sites experience diﬀerent crystal ﬁeld compared to
the ions occupying the nanocrystal core sites because of the diﬀerent atomic arrangements
surrounding them. Since luminescence of the Eu3+ ions is sensitive to the crystal ﬁeld
that they experience, the new luminescence peak should be from the Eu3+ ions occupying
the nanocrystal surface. We observed a variation in the intensity of the peak (620 nm)
juxtaposed with the stronger primary peak (612 nm) for diﬀerent nanocrystal sizes and,
hence, we monitored the intensity for both nanocrystal types as a function of the nanocrystal size. Figure 2.12(c) shows a graph of the ratio of intensities of the two peaks (R =
I620 nm /I612 nm ) as a function of nanocrystal size. The ratio R decreased from 0.88 to 0.70 as
the size of Eu2 O3 nanocrystals increased. We expected the intensity variation of the peak
as a function of nanocrystal size in Gd2 O3 :Eu3+ nanocrystals too. In contrast, we noticed
a diﬀerent trend compared to that for the Eu2 O3 nanocrystals. Since the number of surface
lattice sites in comparison with the core lattice sites changes as a function of nanocrystal
size, the observed intensity modiﬁcation of the peak with nanocrystal size should be from
the Eu3+ ions occupying a new surface site in our ultra-small nanocrystals.

2.3.4

Concentration quenching in nanocrystals
To gain an insight into the eﬀect of concentration quenching in our nanocrystals,

we investigated relationship between the integrated PL intensity and the absorbance of
the Eu2 O3 and Gd2 O3 :Eu3+ nanocrystals. For this study, we selected the two nanocrystal
sizes, ∼ 1.8 nm and ∼ 2.4 nm as shown in ﬁgure 2.13(a-d). The nanocrystal suspensions of
diﬀerent concentrations were prepared in hexane. Absorption measurements were performed
on the nanocrystal suspensions using a Varian Cary 5000 spectrophotometer. Absorbance
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Figure 2.13: TEM images of the nanocrystals of Eu2 O3 (a and b) and Gd2 O3 :Eu3+ (c and
d) synthesized using 0.00 and 0.25 mM oleic acid. Each image is 10 nm × 10 nm.

of the nanocrystal suspension at 254 nm was determined from the corresponding spectrum.
Low absorbance values (or low nanocrystal concentration) were considered for the analysis
to avoid reabsorption/scattering of light in nanocrystal suspension. PL spectra of these
nanocrystal suspensions were recorded. The PL spectrum was integrated over 525-725 nm
wavelength range to determine integrated PL intensity. The integrated PL intensity of
nanocrystals is plotted as a function of nanocrystal absorbance, which is shown in ﬁgure
2.14(a-b). The relationship between integrated PL intensity of nanocrystals and absorbance
was linear. For a given absorbance, integrated PL intensity of Gd2 O3 :Eu3+ nanocrystals was
higher than that of the Eu2 O3 nanocrystals for the two nanocrystal sizes as seen from ﬁgure
2.14. Luminescence eﬃciency is directly proportional to ratio of the integrated PL intensity
to the absorbance. Thus, the Gd2 O3 :Eu3+ nanocrystals had better luminescence eﬃciency
than the Eu2 O3 nanocrystals, which conﬁrmed the presence of concentration quenching
eﬀects in our Eu2 O3 nanocrystals.
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Figure 2.14: (a) Integrated PL intensity of (a) 1.8 nm (no OA) and (b) 2.4nm (0.25mM
OA) Eu2 O3 and Gd2 O3 :Eu3+ nanocrystals. The X and Y error bars for the data are within
the data point. The solid lines represent liner ﬁt to each dataset.

2.4

Summary
A new synthesis technique to produce colloidally stable, monodisperse rare-earth

oxide nanocrystals was developed successfully. The versatile technique produced sub-3
nm Eu2 O3 , Tb2 O3 , and Gd2 O3 :Eu3+ nanocrystals via the thermal decomposition of their
respective oleate complexes in tri-n-octylamine. The addition of oleic acid to the synthesis
mixture provided control over the nanocrystal size within a small size regime (sub-3 nm).
The appropriate choice of precursor and synthesis temperature enabled controlled nucleation
and growth of the sub-3 nm nanocrystals. A new luminescence peak at 620 nm was observed
in Eu2 O3 and Gd2 O3 :Eu3+ nanocrystals. Intensity modiﬁcations of this peak as a function
of nanocrystal size suggested size-dependent eﬀect. Emergence of the new peak should
be due to the occupation of Eu3+ ions in a new surface site of sub-3 nm nanocrystals,
which needs to be explored with further experiments. Concentration quenching eﬀects were
observed in our Eu2 O3 nanocrystals when compared with Gd2 O3 :Eu3+ nanocrystals.

49

CHAPTER III

ELECTROPHORETIC DEPOSITION:
A PARTICLE ASSEMBLY TECHNIQUE

3.1

Introduction
Electrophoretic deposition (EPD) technique is not only of scientiﬁc interest but also

of technological importance in the area of particle assembly. In EPD, charged particles are
assembled under the inﬂuence of an electric ﬁeld. EPD oﬀers a number of advantages over
the other particle assembly techniques, which include simple setup, substantial thickness
control, high deposition rate, ability to deposit particles site-selectively, capability to deposit on the diﬀerent shapes of substrate, and cost-eﬀectiveness.50 In addition, particles
of diﬀerent types (metallic, semiconducting, dielectric, and polymeric) can be deposited by
EPD as long as they acquire charge when suspended in a liquid medium. Such particles,
when forming well-stabilized suspensions, can produce homogeneous assemblies of particles,
i.e ﬁlms/coatings.
In the ﬁeld of ceramic processing, ceramic particles are assembled to produce coatings with diﬀerent shaping techniques, which include dip casting, slip casting, and EPD.
Of available shaping techniques, EPD is employed widely to process advanced ceramics and
their coatings for past three decades. Various ceramic particles (oxides, boride, carbides,
nitrides) have been deposited successfully from their suspensions in polar solvents to form
ceramic coatings.51, 52 Also, functionally graded ceramics and layered ceramics have been
produced by EPD.53–55 For biomedical applications, coatings of hydroxyapatite have been
produced by EPD.56, 57 Over the years, several studies have been performed to understand
the fundamental mechanisms of the development of surface charge on ceramics that are
suspended in polar solvents. Also, parameters that inﬂuence EPD of ceramics that are have
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been investigated.51 Thus, EPD of ceramics in polar solvents is well understood.
In nanotechnology, the controlled assembly of nanomaterials into microscopic and
macroscopic structures is one of the most important and continuously growing research directions. Eﬃcient bottom-up assembly approaches are essential to the development of nextgeneration optical, magnetic, electronic devices that utilize the unique properties of metallic,
semiconducting, or insulating nanomaterials. Currently employed nanomaterials assembly
techniques include drop-casting, spin-casting,58 self-assembly,59–61 Langmuir-Blodgett,62, 63
and EPD.17, 64, 65 Of these techniques, EPD is the promising technique to assemble nanomaterials because of its several advantages. EPD has been employed successfully to deposit
ﬁlms of metallic (Au, Pt),66, 67 semiconducting (CdSe, ZnO),17, 68 insulating (TiO2 , SiO2 ,
Eu2 O3 )69–73 and magnetic (Fe3 O4 , Fe2 O3 ,)65, 74 nanocrystals from their suspension in polar
or non-polar solvents. Other types of nanomaterials, such as polymer nanoparticles75, 76 and
carbon nanotubes (CNTs),65, 77–82 have been assembled via EPD. Homogeneous and smooth
ﬁlms of the nanocrystals have been reported for the nanocrystals functionalized with surface
capping ligands such as CdSe, Fe2 O3 , Fe3 O4 , and Eu2 O3 , which were dispersed in non-polar
solvents.17, 65, 71, 83 EPD of particles, suspended in non-polar solvents, is relatively new, and
the underlying mechanisms are not well understood.
This chapter provides a brief overview of the EPD technique. Since the EPD of
particles in polar solvents has been widely employed and throughly studied, fundamentals
of this technique, such as the development of surface charge and the interaction between
particles, are described in a concise manner. Important aspects and ﬁndings of this recently
introduced technique, performed in non-polar solvents, are discussed. Experimental details
of EPDs that are performed within the scope of this dissertation are speciﬁed.

3.2

Electrophoretic deposition (EPD)
Electrophoretic deposition involves locomotion of charged particles, suspended in a

liquid medium, under the inﬂuence of an applied electric ﬁeld and their deposition on an
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Figure 3.1: Schematic of (a) anodic EPD and (b) cathodic EPD. In anodic EPD, ﬁlm is
deposited on the anode, while the particles are deposited on cathode in the cathodic EPD.

electrically conductive substrate of opposite polarity. The particles can be deposited even
on an insulating layer, provided the layer is suﬃciently thin so that an applied voltage do
not entirely drop across the insulating layer. Traditionally, EPD is classiﬁed into two types
based on the electrode on which particles deposit: anodic EPD and cathodic EPD. Figure
3.1 shows schematic of the two types of EPD. In anodic EPD, negatively charged particles
deposit on the anode. The deposition of positively charged particles occurs on the cathode
in cathodic EPD. The surface charge on particles can be modiﬁed to achieve one of the two
EPD conditions. The particles that posses or can acquire surface charge, when suspended
in a liquid medium, and form stable suspension, can be deposited with EPD technique.
In EPD technique, multiple parameters inﬂuence the deposition process and the
deposit. These parameters can be classiﬁed into two categories: a) EPD suspension parameters, and b) EPD process parameters. Hamaker and Avgustnik studied the inﬂuence
of these parameters on the amount of particles deposited (deposit yield, w ) during EPD
of ceramic particles.84, 85 Hamaker developed the equation (Equation 3.1) that relates the
deposit yield, w to diﬀerent inﬂuencing parameters such as the electrophoretic mobility
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(μ), the electric ﬁeld (E
), the electrode area (A), the particle mass concentration in the
suspension (C ), and the deposition time (t).
 

w = μ · E
·A·C ·t

(3.1)

Avgustnik developed a relation between deposit yield and the inﬂuencing parameters (Equation 3.2), but for the speciﬁc conﬁguration of electrodes in EPD setup: a cylindrical, coaxial,
electrode conﬁguration.
w=

 

l · E
· ·ζ ·C ·t
3 ln(a/b) · η

(3.2)

In this equation, electrophoretic mobility is represented in terms of the permittivity ( ), the
zeta-potential (ζ), the viscosity (η) of the suspension. The length (l) and the radius (a) of
the deposition electrode, and the radius (b) of the counter electrode (b > a) are the design
parameters of EPD setup. Of the aforementioned parameters, EPD suspension parameters
are the electrophoretic mobility, zeta-potential, viscosity, and permittivity, while electrode
design (l, a, b, A), electric ﬁeld, deposition time, and particles concentration are the EPD
process parameters. The eﬀect of these parameters on the deposition process (in polar
solvents) has been investigated extensively.51 EPD suspension parameters are optimized
to form well-dispersed suspension of particles, while EPD process parameters are tuned to
produce homogeneous deposits of required thickness. A solvent plays an important role
in forming well-dispersed particle suspensions and thus, solvent is a suspension parameter.
EPD technique can be classiﬁed based on the type of solvent used: EPD in polar solvents
and EPD in non-polar solvents.

3.2.1

EPD in polar solvents
Polar solvents are commonly employed as the particle suspension media for EPD

technique. Typically, the particles suspended in such solvents acquire the surface charge
easily, which is important for EPD. Common polar solvents used for EPD are water (H2 O),
ethanol (C2 H6 O), acetone (C3 H6 O), propanol (C3 H8 O), acetylacetone (C5 H8 O2 ), and acetone53

ethanol/ethanol-water mixtures.51 EPDs, performed in polar solvents, are further classiﬁed
in the two types: aqueous EPD and non-aqueous EPD.86, 87 In aqueous EPD, water is used
as the particle suspension medium. Since water is non-toxic, non-ﬂammable, and abundant,
this technique is environmentally safe and cost-eﬀective. However, this technique is susceptible to electrochemical reactions at the electrodes, which aﬀects the quality of the EPD
ﬁlm.88 Even at low applied voltages, aqueous suspensions of particles conduct high currents due to high electrolytic currents, passing through water. If the electric ﬁelds are high
enough, electrolysis of water occurs, and gas bubbles (H2 & O2 ) are formed at the electrodes,
which aﬀects the homogeneity of the deposited ﬁlms. Hence, the range of operating voltages for aqueous EPD is very limited. In non-aqueous EPD, organic solvents are employed
as the particle suspension media. Generally, the possibility of electrolysis is signiﬁcantly
minimized or completely absent in these solvents because of their low dielectric constants
and the minimal presence of water combined. Also, these solvents have higher dielectric
breakdown potentials than that of water, which facilitate the larger operating voltage range.
In addition, low conductivity and good chemical stability are typical characteristics of these
solvents. However, toxicity, ﬂammability, and high costs are among the drawbacks of these
liquids. Both aqueous and non-aqueous EPDs are employed commercially.51
Irrespective of the type of solvent used (aqueous or non-aqueous) for EPD, the
ability to acquire charge on the surface of particles, suspended in the solvent, is essential for
deposition. When particles are suspended in a polar solvent, usually a charge develops at
the solid-liquid interface.89 Mechanisms for the development of charge on particles in water
are well understood, which include adsorption of polar molecules at the interface, selective
adsorption of free ions from liquid onto the particle surface, and dissociation of solid ions
from the surface of particles into the solvent.51, 52 Protons have been identiﬁed as the charge
determining ions in aqueous suspensions of ceramic particles, speciﬁcally oxides.90 Thus,
the surface charge of the particles can be modiﬁed by controlling pH of an aqueous EPD
suspension.
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Unlike aqueous EPD suspensions, knowledge of the mechanisms that are responsible
for the development of surface charge in non-aqueous EPD suspensions is limited. The
concept of hydrogen concentration (pH) as a measure of acidity or alkalinity looses its
validity in non-aqueous solvents because of the absence of hydrogen ions. Wang et al
observed that alumina particles acquire the surface charge in ethanol by addition of acetic
acid or tetra-methyl-ammonium-hydroxide.91 The surface charge characteristics of alumina
particles suspended in ethanol were similar to that of the oxide particles suspended in
water.92 Vandeperre et al performed potentiometric titration experiments to determine the
charging of various ceramic particles (oxides, borides, carbides, nitrides), and the charging
characteristics were compared to the sign of the electrophoretic mobility measured in acidic
and alkaline non-aqueous solvents.93 These experiments conﬁrmed that the charging of
ceramic particles in a non-aqueous medium is analogous to charging in water. The small
amount of residual water in non-aqueous solvents has been suggested to play a role in
charging of yttria-stabilized zirconia (YSZ) particles.94 The addition of iodine, a charging
agent, in acetone or acetylacetone facilitates the formation of protons, which are adsorbed
onto the surface of suspended particles.95, 96 Thus, the ceramic research community has
acquired a working knowledge of the control of the surface charge of particles suspended in
non-aqueous solvents.
Particles with surface charge, suspended in liquid media, experience interparticle
forces, such as the van der Waals attractive force, electrostatic repulsive force, and steric
repulsive force. Stability of the particle suspension is governed by the net interparticle
forces. Well-stabilized, non-agglomerated particle suspensions are necessary for EPD. The
repulsive forces between the particles should exceed the van der Waals attractive forces
to achieve well-stabilized particle suspension. The classical DLVO theory, developed by
Derjaguin and Landau97 and Verwey and Overbeek,98 describes the relationship between
the interparticle forces and energies of interaction to stabilize the suspensions. This theory
considered only the electrostatic and van der Waals forces. The DLVO theory was primarily
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Figure 3.2: Schematic of electrostatically stabilized particles in suspension. Electrostatic
repulsive forces between the particles supersede van der Waals attraction forces to obtain
well-stabilized suspension.

developed for the electrostatically stabilized suspensions, i.e particle suspensions in polar
media. Figure 3.2 shows schematic of the electrostatically stabilized particles.
In a well-stabilized particle suspension, the charged particles move with a velocity
under the inﬂuence of an electric ﬁeld, a phenomenon which was ﬁrst studied by Smoluchowski99 The mobility (μ) of the particles under electrophoretic forces, known as electrophoretic mobility, is related to the zeta potential of the particle (ζ), the solvent viscosity
(η), relative permittivity of the solvent ( r ), and the permittivity of vacuum ( 0 ) through
the Hückel equation (Equation 3.3).
μ=

2·

· r·ζ
3·η
0

(3.3)

Typically, electrophoretic mobility of the particles is measured by dynamic light scattering
(DLS) experiments. The particles can have positive or negative electrophoretic mobility
based on their zeta potential. Negatively charged particles have negative electrophoretic
mobility, while positively charged particles have positive electrophoretic mobility. Thus,
the sign of electrophoretic mobility indicates where the particles deposit (anode/cathode).
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Typically, all the particles suspended in polar solvents have one type of electrophoretic
mobility (positive or negative). Hence, the particles deposit only on one electrode (e.g.
cathode EPD and anodic EPD).
Recently, carbon nanotubes (CNTs) have been deposited successfully with aqueous
and non-aqueous EPD technique.77 Typically, CNTs require a post-synthesis treatment to
remove impurities and to isolate individual tubes from their aggregates.100–102 The CNTs
are functionalized with acidic surface groups, which are developed during the post synthesis
puriﬁcation treatment.101, 102 These acidic group electrostatically stabilize the CNTs in
water or other non-aqueous polar solvents, by developing a negative surface charge. The
resulting repulsion between the CNTs suspended in the solvent forms a well-stabilized CNT
suspension. Similar to the EPD of ceramics, the CNTs have been deposited with diﬀerent
polar solvents.77 EPD of the CNTs explored in this dissertation involved suspension of the
CNTs in water.[Section 6.2.2]

3.2.2

EPD in non-polar solvents
Recently, the non-polar solvents, such as hexane and hexane-octane mixture have

been employed to suspend the particles for EPD. This technique is primarily employed for
the deposition of nanocrystals, which are surface functionalized with ligands such as oleic
acid and TOPO. A large number of nanocrystal synthesis techniques employ ligands to
control nanocrystal growth during synthesis and to prevent their agglomeration. Generally,
the hydrophobic ends of these ligands extend outward from the surface of nanocrystals when
the nanocrystals are surrounded by a hydrophobic medium (non-polar solvent). In contrast,
these ligands collapse and the nanocrystals ﬂocculate when the hydrophobic ends of these
ligands interact with polar solvent molecules (hydrophilic). Therefore, such nanocrystals
form stable suspensions in the non-polar solvents such as hexane, hexane-octane mixture.
In such systems, steric repulsive forces, developed between the nanocrystals by the ligands,
overcome the van der Waals attraction forces as depicted in ﬁgure 3.3.103 Since sterically
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Figure 3.3: Schematic of sterically stabilized particles in suspension. Steric repulsive forces
between the particles overcome van der Waals attraction forces to obtain well-stabilized
suspension.

stabilized nanocrystals form stable suspensions in non-polar solvents, these suspensions are
employed for EPD.
The origin of surface charge on sterically stabilized nanocrystals is relatively unknown. The charging mechanisms in sterically-stabilized nanocrystal suspensions should be
diﬀerent from that of electrostatically-stabilized particle suspensions. In electrostaticallystabilized systems, surface charges develop because of adsorption of polar solvent molecules,
protons, and free ions in the solvent as described in the previous section.51, 52, 89 The polar
solvent molecules, protons, and free ions are absent or are present in negligible amounts
as impurities in non-polar solvents. The role of such impurities, if present, in charging
of nanocrystals is not known. Thermal charging of nanocrystals in suspension has been
debated as origin of charge in CdSe, ZnSe, Au, Fe3 O4 , and Ag nanocrystals.83, 104 Also,
charge tuning on the nanocrystals was observed through the addition of ligands and/or removal of ligands via cleaning steps.59 Since a fraction of the ligands is detached during each
step of nanocrystal cleaning, the nanocrystal surface charge can be altered. The number
of nanocrystal cleaning steps was optimized to deposit homogeneous CdSe ﬁlms. A simi58

Figure 3.4: Schematic of EPD in non-polar solvent. Typically, surface functionalized
nanocrystals are deposited with this technique. Nanocrystal ﬁlms are generally formed on
both the electrodes, suggesting the presence of positively and negatively charged nanocrystals.

lar nanocrystal cleaning approach was taken to process the rare-earth oxide nanocrystals,
which were deposited by EPD as described later in this dissertation.
Unlike conventional EPDs of particles performed in polar solvents, EPDs of nanocrystals performed in non-polar solvents have produced ﬁlms on both electrodes (anode &
cathode) as depicted in ﬁgure 3.4.17, 74, 83, 105 Typically, the nanocrystal ﬁlms of similar
thicknesses were deposited on both the electrodes, suggesting comparable number of positively and negatively charged nanocrystals in suspension. Islam et al. found interesting
phenomenon when they performed EPD with mixtures of diﬀerent nanocrystals (CdSe, Au,
and γ-Fe2 O3 ).74 The addition of Fe2 O3 nanocrystals to CdSe nanocrystal suspension deposited composite nanocrystals ﬁlms on both the electrodes. In contrast, the deposition
of CdSe nanocrystals was inhibited on the negative electrode when Au nanocrystals were
mixed in the suspension. The CdSe nanocrystals did not deposit on the negative electrode
when the density of Au nanocrystals in the suspension was ∼ 1.2 % of the CdSe nanocrystal
density. The plausible explanations for the observed inhibition phenomenon were as follows:
59

(a) inhibit the charge-transfer process of positively charged CdSe nanocrystals at the electrode, (b) inhibit the sticking of these nanocrystals on the electrode, and (c) decrease the
density of positively charged CdSe nanocrystals by transfer of charge to the Au nanocrystals
in suspension. Signiﬁcant research eﬀorts are warranted to understand origin of charge on
the nanocrystals, suspended in non-polar media. The success in such research eﬀorts will
allow further control over the nanocrystal charge and their deposition.

3.3
3.3.1

Experimental details
Electrodes
Electrically conductive electrodes of the following types were employed for EPDs.
1. Gold electrodes : Gold electrodes were prepared by evaporating gold onto

glass substrate. Fisherﬁnest premier plain microscope glass substrates of 25 mm × 75 mm
× 1 mm size were purchased from Fisher Scientiﬁc Inc. These substrates were cut into
approximately 25 mm × 13 mm size pieces using a diamond scriber. To clean the glass
pieces, they were sonicated sequentially in DI water, acetone, and propanol for 15 min each
with an intermediate drying step with a stream of dry nitrogen. Next, the glass pieces were
baked in an oven at 120 ◦ C for 10 min. These glass pieces were employed for the thermal
evaporation of chromium and gold. The gold pellets (99.99%) were purchased from J & J
Materials Inc. and chromium-plated tungsten rods (4 in length) were purchased from Kurt
J. Leskar Company. Since gold does not adhere well to glass, a thin layer of chromium, as
an adhesive, was deposited on glass. First, ∼ 20 nm of chromium was evaporated onto the
cleaned glass pieces, followed by the evaporation of ∼ 120 nm of gold. The base pressure
was maintained between 2 - 5 μTorr throughout the thermal evaporation. These electrodes
were employed for the deposition of Eu2 O3 nanocrystals. [Chapter 4]
2. Indium-Tin-Oxide (ITO) electrodes : ITO-coated polished ﬂoat glass substrates (SiO2 passivated) of 25 mm × 75 mm × 1.1 mm size were purchased from Delta
Technologies. Sheet resistance, RS , of these substrates was 15-25 Ω. Similar to the gold
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substrate, these substrates were cut into approximately 25 mm × 13 mm size pieces. These
electrodes were cleaned with sequential sonication in acetone, ethanol, and hexane for 15
min each with an intermediate drying step with a stream of dry nitrogen and baked as described previously. Since ITO is a transparent and conducting material, the ITO electrodes
were transparent. These electrodes were employed for the deposition of Eu2 O3 nanocrystals.
[Chapter 4]
3. Silicon electrodes : 5 diameter p-type silicon wafers of 650 μm thickness
with (100) crystallographic orientation were purchased from MEMC Electronic Materials
Inc. The wafers had high electrical resistivity, 20-40 Ω·cm epitaxial layer grown on top of
the low electrical resistivity, 0.005-0.025 Ω·cm substrate. The silicon electrodes of 25 mm ×
13 mm size were cleaved from these wafers. The silicon electrodes were cleaned and baked
as per the procedure for ITO electrodes. These electrodes were employed for the deposition
of Gd2 O3 nanocrystals. [Chapter 5]
4. Steel electrodes : 316L grade stainless steel sheets of 8 × 12 × 0.008 size
were purchased from McMaster Carr. The sheet was cut to form the electrodes of 25 mm ×
13 mm size. These electrodes were sonicated sequentially in acetone and DI water for 15 min
each with an intermediate drying step with a stream of dry nitrogen and baked as described
previously. These electrodes were employed for the deposition of carbon nanotubes, Eu2 O3
nanocrystals, and Fe3 O4 nanocrystals. [Chapter 6]

3.3.2

Electrode assembly
A vertical parallel-plate electrode assembly with a gap was created for EPD. The

electrodes of the same type were used as the anode and cathode in an electrode assembly.
Figure 3.5 shows schematic of the electrode assembly. Conductive sides of the electrodes,
depicted in black color in ﬁgure 3.5, are opposite of each other. To maintain the gap and
electrical insulation between the two electrodes (anode and cathode), they were separated
by a stack of the electrical grade Teﬂon sheets, purchased from McMaster Carr. To establish
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Figure 3.5: Schematic of an electrode assembly employed for EPD. Conductive sides of the
electrodes, depicted in black color, are opposite of each other. A stack of Teﬂon sheets is
used to maintain the gap and electric insulation between the electrodes (anode and cathode).
Cu tape-covered Teﬂon sheets are used as a part of the stack to establish electrical contact
between the voltage source and the electrodes.
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electrical contact with the electrodes, two copper tape-covered Teﬂon sheets were used as a
part of the Teﬂon sheet stack (Figure 3.5). These sheets were connected to wires, to which
the electrical leads (positive & negative) from a power source were attached. Typically, a
stack of six Teﬂon sheets produced the spacing of 5 mm between the electrodes. A clamp
was used to hold the entire electrode assembly together. This electrode assembly technique
was easy, quick, and consistent.

3.3.3

EPD system
A computer-controlled EPD system is used to perform all the EPD experiments.

Figure 3.6 shows the EPD system, which comprises the EPD chamber, XYZ stage and
controller, voltage sources, computer, and the custom LabView program. The EPD experiments were performed inside the EPD chamber, which is made of 0.5 inch thick Plexiglass.
Since high voltages and ﬂammable solvents are used in EPD experiments, the EPD chamber acts primarily as a safety chamber. In addition, the chamber can be purged with inert
gas to perform EPD experiments in an oxygen-free environment. All the EPD experiments
conducted and reported in this thesis were performed in an air environment. A computercontrolled XYZ stage is used to mount the electrode assembly and control its movement
precisely during deposition. The dc voltage sources, a Keithley 6517A and a BK Precision
1787B, are integrated into the EPD system for application of the dc voltage. Also, these
sources measure current ﬂowing through EPD suspension during deposition. A Keithley
6517A electrometer is capable of applying dc voltage between 0-1000 V and measuring current between 200 pA - 20 mA. A BK Precision 1787B voltage supply can apply dc voltage in
the range of 0-72 V and can measure current in the range of 0-1.5 A. The voltage sources are
interfaced with a Windows XP desktop computer via RS-232 interface, while XYZ stage
is interfaced via a National Instruments controller. A custom EPD program, written in
LabView, accepts the deposition parameters and executes the deposition. Figure 3.7 shows
visual interface of the EPD program. The EPD parameters (beaker position, deposition
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Figure 3.6: A computer-controlled EPD system used for depositions. EPD chamber acts
primarily as a safety chamber. An electrode assembly is mounted on the XYZ stage for its
precise movement during deposition. One of the two voltage sources, a Keithley 6517A and
a BK Precision 1787B, is used to apply dc voltage and measure current during deposition.
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Figure 3.7: Visual interface of the EPD program, written in LabView software. The deposition parameters are entered into the program and deposition sequence is executed. Proﬁle
of current ﬂowing through the EPD suspension during deposition is displayed in real-time.

65

time, applied voltage, annealing time, electrode insertion/extraction speed, acceleration
and depth) are entered into the “Deposition Description” section. Each row of “Deposition Description” section represents parameters for a single deposition. The EPD system is
capable of executing sequential depositions. The “EPD Progress” section shows real-time
electrode position and elapsed time of deposition/annealing stage. The “EPD Data” section displays real-time proﬁle of current ﬂowing through EPD suspension. Jonathan Hood,
a REU student, implemented the computer-controlled capabilities of the EPD system and
developed the EPD program.

3.3.4

EPD experiment
In a typical EPD experiment, an electrode assembly is built, mounted on the XYZ

stage, and electrical connection with the required voltage source is established. Next, 15
ml suspension of the nanomaterials (nanocrystals/nanotubes) of required concentration is
prepared with the suitable solvent (hexane for nanocrystals and water for carbon nanotubes)
in a 15 ml glass beaker. All deposition parameters are entered into the EPD program, which
is then executed. The deposition sequence is as follows: application of the dc voltage,
insertion of the electrode assembly into the EPD suspension (approximate deposition area:
18 mm × 13 mm), deposition for the speciﬁed time (typically 10 - 60 min), and extraction
of the electrode assembly from the suspension, and drying in air for the speciﬁed time
(typically 5 - 15 min) while maintaining the applied voltage. Within the scope of this
dissertation, Eu2 O3 , Gd2 O3 , iron oxide (Fe3 O4 ) nanocrystals and carbon nanotubes were
deposited by EPD, as described later in the dissertation.
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CHAPTER IV

GROWTH OF TRANSPARENT & LUMINESCENT FILMS
OF Eu2 O3 NANOCRYSTALS

4.1

Introduction
The Eu2 O3 , Tb2 O3 , and Gd2 O3 :Eu3+ materials have strong absorption in UV re-

gion and have weak absorption in visible region. Small-diameter nanocrystals of these
oxides should scatter a small fraction of visible light. When these nanocrystals are assembled into ﬁlms, the ﬁlms should have minimal light scattering losses, and thereby, enhance
the transmission of light throughout the visible spectrum as observed for cerium-doped
yttrium aluminum garnet (YAG:Ce3+ ) nanocrystals.106 These nanocrystal ﬁlms have potential applications in UV absorption coatings, photoactive coatings, and solid-state lighting
devices.107, 108 In these applications, the deposition of transparent ﬁlms facilitates eﬃcient
transmission of visible light. As a test case, we selected Eu2 O3 nanocrystals to assemble
their ﬁlms via electrophoretic deposition and to study their optical properties via transmission and photoluminescence spectroscopies. Since the synthesis reaction that produced ∼
3.0 nm diameter nanocrystals had low yield (< 30 %), we selected ∼ 2.4 nm diameter Eu2 O3
nanocrystals between the two remaining nanocrystal sizes as a test case. Electrophoretic deposition, employed to produce Eu2 O3 nanocrystal ﬁlms, oﬀers control over thickness of the
ﬁlm and the uniformity via EPD process parameters (applied voltage, deposition time, and
nanocrystal concentration). Investigation of the eﬀect of these parameters on the thickness
and uniformity of transparent ﬁlms of the Eu2 O3 nanocrystals is important to understand
the growth of these ﬁlms.
In this chapter, the investigation of the fabrication of the transparent ﬁlms of Eu2 O3
nanocrystals via electrophoretic deposition is discussed. Morphologies of these ﬁlms were
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analyzed with scanning electron microscopy and atomic force microscopy and our ﬁndings
are discussed. Optical properties of the nanocrystals and their ﬁlms were characterized with
absorption, transmission, and photoluminescence spectroscopies and are described here. We
investigated the eﬀect of EPD processing parameters (applied voltage, deposition time, and
nanocrystal concentration) on the uniformity of the transparent ﬁlms and the results are
discussed, which provided insight into the growth of the ﬁlms.
The research described in this chapter has been published in the following journal
article:
• S. V. Mahajan and J. H. Dickerson, Understanding the growth of Eu2 O3 nanocrystal
ﬁlms made via electrophoretic deposition, Nanotechnology, 21 145704, (2010)

4.2
4.2.1

Experimental details
Film deposition
Colloidal Eu2 O3 nanocrystals (∼ 2.4 nm dia.), capped with oleic acid, were pro-

duced as per the synthesis technique described in Chapter II [Section 2.2.1 & 2.2.2]. A
typical precipitation-centrifugation procedure, described in Chapter II (Section 2.2.3), was
employed to clean the nanocrystals. The 10×-cleaned Eu2 O3 nanocrystals were suspended
in hexane for electrophoretic deposition. The Eu2 O3 nanocrystal ﬁlms were deposited onto
two types of electrodes: gold electrode and ITO electrode (Section 3.3.1). A typical EPD
sequence, as mentioned in Chapter III (Section 3.3.4), was followed for all the depositions.
We performed EPD of the Eu2 O3 nanocrystals at diﬀerent applied voltages (250, 500, 750,
and 1000 V) and with diﬀerent nanocrystal concentrations (1 × 1015 NC/cm3 , 2 × 1015
NC/cm3 and 4 × 1015 NC/cm3 ).

4.2.2

Characterization techniques
Optical properties of the Eu2 O3 nanocrystals, employed for ﬁlm deposition, were

measured with absorption and photoluminescence spectroscopy. Electrophoretic mobility of
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the nanocrystals was measured in hexane from dynamic light scattering (DLS) experiments,
performed on a Malvern Nano ZS system. A Leitz microscope connected to CFM-USB-2
camera from Angstrom Sun Technologies Inc was used to acquire optical micrographs of the
nanocrystal ﬁlms. Morphological surface analyses of the ﬁlms were performed using a Hitachi S-4200 scanning electron microscope and a Digital Instruments Nanoscope III atomic
force microscope in tapping mode. Elemental analyses of the electrodes were conducted using energy dispersive spectroscopy on the electrodes to conﬁrm the nanocrystal deposition.
We measured ﬁlm thickness using a Veeco Dektak 150 surface proﬁler. The transmission
and photoluminescence spectra of the nanocrystal ﬁlms were acquired using a Cary 5000
spectrophotometer and a Fluorolog-3-FL3-111 spectrophotoﬂuorometer, respectively.

4.3
4.3.1

Results and discussion
Nanocrystal characterization
The Eu2 O3 nanocrystals, employed for ﬁlm depositions, were characterized with ab-

sorption and photoluminescence spectroscopies. Figure 4.1(a) shows the absorption spectrum of the nanocrystals. The strong absorption in the ultra-violet (UV) region was observed from these nanocrystals, while the absorption was weak in the visible region. The
strong absorption peak at 225 nm was attributed to the transition between the ground
state and the charge-transfer state of the Eu-O bond.3, 29, 30 In addition, the weak absorption peak at 395 nm, shown in the inset to ﬁgure 4.1(a), arose from the 4f → 4f transition.30
Figure 4.1(b) shows the photoluminescence spectrum of the Eu2 O3 nanocrystals exhibiting
the characteristic luminescence peaks [Figure 2.9(a)].41

4.3.2

Film characterization
Figure 4.2(a) shows a typical optical micrograph of a Eu2 O3 nanocrystal ﬁlm, de-

posited on a gold electrode (anode). The nanocrystal ﬁlm was assembled with an applied
voltage of 250 V and a nanocrystal concentration of 2 × 1015 NC/cm3 . The ﬁlm had yel-
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Figure 4.1: (a) Absorption spectrum of the Eu2 O3 nanocrystals, exhibiting strong absorption in UV region due to a transition from the ground state to the charge-transfer-state of
the Eu-O bond and (inset) a weak absorption peak at 395 nm due to the 4f → 4f transition;
(b) Photoluminescence spectrum of the nanocrystals, exhibiting peaks arising due to 5 D0
→ 7 FJ (J = 0-4) transitions.
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Figure 4.2: (a) Optical micrograph of the Eu2 O3 ﬁlm deposited on a gold substrate, which
appears golden in color because of the background gold substrate and the high transparency
of the ﬁlm; (b) EDS spectrum of the ﬁlm deposited on a gold substrate, which reveals the
presence of europium, oxygen, and carbon that originates from the oleic acid-functionalized
Eu2 O3 nanocrystals and the gold from the substrate.
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lowish color when observed under the optical microscope. (Figure 4.2) The observed color
was attributed to the color of the underlying gold substrate because of high transparency of
the ﬁlm. The ﬁlm was continuous with no visible defects larger than approximately 5 μm,
which conﬁrmed uniformity of the ﬁlm of nanocrystals over a large size (ﬁlm size >>> nanocrystal size). The ﬁlm that was deposited on the cathode had a comparable appearance.
To verify deposition of the Eu2 O3 nanocrystals on the gold-electrodes, we performed EDS
for elemental analysis. 4.2(b) shows the EDS spectrum of the nanocrystal ﬁlm, deposited
on the anode. We observed the characteristic X-ray emission peaks of europium (L & M),
oxygen (K), and carbon (K), which conﬁrmed the deposition of the oleic acid-functionalized
Eu2 O3 nanocrystals. Also, the characteristic peak of gold was detected because of the underlying gold substrate. Similarly, deposition of the Eu2 O3 nanocrystals was conﬁrmed on
the cathode. The thickness of the ﬁlm was ∼ 110 nm, which was measured using surface
proﬁlometry.
The Eu2 O3 nanocrystal ﬁlms, excited with UV light, exhibited characteristic red
luminescence as seen in ﬁgure 4.3. Figure 4.3(a) shows a photograph of the nanocrystaldeposited ITO-electrodes (anode & cathode) and bare ITO-electrode, illuminated with a
UV light source (254 nm). The red luminescence is clearly visible from both the electrodes.
Bare ITO-electrode do not exhibit any photoluminescence. To excite the nanocrystal ﬁlms,
the electrodes were kept face-down to avoid absorption of UV light in glass. Figure 4.3(b)
shows the PL spectra of the anode and cathode upon UV excitation (254 nm). The spectra
showed all of the peaks corresponding to the 5 D0 → 7 FJ (J = 0-4) energy transitions of the
Eu3+ ion. The spectra were identical to the spectrum of the Eu2 O3 nanocrystals [Figure
4.1(b)] conﬁrming deposition of the Eu2 O3 nanocrystals. Thus, the PL spectra of cathode
and anode conﬁrmed the deposition of the Eu2 O3 nanocrystal ﬁlm on both electrodes.
Surface morphology of the nanocrystal ﬁlm was investigated with SEM and AFM.
Figure 4.4(a) shows the SEM image of the nanocrystal ﬁlm, deposited on the anode. The
nanocrystal ﬁlm was topologically smooth and uniform. The ﬁlm on the cathode had

72

Figure 4.3: (a) Photograph of the Eu2 O3 nanocrystals ﬁlms, deposited on the anode and
cathode that were excited with UV source (254 nm). Red luminescence is clearly visible
from both the electrodes. Bare ITO-coated glass do not exhibit any photoluminescence;
(b) PL spectra of the Eu2 O3 nanocrystal ﬁlms deposited on the anode and cathode. The
spectra are identical to the spectrum of the Eu2 O3 nanocrystals. PL spectra are shifted
vertically for clarity.
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Figure 4.4: (a) SEM image of the nanocrystal ﬁlm; (b) AFM image of the nanocrystal ﬁlm,
which reveals deposition of the nanocrystal agglomerates of ∼ 15 nm size. RMS roughness
of the ﬁlm determined from the AFM image is 1.4 nm.
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comparable surface morphology. We performed high-resolution surface topological analysis
of the nanocrystal ﬁlm with AFM. The AFM image, shown in ﬁgure 4.4(b), revealed that
the ﬁlm was composed of agglomerates of the Eu2 O3 nanocrystals, approximately 15-20
nm in diameter. The apparent deposition of agglomerates of the nanocrystals instead
of individual nanocrystals motivated us to identify the formation of any agglomerates in
EPD suspension prior to the deposition. We prepared new TEM samples for imaging
by dropcasting the EPD suspensions onto the grids. These new samples conﬁrmed the
absence of any agglomerates of the Eu2 O3 nanocrystals in the EPD suspension. Thus, the
agglomeration of the nanocrystals likely occurred under the inﬂuence of the electric ﬁeld
during EPD. The agglomeration may have occurred at one or more of the following stages:
a) immediate agglomeration upon application of the voltage to the electrodes in the EPD
suspension; b) agglomeration near the electrodes following an increase in the nanocrystal
concentration due to locomotion of charged nanocrystals towards the respective electrodes;
c) reorganization of the deposited nanocrystals at the electrode leading to agglomeration.
Even though the nanocrystals agglomerated under the inﬂuence of an electric ﬁeld, the
extent of agglomeration was limited because of suﬃcient ligand coverage on the nanocrystal
surface. The deposited agglomerates packed close to each other, forming a continuous and
densely arranged ﬁlm [Figure 4.4(b)]. Nonetheless, these ﬁlms were particularly smooth.
The root mean square (RMS) surface roughness, determined from the AFM image of the
ﬁlm, was ∼ 1.4 nm, which was smaller than the diameter of one nanocrystal. A plausible
reason for the high smoothness of the ﬁlms is that a small fraction of the nanocrystals was
deposited along with the agglomerates of the nanocrystals. Thus, SEM and AFM imaging
conﬁrmed the formation of smooth, uniform, and densely packed ﬁlm of the agglomerates
of the Eu2 O3 nanocrystals.
To demonstrate transparency of the Eu2 O3 nanocrystal ﬁlm, an optical micrograph
of a patterned silicon substrate was recorded through the nanocrystal ﬁlm that was deposited on the ITO electrode [Figure 4.5(a)]. The patterned substrate was clearly visible,
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Figure 4.5: (a) Optical micrograph of the patterned silicon substrate recorded through the
nanocrystal ﬁlm deposited on ITO-coated glass substrate, which reveals high transparency
of the EPD ﬁlm; (b) Transmission spectrum of a cast ﬁlm of the Eu2 O3 nanocrystals,
showing high transparency in visible region.
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which conﬁrmed the formation of highly transparent ﬁlm. We performed transmission
spectroscopy on the same ﬁlm to determine its transmission properties in the visible region.
Intensity oscillations of transmitted light were seen in the visible transmission spectrum,
which were due to Bragg interference because of the thickness of the ﬁlm (∼ 110 nm thick).
To measure the transmission of the ﬁlm, it was diﬃcult to make a thick ﬁlm (> 2 μm)
with high uniformity using EPD. Hence, we deposited a ∼ 500 μm ﬁlm on a glass substrate
using a drop-cast technique. The nanocrystal ﬁlm released from the substrate upon drying
in air and could be handled to transfer onto another substrate. A small piece of the ﬁlm
was mounted on a sample holder such that it covered the transmission window completely.
Prior to recording transmission spectrum of the nanocrystal ﬁlm, a background transmission
spectrum of air was collected and subtracted automatically from the spectrum of the nanocrystal ﬁlm. Figure 4.5(b) shows the transmission spectrum of the drop-cast ﬁlm, which
reveals high transparency in visible region (>80%). Electrophoretically deposited thin ﬁlm
should have a comparable transmission considering the high transparency of the thick ﬁlm.
High transparency of the ﬁlm was achieved by minimizing scattering loss of visible light
within the nanocrystal ﬁlm. The intensity of scattered light oﬀ of a nanoparticle within
the visible region is best expressed with Rayleigh scattering equation, which is appropriate
within the small size parameter limit x = πdN C /λ, x << 1. For the average size (15 nm) of
agglomerates of the Eu2 O3 nanocrystals, x ranges between 0.12 - 0.06 in the visible spectral
region. Hence, the use of Raleigh scattering theory is valid. Rayleigh scattering intensity
per particle, Is , is written as
2 

 4  2

2π
n −1
1 + cos2 θ
dN C 6
I0
Is =
λ
n2 + 2
2R2
2

(4.1)

where λ is the wavelength of the incident light, n is the refractive index of the particle,
θ is the scattering angle, R is the distance to the particle from the point of observation,
dN C is the particle diameter, and Io is the intensity of the incident light. Clearly, the
small size of the Eu2 O3 nanocrystal agglomerates within the ﬁlm facilitated a reduction in
scattering losses of visible light since the scattering intensity is proportional to sixth power
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of the particle size. Thus, the small size of the Eu2 O3 nanocrystal agglomerates and the
low surface roughness was the key to achieve highly transparent ﬁlms.

4.3.3

Growth of transparent ﬁlms & EPD process parameters
Ability to control the thickness of our ﬁlms is extremely important while maintain-

ing the ﬁlm quality. The Hamaker equation (Equation 3.1) along with the Hückel equation
(Equation 3.3) correlates the deposit yield, w during EPD to the EPD suspension parameters (ζ, η, and

r)

and the EPD process parameters (E, C, and t), which is written as,
w=

2·

0

·

r

·ζ ·E ·A·C ·t
3·η

(4.2)

Since the solvent (hexane) and electrode set-up (deposition area, A = 18 mm × 13
mm, 5 mm gap) for EPD were the same, the parameters ( r , η, and A) remained constant.
The number of cleaning steps, employed to clean the nanocrystals, aﬀected the coverage of
surface capping ligands on the nanocrystals. Net charges possessed by the nanocrystals in
solution are related to the coverage of ligands on the nanocrystal surface (steric stabilization). The Eu2 O3 nanocrystals in solution were cleaned by the same process to maintain a
similar zeta potential of the nanocrystals for all EPDs. The deposit yield (and ﬁlm thickness) can be controlled via the EPD process parameters such as the electric ﬁeld (E ), the
particle concentration (C ), and the deposition time (t). For a deposition sequence with a
constant applied voltage and a ﬁxed initial concentration, the deposition rate decreases as
the deposition time increases.109 A decreasing particle concentration within the EPD suspension and an increasing voltage drop across the growing ﬁlm of insulating/semiconducting
nanoparticles also decreases the deposition rate. Zhitomirsky et al reported that the current
density and deposition rate of hydroxyapatite decreased as a function of deposition time in
non-aqueous polar solvent (isopropyl alcohol).110 A decreasing current density through the
particle suspension is an indication of a decreasing deposition rate. We have observed that
the current density through our Eu2 O3 nanocrystal suspension dropped at least 80% within
ten minutes of the beginning of the deposition run. Since the deposition rate was expected
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Figure 4.6: Thickness of the EPD ﬁlm as a function of the applied voltage for diﬀerent
nanocrystal concentrations. Average ﬁlm thickness is reported from the thickness measurements at diﬀerent locations, and standard deviation is employed as the error bar. The large
error bar indicates decreased ﬁlm uniformity.

to be low at times beyond ﬁfteen minutes of deposition time, we maintained the deposition
time ﬁxed at ﬁfteen minutes for all EPD experiments and varied the applied voltage and
the nanocrystal concentration to monitor the uniformity and thickness of the ﬁlms.
We performed EPD of the Eu2 O3 nanocrystals at diﬀerent applied voltages (250,
500, 750, and 1000 V) and with diﬀerent nanocrystal concentrations (1 × 1015 NC/cm3 , 2 ×
1015 NC/cm3 and 4 × 1015 NC/cm3 ) to understand their eﬀect on thickness and uniformity
of the nanocrystal ﬁlm. Thickness measurements were conducted at ﬁve locations on three
diﬀerent samples, and the average thickness was determined with the standard deviation
of the thicknesses as the error bar. Hence, the error bar conveys the thickness uniformity
of the ﬁlm. Figure 4.6 shows the graph of the nanocrystal ﬁlm thickness as a function of
the applied voltage for diﬀerent nanocrystal concentrations. The ﬁlm thickness increased
as a function of the applied voltage and nanocrystal concentration, as expected. When
we increased the applied voltage, more nanocrystals moved toward the electrodes under the
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Figure 4.7: Electrophoretic mobility measurements of the EPD suspensions with diﬀerent
nanocrystal concentrations.

inﬂuence of increased electric ﬁeld and deposited to form ﬁlms. Similarly when we increased
the nanocrystal concentration, more charged nanocrystals were available for the deposition,
which led to the formation of thicker ﬁlms. By performing electrophoretic mobility measurement on the EPD suspensions of diﬀerent nanocrystal concentration, we conﬁrmed that
more nanocrystals were available for deposition as the nanocrystal concentration increased.
Figure 4.7 shows that the scattering intensity of the particles increased with the nanocrystal
concentration for a given electrophoretic mobility. Subsequently, the thickness of the nanocrystal ﬁlm increased with the EPD process parameters (applied voltage and nanocrystal
concentration). During EPD, a constant applied voltage was maintained, but the nanocrystal concentration of the EPD suspension decreased with time as the Eu2 O3 nanocrystal
ﬁlm grew. The growth of the ﬁlm slowed as the EPD progressed. The two factors that
slowed down the growth were: a) the increasing voltage drop across the growing ﬁlm of
the insulating Eu2 O3 nanocrystals; b) the depletion of charged nanocrystals from the EPD
suspension. Since the voltage drop across the ﬁlm increased as the ﬁlm grew, eﬀective volt-
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age across the EPD suspension decreased because the applied voltage was constant. For
a given nanocrystal concentration, thicker nanocrystal ﬁlms were deposited when higher
applied voltages were employed. The application of higher voltage between the electrodes
facilitated increased eﬀective voltage across the EPD suspension, resulting in thicker ﬁlms.
Since thicker ﬁlms were deposited with the higher applied voltages for a given nanocrystal
concentration, the nanocrystal suspension was not entirely depleted of charged nanocrystals. Also, the charged nanocrystals were not depleted because more nanocrystals were
deposited from the same suspension when the electrodes were re-inserted. Thus, the increasing voltage drop across the growing Eu2 O3 nanocrystal ﬁlm was primarily responsible
for restricting growth of the ﬁlm.
EPD process parameters (applied voltage and nanocrystal concentration) altered
the uniformity of the Eu2 O3 nanocrystal ﬁlm (Figure 4.6). For a given nanocrystal concentration, ﬁlm uniformity decreased (larger error bar) as the applied voltage increased.
Also, the thickness uniformity decreased (larger error bar) for higher nanocrystal concentrations for a given applied voltage. Although the ﬁlms were increasingly non-uniform, we
observed a particular pattern in thickness variation. The ﬁlms were thick towards the edges
of the electrode and were thin in the center of the electrode, which suggested the presence
of strong fringe electric ﬁelds near the edges of the electrode. Naturally, the fringe ﬁeld
increased with the applied voltage; therefore, more nanocrystals deposited near the edges
of the electrode, increasing non-uniformity of the ﬁlm. Also, the non-uniformity of the ﬁlm
increased when the nanocrystal concentration increased. Since the same EPD set-up (deposition area: 18 mm × 13 mm electrode, 5 mm gap) was employed for all the depositions,
variation in the thickness uniformity of the ﬁlm was purely a result of changes in the EPD
process parameters. Thus, the nanocrystal concentration and the applied voltage can be
increased to increase deposition rate or ﬁlm thickness, but at the expense of ﬁlm uniformity.
The microscopic morphology and the elemental composition of our EPD ﬁlms were
analyzed as a function of ﬁlm thickness. This study identiﬁes whether the nanocrystals
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underwent any compositional or topological modiﬁcation while being deposited under the
EPD electric ﬁeld. We chose to investigate ﬁlms produced from our highest nanocrystal
concentration, 4 × 1015 NC/cm3 , as they yielded the most substantial deviations from
uniformity in the topology, substrate coverage, and roughness in our ﬁlms when assessed at
macroscopic level. Since these ﬁlms were deposited with diﬀerent applied voltages, eﬀect
on their elemental composition, if any, would be identiﬁed. We surmised that such ﬁlm
characteristics would yield largest changes in microscopic/nanoscale topology, morphology,
and compositional changes, if any such change existed. We performed AFM imaging and
EDS analysis on the four ﬁlms with diﬀerent thicknesses, which were deposited at four
diﬀerent applied voltages. Figure 4.8(a-d) shows SEM images of the EPD ﬁlms deposited
at 250 V, 500 V, 750 V, and 1000 V, respectively. The ﬁlms were composed of agglomerates
of the Eu2O3 nanocrystals, which were approximately 130-160 nm in diameter. These
agglomerates formed from 4 × 1015 NC/cm3 nanocrystal concentration were much larger
than the observed agglomerates deposited from the lower 2 × 1015 NC/cm3 nanocrystal
concentration (Figure 4.4(b)). The agglomerate size was consistent across individual ﬁlms
and was nearly identical for diﬀerent applied voltages [Figure 4.8(a-d)]. The smoothness
of all the ﬁlms was comparable. The RMS surface roughness, determined from an analysis
of the AFM images of the ﬁlms, varied between ∼ 1.6 and 1.8 nm. This roughness was
still smaller than the diameter of one nanocrystal. Thus, the ﬁlms maintained a smooth
topography as a function of ﬁlm thickness/applied voltage.
Additionally, we performed EDS analysis of the ﬁlms to juxtapose their compositions. EDS analyses were performed on small, cleaved sections of the EPD ﬁlms placed
onto silicon substrates rather on the original ITO-coated glass substrates. This step was
necessary since the contribution of the oxygen signal from the substrate dominated the
oxygen signal from the Eu2 O3 nanocrystal ﬁlms. Silicon substrates were chosen because
their EDS peaks do not coincide with the europium and oxygen peaks. Figure 4.8(e-h)
shows the EDS graphs of the EPD ﬁlms, deposited at 250 V, 500 V, 750 V, and 1000 V,
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Figure 4.8: AFM images (a, b, c, and d) and EDS (e, f, g, and h) of the nanocrystal ﬁlms
deposited with the nanocrystal suspension concentration of 4 × 1015 NC/cm3 at the applied
voltages of 250 V, 500 V, 750 V and 1000 V, respectively. The AFM images of the ﬁlms
reveal the agglomerate size of ∼ 130-160 nm and RMS roughness of ∼ 1.6-1.8 nm. The
morphology and composition of the ﬁlms were comparable.

83

respectively. To compare the composition of the nanocrystals, we monitored the intensity
of the oxygen peak (K line: 0.52 keV) relative to the intensity of the europium peak (M
line: 5.84 keV). The average ratio of intensities, 2.32 ± 0.13, was within ﬁve percent of all
four of the intensity ratios, which conﬁrmed that the composition of the nanocrystals in the
ﬁlms did not change as a function of or because of the applied voltage. Thus, these analyses
conﬁrmed that the morphology, composition, and topology on the ﬁlm at microscopic level
remained consistent as the ﬁlm thickness increased.

4.4

Summary
Transparent ﬁlms of ∼ 2.4 nm diameter Eu2 O3 nanocrystals were produced suc-

cessfully using EPD technique. The ﬁlms composed of agglomerates (∼ 15 nm) of Eu2 O3
nanocrystals, which likely formed under the inﬂuence of the electric ﬁeld applied during
EPD. The small size of the agglomerates scattered a small fraction of visible light, which
reduced light scattering losses, and thus, enhanced transparency of the ﬁlm (>80%) in visible region. The ﬁlms were uniform, smooth, and densely-packed. The ﬁlms maintained very
low RMS surface roughness (∼ 1.4 nm). The eﬀect of the EPD process parameters (applied
voltage and nanocrystal concentration) on growth of the transparent ﬁlms was studied. To
increase deposition rate or ﬁlm thickness, the nanocrystal concentration and the applied
voltage can be increased, but at the expense of ﬁlm uniformity. The growth of transparent
ﬁlms was limited by increasing voltage drop across the growing ﬁlm of Eu2 O3 nanocrystals.
The nanocrystal agglomerates of larger size were formed when the nanocrystal concentration was increased. Morphology at nanoscale and elemental composition of the ﬁlms for
diﬀerent applied voltages were comparable.
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CHAPTER V

Gd2 O3 NANOCRYSTAL FILMS: UNDERSTANDING THE
DIELECTRIC PROPERTIES

5.1

Introduction
Gadolinium oxide (Gd2 O3 ) in its crystalline and amorphous phases has been con-

sidered as a replacement gate oxide material for silicon dioxide. The high dielectric constant (κ = 14) and the large band gap (Eg = 5.5 eV) are the two characteristic properties of Gd2 O3 that are important and that have motivated this consideration. Dielectric properties of the amorphous and crystalline Gd2 O3 ﬁlms as the gate oxide in metaloxide-semiconductor (MOS) and metal-oxide-semiconductor-ﬁeld-eﬀect-transistor (MOSFET) structures have been investigated.4, 111–113 Recently, dielectric studies of amorphous
Gd2 O3 ﬁlms, embedded with Gd2 O3 nanocrystals, revealed intriguing charge-storage characteristics of the nanocrystals.114 Similarly, charge-storage characteristics were observed in
other nanocrystal-based materials, such as metallic (Au, Ru, Ni, and Co)115–117 and semiconducting (Si and Ge)118, 119 nanocrystal-embedded MOS architectures for non-volatile
memory (NVM) applications. In such structures, nanocrystal-conﬁned states, the states
at the interface of nanocrystal-dielectric (i. e. nanocrystal surface), and the defect sites
inside nanocrystals are responsible for the charge-storage behavior.115, 120, 121 Our colloidal
Gd2 O3 nanocrystals may exhibit comparable charge-storage characteristics because of the
unpassivated surface states that can arise due to the detachment of some fraction of the
nanocrystals’ surface capping ligands during nanocrystal cleaning procedure.17, 41 Investigation of dielectric properties of ﬁlms composed entirely of colloidal Gd2 O3 nanocrystals
may provide insight into this subject.
In this chapter, investigation of the dielectric properties of our Gd2 O3 nanocrystal
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ﬁlms is discussed. MOS capacitor structures with a colloidal Gd2 O3 nanocrystal ﬁlm as
the gate oxide layer were fabricated for the study. The nanocrystal ﬁlms are produced
by electrophoretic deposition. High-frequency capacitance-voltage (C-V ) measurements of
these MOS structures were conducted to probe the dielectric properties. The observed
hysteresis in the C-V curve illustrates the charge-storage behavior of the nanocrystal ﬁlms.
The eﬀective dielectric constant of the nanocrystal ﬁlms (κ) is determined and packing
density of the nanocrystal ﬁlm is calculated.
The research described in this chapter has been published in the following journal
article:
• S. V. Mahajan and J. H. Dickerson, Dielectric properties of colloidal Gd2 O3 nanocrystal ﬁlms fabricated via electrophoretic deposition, Appl. Phys. Lett., 96 113105,
(2010)

5.2
5.2.1

Experimental details
Materials and methods
The ∼ 2.4 nm diameter colloidal Gd2 O3 nanocrystals, capped with oleic acid, were

synthesized via the synthesis technique described in Chapter II [Section 2.2.1 & 2.2.2]. Since
the synthesis reaction that produced ∼ 3.0 nm diameter nanocrystals had low yield (< 30
%), we selected ∼ 2.4 nm diameter Gd2 O3 nanocrystals as a test case. The nanocrystals
were cleaned in ethanol using a typical precipitation-centrifugation procedure, described in
Chapter II (Section 2.2.3). After cleaning the Gd2 O3 nanocrystals, we suspended them in
hexane for electrophoretic deposition. To fabricate MOS capacitor structures, the p-type
silicon electrodes were employed. (Section 3.3.1)
Figure 5.1 shows a schematic of MOS capacitor architecture, fabricated using electrophoretic deposition and e-beam evaporation techniques. First, the oxide layer (Gd2 O3
nanocrystal ﬁlm) was deposited using EPD followed by the deposition of aluminum gate
contacts by e-beam evaporation. We fabricated MOS capacitors with diﬀerent nanocrystal
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Figure 5.1: Schematic of MOS capacitor architecture. Nanocrystal ﬁlm was deposited
using electrophoretic deposition and aluminum gate contacts were deposited by e-beam
evaporation.

ﬁlm thicknesses. A typical EPD procedure, as mentioned in Chapter III (Section 3.3.4),
was employed to deposit the Gd2 O3 nanocrystal ﬁlms. The ﬁlms were deposited with a
500 V dc voltage. To vary nanocrysyal ﬁlm thickness, we employed EPD suspensions of
diﬀerent nanocrystal concentrations (1.0 × 1015 NC/cm3 , 1.5 × 1015 NC/cm3 , 2.0 × 1015
NC/cm3 , and 2.5 × 1015 NC/cm3 ). The nanocrystal ﬁlms of the following thicknesses were
deposited, which were measured with surface proﬁlometry: 116 ± 10 nm, 179 ± 10 nm, 276
± 10 nm, and 397 ± 15 nm. To complete the fabrication of the MOS capacitors, aluminum
contacts (500 μm diameter and 300 nm thick) were deposited on the nanocrystal ﬁlms via
e-beam evaporation of aluminum using a shadow mask. Aluminum was employed as the
gate material because of its suitable work function and cost eﬀectiveness.

5.2.2

Characterization techniques
Elemental analyses of the electrodes using X-ray energy dispersive spectroscopy were

conducted on the electrodes to conﬁrm the nanocrystal deposition. Surface morphologies of
the Gd2 O3 nanocrystal ﬁlms were probed using scanning electron microscopy and atomic
force microscopy techniques. The ﬁlm thicknesses were measured with surface proﬁlometry.
A small section of the ﬁlm was wiped oﬀ with hexane-soaked cotton tip to expose the
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underlying silicon substrate. A step proﬁle was recorded with reference to the the exposed
substrate to measure ﬁlm thickness. High-frequency capacitance-voltage characteristics of
the capacitors were collected at a frequency of 1 MHz and at a sweep rate of 50 mV/s, using
a Keithley 590 CV analyzer on a Signatone probe station.

5.3
5.3.1

Results and discussion
Materials characterization of nanocrystal ﬁlm
We performed EDS analyses of the electrodes to verify the deposition of Gd2 O3

nanocrystal ﬁlms. Figure 5.2(a) shows an EDS graph of the Gd2 O3 nanocrystal ﬁlm deposited on the anode. The EDS spectrum exhibits the X-ray emission peaks of the gadolinium (L & M), oxygen (K), carbon (K), and silicon (K), which are present due to the oleic
acid-capped Gd2 O3 nanocrystals on the silicon substrate. We observed comparable EDS
spectrum of the ﬁlm deposited on the cathode. Figure 5.2(b) shows an SEM image of the
nanocrysrtal ﬁlm (anode). This image provides a view of the assembly of the ultra-small
nanocrystals at microscopic level. The ﬁlm was topologically uniform and continuous over
the large area (nanocrystal diameter <<< image width). To probe the surface morphology
of the ﬁlm at nanoscale, we employed atomic force microscopy. The AFM image, shown
in ﬁgure 5.2(c), revealed the presence of agglomerates of the Gd2 O3 nanocrystals within
the ﬁlm. The agglomerates were approximately 10 - 15 nm in diameter and were densely
packed together. The agglomeration of the Gd2 O3 nanocrystals was similar to that of the
Eu2 O3 nanocrystals, reported in Chapter IV (Section 4.3.2). The RMS roughness of the
ﬁlm determined from an analysis of the AFM image was ∼ 1.6 nm, which also was smaller
than the diameter of one nanocrystal. Thus, the Gd2 O3 nanocrystal ﬁlms deposited on the
silicon electrodes were uniform, smooth, and densely packed.

88

Figure 5.2: (a) EDS graph of the electrode shows the peaks of gadolinium, oxygen, carbon,
and silicon, which conﬁrms the deposition of oleic acid functionalized Gd2 O3 nanocrystals.
(b) SEM image of the nanocrystal ﬁlm. (c) AFM image of the nanocrystal ﬁlm, which
reveals the deposition of agglomerates (∼ 10-15 nm) of the Gd2 O3 nanocrystals.
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5.3.2

Electrical characterization of MOS capacitor
High-frequency C-V analysis is an excellent technique to probe dielectric properties

of an insulator. Brieﬂy, the fundamentals of C-V analysis of a MOS capacitor are reviewed
here. In an ideal MOS structure, the metal and the semiconductor form two plates of
a parallel-plate capacitor. At thermal equilibrium, the capacitor is charged to a voltage
equivalent of the diﬀerence between the metal and the semiconductor work functions. The
amount of charge stored on the capacitor is changed when a bias voltage is applied between
the metal and the semiconductor. The applied voltage compensates the diﬀerence between
the metal and the semiconductor work functions at a particular value. At this applied
voltage, the charge stored on the capacitor is zero and the energy bands in the semiconductor
are ﬂat. Since this applied voltage produces ﬂat energy bands in the semiconductor, this
voltage is called ﬂat-band voltage (VF B ). The ﬂat-band voltage varies with the metal
used and the doping density in the semiconductor. The ﬂat-band voltage of an ideal MOS
capacitor is deﬁned as ideal ﬂat-band voltage (VF B Ideal ).
In reality, there are diﬀerent types of charges that are present in oxide-semiconductor
system unlike in an ideal system. The presence of these charges shifts the experimental CV curve with respect to the ideal C-V curve along the voltage axis. The ideal and the
experimental C-V curves of the MOS capacitor are compared at the ﬂat-band capacitance
(CF B ). The capacitance at the ﬂat-band voltage is known as the the ﬂat-band capacitance.
The ﬂat-band capacitance of a MOS capacitor is given by equation 5.1, where CF B is the
capacitance at the ﬂat-band voltage, COX is the oxide capacitance in the accumulation
region, κs is the dielectric constant of the semiconductor,

o

is the permittivity of vacuum,

and LD is Debye length.

CF B = COX

κs o
LD (1 + (κs o /LD COX ))


(5.1)

Debye length is given by equation 5.2, where k is Boltzmann’s constant, T is the tempera-
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Figure 5.3: SEM image (Top view) of the MOS capacitor structure, exhibiting the Gd2 O3
nanocrystal ﬁlm and aluminum contacts.

ture, q is the electronic charge, and NS is the doping concentration in semiconductor.

kT κs o
(5.2)
LD =
q 2 NS
Thus, the ﬂat-band capacitance is calculated based on the oxide capacitance in accumulation
(COX ). This CF B value is used to determine VF B .
We performed C-V measurements on the MOS capacitors, fabricated with the
Gd2 O3 nanocrystal ﬁlm as the gate oxide layer [Figure 5.3 (Top view)]. The C-V characteristics were recorded by sweeping the gate voltage from -10 V (accumulation) to +5 V
(inversion) and back to -10 V (accumulation). The capacitance did not change much beyond
this voltage range. The capacitors were biased at -10 V for 15 min prior to the forward sweep
[-10 V → +5 V] and were biased at +5 V for 1 min prior to the reverse sweep [+5 V → -10
V] for their complete charging and discharging. Figure 5.4 shows the C-V characteristics of
capacitors fabricated from the 116 ± 10 nm thick nanocrystal ﬁlms, deposited on the anode
and cathode. The C-V characteristics were similar to that of a typical MOS capacitor with
distinct accumulation, depletion, and inversion regions. The MOS capacitors exhibited a
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Figure 5.4: C-V characteristics of the MOS capacitors, fabricated from NC ﬁlms that were
deposited on the anode and cathode. The thickness of the ﬁlm was 116 nm ± 10 nm, and
the average area of the capacitors was 1.96 × 105 μm2 .

clockwise hysteresis in their C-V characteristics as they were biased through the accumulation → inversion → accumulation regions. A clockwise hysteresis was observed in the C-V
characteristics even when the capacitors were biased through the inversion → accumulation
→ inversion regions. The observed hysteresis in the C-V characteristics indicated the presence of charge carriers within the nanocrystal ﬁlm. The charge carriers could be immobile
charges, arising from the unpassivated surface sites (Gd3+ and O2− ) of the nanocrystals,
or mobile charges (electrons or holes), injected into the nanocrystal ﬁlm. The presence of
positive charges shifts the ﬂat-band voltage (VF B ) of a MOS capacitor in negative direction
compared to the ideal ﬂat-band voltage, while the presence of negative charges shifts it
in positive direction. The ideal ﬂat-band voltage (VF B ideal ) of our MOS architecture was
-0.88 V, which was based on the work functions of Al and Si and the doping concentration
in the epitaxial layer, and assuming no charges in the nanocrystal ﬁlm. A larger negative
shift in VF B (ΔVF B ∼ - 3.92 V, anode) during reverse sweep (inversion → accumulation)
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than the positive shift in VF B (ΔVF B ∼ 0.05 V, anode) during forward sweep (accumulation → inversion) suggested the presence of more positive charges in the nanocrystal ﬁlm.
Electrons were injected into the nanocrystal ﬁlm from the gate electrode in the accumulation region, while electrons were subsequently extracted (equivalent to injection of holes)
from the nanocrystal ﬁlm into the gate electrode in the inversion region. We explored the
charge-storage in the nanocrystal ﬁlms deposited on the anode and cathode by comparing
the width of the hysteresis window (ΔV) for the two nanocrystal ﬁlms [3.97 V (anode)
and 4.19 V (cathode)]. These values were found to be within the statistical uncertainty (±
0.13 V) when multiple MOS capacitors were tested. The observed charge-storage in our
Gd2 O3 nanocrystal ﬁlms was consistent with the other metal,116 semiconductor,118, 119 and
insulator114 nanocrystal-embedded MOS capacitor structures.
Figure 5.5 shows C-V characteristics of the MOS capacitors, fabricated with the
Gd2 O3 nanocrystal ﬁlms (oxide layer) of diﬀerent thicknesses. The ﬁlm capacitance, Cf ilm ,
in the accumulation region decreased with increased nanocrystal ﬁlm thickness, as was
expected. For a given gate insulator material, the insulator capacitance (in accumulation)
has a linear relationship with the inverse of the gate insulator thickness, as stated in equation
5.3.
Cinsulator =

A × insulator
tinsulator

(5.3)

In this expression, Cinsulator is the insulator capacitance (F), A is the gate area (cm2 ),
tinsulator is the insulator thickness (cm), and

insulator

is the permittivity of the insulator

material (F/cm). The Gd2 O3 nanocrystal ﬁlm is the gate insulator material in the present
MOS architecture. Since the nanocrystal ﬁlm comprised three constituents (Gd2 O3 , oleic
acid, and air), its permittivity dependent on the volumetric fractions of those constituents.
Since the volumetric fractions of the constituents within the ﬁlm were not known, the
permittivity of the nanocrystal ﬁlm had to be determined experimentally. The permittivity
of the Gd2 O3 nanocrystal ﬁlm was determined using the thickness and capacitance of the
nanocrystal ﬁlm. It was essential to determine the permittivity of the nanocrystal ﬁlm
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Figure 5.5: C-V characteristics of the MOS capacitors with diﬀerent thicknesses of the
nanocrystal ﬁlms (oxide layer).
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Figure 5.6: Graph of the ﬁlm capacitance versus inverse of the nanocrystal ﬁlm thickness
for four diﬀerent MOS capacitors. The slope of the linear regression ﬁt was proportional
to the permittivity of the nanocrystal ﬁlm and, hence, to the ﬁlm’s dielectric constant, κ =
3.90.

because the permittivity of an insulator ﬁlm is an important dielectric property. Figure 5.6
shows a graph of the ﬁlm capacitance as a function of the inverse of the nanocrystal ﬁlm
thickness for MOS capacitors with diﬀerent nanocrystal ﬁlm thicknesses. The data exhibited
good agreement with the linear trend. The dielectric permittivity of the nanocrystal ﬁlm was
extracted from slope of the linear ﬁt, given the area of the gate. The dielectric constant,κ,
of the Gd2 O3 nanocrystal ﬁlm was calculated using the relation, κ =

insulator / 0

and was

found to be 3.90 ± 0.06. The dielectric constant of the nanocrystal ﬁlm is the eﬀective
dielectric constant because ﬁlms are composed of Gd2 O3 nanocrystal core, oleic acid as
surface capping ligand, and interstitial air.

5.3.3

Packing fractions of nanocrystal ﬁlm
Since the nanocrystal ﬁlm comprised Gd2 O3 (κ= 14.0), oleic acid (κ = 2.5), and air

(κ = 1.0), the eﬀective dielectric constant of the nanocrystal ﬁlm depended on the volumetric
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fractions of each component in the ﬁlm. Thus, packing fractions of nanocrystal ﬁlms can be
calculated based on the known eﬀective dielectric constant of ﬁlm and of the constituents.
We observed good agreement between the data and the liner ﬁt (Figure 5.6), which suggested
that all of the nanocrystal ﬁlms possessed comparable nanocrystal packing fractions even
though they were assembled from solutions with diﬀerent nanocrystal concentrations. We
calculated the volumetric packing fractions of the nanocrystal ﬁlm using a three-component
Bruggeman model for the dielectric constant (Equations 5.4 and 5.5).


fair






κair − κf ilm
κOA − κf ilm
κGd2 O3 − κf ilm
+ fOA
+ fGd2 O3
=0
κair + 2κf ilm
κOA + 2κf ilm
κGd2 O3 + 2κf ilm

(5.4)

fair + fOA + fGd2 O3 = 1

(5.5)

In the expression, volume fractions of air, nanocrystal ﬁlm, oleic acid, and Gd2 O3 are
given as the fair , ff ilm , fOA , and fGd2 O3 , respectively. Dielectric constants of air, nanocrystal
ﬁlm, and Gd2 O3 are given as the κair , κf ilm , κOA , and κGd2 O3 , respectively. Based on
the coverage of oleic acid on the surface of a spherical nanocrystal core, we formulated a
relationship between the volumetric fractions of the oleic acid surfactant and the Gd2 O3
nanocrystal core as stated in equation 5.6, where R1 is radius of the Gd2 O3 nanocrystal
core (R1 = 1.2 ± 0.1 nm), and R2 is the radius of nanocrystal core (R1 ) plus thickness of
the oleic acid layer, tOA (tOA = 0.3 ± 0.1 nm).

fOA = fGd2 O3

R2
R1

3

−1

(5.6)

Volumetric fractions, fair = 0.34 ± 0.08, fOA = 0.32 ± 0.10, and fGd2 O3 = 0.34 ± 0.02
were calculated from equations 5.4-5.6. The summed packing fraction for the nanocrystals
(Gd2 O3 nanocrystal core plus oleic acid) is 0.66 ± 0.08 and resides within the glassy packing
regime for closely packed spheres.122 Thus, EPD can produce densely packed, glassy ﬁlms
of ultra-small Gd2 O3 nanocrystals that exhibit potential charge-storage capabilities.
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5.4

Summary
The dielectric properties of the colloidal Gd2 O3 nanocrystal ﬁlms were probed with

C-V analyses. MOS capacitor structures with colloidal Gd2 O3 nanocrystal ﬁlm as oxide
layer were produced. Electrophoretic deposition produced uniformly deposited ﬁlms of the
cleaned Gd2 O3 nanocrystals. A hysteresis in C-V curves of the MOS capacitors suggested
charge-storage within the nanocrystal ﬁlms. The nanocrystal ﬁlms, deposited on the anode
and cathode, had similar charge-storage properties. MOS capacitor structures with diﬀerent
nanocrystal ﬁlm thicknesses exhibited charge-storage characteristics. Eﬀective dielectric
constant (κ = 3.90) of the nanocrystal ﬁlms was calculated from the C-V measurements
of the MOS capacitors. Packing density of the nanocrystals within the ﬁlm (0.66 ± 0.08)
was calculated from the eﬀective dielectric constant of the nanocrystal ﬁlm and was found
to be within glassy-packing regime, as expected for the ﬁlms deposited via electrophoretic
deposition.
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CHAPTER VI

NANOCRYSTAL-CARBON NANOTUBE HETEROSTRUCTURES:
DEVELOPMENT & CHARACTERIZATION

6.1

Introduction
Since the widespread recognition of carbon nanotubes (CNTs) and nanocrystals

(NCs) in the early 1990s, interest in basic and applied research of these materials has
grown exponentially. Carbon nanotubes have attractive electronic properties, superior tensile strength, and low density.123–125 Similarly, metallic, semiconducting, and insulating
NCs have been investigated for their unique size-dependent optical, magnetic and catalytic
properties.41, 126, 127 The research area of CNT-NC composites, which investigates the integration of CNTs and NCs into single materials for various device architectures, has garnered
much attention for potential applications in next-generation luminescent, magnetic, and
energy-storage devices.64, 128–136 This area comprises three major trajectories: the functionalization of the surface of the CNT surface with NCs; the co-deposition CNTs and NCs
into thin ﬁlms; and the alternating, multilayered deposition of CNTs and NCs. Of these
areas, the NC-functionalized CNTs trajectory has received most attention.132 Metallic NCs
of Pt, Ru, Ag, Au, and Pd have successfully been functionalized onto CNTs for their catalytic properties for use in fuel cell devices.135, 136 Electrically-addressable, iron and iron
oxide-infused CNTs have been explored for their application in gas sensors and memory devices.129 The functionalization of TiO2 and Pt NCs onto CNTs also has been accomplished
through electrodeposition.133, 134 The second trajectory focuses on the production of NCCNT composites using co-deposition and co-densiﬁcation of NCs and CNTs into thin ﬁlm
composites for biocompatible materials applications.64, 128 The third research trajectory
involves alternate deposition of CNTs and NCs to create multilayered architectures, which
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are integral to several existing and proposed optical and energy-storage devices. The idea of
employing nanocrystals and CNTs in alternating layer architectures is very recent. The fabrication of the layered structures of CNT and SiO2 /TiO2 nanocrystals have been reported
for their potential use in tissue engineering and biomedical implants applications.78, 137 In
these layered structures, interfaces between the NC-CNT layers were not sharp, which is
essential in various applications.
A layered architecture is an integral design of optical and electrochemical energystorage devices. In electrochemical energy-storage devices such as supercapacitors, Li-ion
batteries, and fuel cells, charges are stored on active electrodes that are isolated by a charge
separator. Conducting material is required for the active electrodes, and an electrical insulator is needed as a separating layer.131 CNTs are known for their conductive properties and
have been investigated as a material for electrodes in fuel cells and supercapacitors.131, 133, 135
Apart from the light emissive properties, Eu2 O3 is known for its dielectric properties.138, 139
Eu2 O3 has been proposed as a promising candidate material for high-κ gate dielectrics for
transistors (κ ∼ 12).138, 139 These properties of CNTs and Eu2 O3 motivated our investigation on integrating CNTs and Eu2 O3 nanocrystals into a layered architecture. Implementation of Eu2 O3 nanocrystal ﬁlm as a separator between CNT layers is a possible architecture
for energy-storage device applications. A separator layer is typically thicker than 10 μm.
The separator layer thickness can be reduced if a high-κ dielectric material, such as Eu2 O3 ,
is used. Use of thinner separator layers would facilitate increased charge-storage per unit
volume. It is important to achieve good electrical insulation between the electrodes when
reducing the separator layer thickness. For the proposed prototype, production of a high
quality layered structure of CNTs and NCs is required.
In this chapter, we describe the successful production of layered CNT mat-Eu2 O3
NC ﬁlm-CNT mat heterostructure using the alternating low ﬁeld - high current and high
ﬁeld - low current EPD technique. Homogeneous CNT mats were deposited from an aqueous
CNT suspension, while uniform Eu2 O3 nanocrystal ﬁlms were produced from nanocrystal
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suspension in hexane. Capacitance-voltage characteristics of the heterostructure are discussed. To explore the versatility of this fabrication technique, nanocrystals of diﬀerent
type and size (∼ 20 nm dia. Fe3 O4 vs ∼ 2.4 nm dia. Eu2 O3 ) were employed to produce
the CNT mat-NC ﬁlm-CNT mat heterostructures. The surface morphology, coverage, and
roughness of this heterostructure were analyzed.
The research described in this chapter has been published in the following journal
articles:
• S. V. Mahajan, S. A. Hasan, J. Cho, M. S. P. Shaﬀer, A. R. Boccaccini and J. H. Dickerson, Carbon nanotube-nanocrystal heterostructures fabricated by electrophoretic
deposition, Nanotechnology, 19 195301, (2008)
• S. V. Mahajan, J. Cho, M. S. P. Shaﬀer, A. R. Boccaccini and J. H. Dickerson, Electrophoretic deposition and characterization of Eu2 O3 nanocrystal-carbon nanotube
heterostructures, J. Eur. Ceram. Soc., 30 1145, (2010)

6.2
6.2.1

Experimental details
Materials
A chemical vapor deposition (CVD) technique was employed to grow multi-walled

CNTs of approximately 50 nm diameter, as reported elsewhere.140 Brieﬂy, a ferrocenetoluene mixture was injected into a quartz tube furnace, which was ﬁlled with a hydrogen:argon (1:9) gas mixture and was maintained at 760 ◦ C. Arrays of aligned CNTs formed
on the inside surface of the quartz tube. Upon removal of the CNTs from the quartz tube’s
surface, the CNTs were puriﬁed with an acid-treatment.81, 140 The puriﬁcation process involved reﬂuxing 1 g of as-grown CNTs in a mixture of nitric acid (100% grade, 10 ml) and
sulfuric acid (100% grade, 30 ml) at 120 ◦ C for 30 min. Next, the CNTs were washed with
DI water until the suspension showed no changes in acidity. The aqueous CNT suspension
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was sonicated for a few hours and centrifuged at 3500 rpm for 15 min. The CNTs, employed
in this research, were provided by our research collaborator, Prof. Milo S. P. Shaﬀer.
The ∼ 2.4 nm diameter Eu2 O3 nanocrystals (∼ 2.4 nm dia.), capped with oleic
acid, were synthesized as per the technique reported in Chapter II [Section 2.2.1 & 2.2.2].
Since the synthesis reaction that produced ∼ 3.0 nm diameter nanocrystals had low yield
(< 30 %), we selected ∼ 2.4 nm diameter Eu2 O3 nanocrystals between the two remaining
nanocrystal sizes as a test case. A typical precipitation-centrifugation procedure, described
in Chapter II [Section 2.2.3], was employed to clean the nanocrystals with ethanol. The 10×cleaned Eu2 O3 nanocrystals were suspended in hexane for EPD because these nanocrystals
produced homogeneous ﬁlms.
The iron oxide (Fe3 O4 ) nanocrystals were synthesized via a hot solution-phase technique, as described elsewhere.42 Brieﬂy, the iron-oleate complex was prepared when iron
chloride hexahydrate (2 mM) reacted with sodium oleate (6 mM) in a water-ethanol-hexane
mixture at 70◦ C for four hours. This Fe-oleate complex was washed with DI water, before
being mixed with 0.5 mM of oleic acid in 10 ml of tri-n-octylamine and reﬂuxed at 320 ◦ C
for 30 minutes. The nanocrystals nucleated and grew to approximately 20 nm diameter
during this stage. The nanocrystals were precipitated by addition of 10 ml ethanol to the
1 ml reaction mixture and were isolated by centrifugation at 3500 rpm for 15 minutes. In
some trials, this precipitation process was repeated after redispersion in fresh hexane. These
nanocrystals were easily dispersed in hexane for deposition by EPD.

6.2.2

Heterostructure development
To develop layered carbon nanotube-nanocrystal heterostructures, an alternating

sequence of EPD of CNTs and NCs was employed. First, a CNT mat was deposited on
the steel electrode. Next, the CNT mat was used as an anode during the deposition of
NCs. Subsequently, the NC-deposited CNT mat was employed as the anode for the deposition of the second CNT mat. Thus, CNT mat-NC ﬁlm-CNT mat heterostructures were
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Table 6.1: EPD parameters for carbon nanotubes (CNTs) and nanocrystals (NCs).
Material
Suspension Electrode gap Voltage Deposition time Drying time
(mm)
(V)
(min)
(min)
CNTs
Water
10
20
10
15
Eu2 O3 NCs
Hexane
2
1000
15
5
Fe3 O4 NCs
Hexane
2
1000
30
5

fabricated using this sequence. Typically, metallic substrates are employed to fabricate electrochemical energy-storage devices. We selected stainless steel as the substrate to produce
heterostuctures because of its low cost and anti-corrosive property. Anti-corrosive property
of the substrate is important during EPD of CNTs. Since suspension of CNTs in water was
slightly acidic, it attacked the ITO and gold electrodes degrading uniformity of the ﬁlm.
The deposition of CNTs and NCs is described below and the EPD parameters are listed in
Table 6.1.
EPD of CNTs
An electrode assembly of the stainless steel electrodes was used for the deposition
of CNTs [Section 3.3.2]. Well-stabilized suspension of functionalized CNTs was prepared in
water. A BK Precision 1787B power supply was used to apply a constant dc voltage of 20
V across a 10 mm wide electrode gap. The EPD was performed for 10 minutes, and a current density of approximately 4 mA/cm2 was measured throughout the EPD experiment.
The electrodes then were air-dried for 15 minutes, while maintaining the applied voltage,
to remove any residual water and for densiﬁcation. The EPD parameters employed for
this deposition are listed in Table 6.1. For the EPD of CNTs, the ﬂow of current through
the suspension comprises an electrolytic current due to water and free ions, and an electrophoretic current due to the CNTs. The CNT suspension conducts a large current even
at low electric ﬁelds due to the large contribution of electrolytic current from water. The
use of higher electric ﬁelds produces inhomogeneous CNT ﬁlms due to the dissociation of
water and the evolution of gases at the deposition electrodes.141 Therefore, the operating
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voltage was chosen such that electrolysis of water was minimized and homogeneous CNT
ﬁlms were deposited. The deposition of homogeneous CNT mats was classiﬁed into low
ﬁeld - high current regime based on the electric ﬁeld and current ﬂowing through the EPD
suspension.
EPD of NCs
The CNT mat was used as an anode to deposit nanocrystals onto the mat. Welldispersed suspensions of NCs were prepared in hexane. A Keithley 6517A Electrometer was
used to apply a dc voltage and to measure the current ﬂowing through the suspension. A NC
ﬁlm deposition consisted of the application of a constant 1000 V across a 2 mm electrode
gap for a duration of 15 minutes. Typically, a peak current density of approximately 1
μA/cm2 was measured during the deposition. After the deposition, the NC ﬁlm was airdried for ﬁve minutes while maintaining the applied voltage to remove residual hexane and
for densiﬁcation. During EPD of NCs, the NC suspension conducts small current even at
high electric ﬁelds due to a negligible contribution of electrolytic current from hexane (Pure
hexane: ∼ 0.3 nA/cm2 ). Therefore, the deposition of uniform NC ﬁlms was classiﬁed into
the high ﬁeld - low current regime based on the applied electric ﬁeld and current ﬂowing
through the EPD suspension.

6.2.3

Characterization techniques
The dimensions of the CNTs were measured from the images of the CNT mat cap-

tured using SEM. The sizes of the Eu2 O3 and Fe3 O4 nanocrystals were measured from TEM
images of the nanocrystals. The corresponding hydrodynamic diameter of Fe3 O4 nanocrystals, suspended in hexane, was determined from a DLS measurement. The nanocrystal
suspension was stabilized in the dark overnight prior to the DLS measurement. Surface
morphologies of the CNT mats and nanocrystal ﬁlms were characterized using SEM. High
resolution surface morphologies of the ﬁlms were analyzed using AFM. Elemental analyses
of the EPD ﬁlms were completed with X-ray EDS. Photoluminescence measurements of the
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Figure 6.1: Low magniﬁcation (a) and high magniﬁcation (b) SEM images of the EPD ﬁlms
of the puriﬁed CNTs. The length of the CNTs varied between 1 - 2 μm and the average
diameter of the CNTs was 50 nm.

CNT mats and Eu2 O3 nanocrystal ﬁlms were conducted. Capacitance-voltage measurements were performed at a frequency of 1 MHz and at a sweep rate of 50 mV/s.

6.3
6.3.1

Results and discussion
Materials characterization
Figure 6.1 shows the SEM images of the EPD ﬁlm of the puriﬁed CNTs atop the

steel substrate. The length of the puriﬁed CNTs varied between 1 and 2 μm, as seen in
ﬁgure 6.1(a). The acid-treatment process, performed to purify the CNTs, has the secondary
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eﬀect of shortening the CNTs.140, 142 The high magniﬁcation SEM image of the CNT mat
[Figure 6.1(b)] conﬁrms the average diameter of ∼ 50 nm of the puriﬁed CNTs. Figure
6.2(a) shows a TEM image of the Eu2 O3 nanocrystals of average core diameter 2.4 nm. PL
spectrum of the nanocrystals, shown in ﬁgure 6.2(b), exhibits the characteristic emission
peaks of Eu2 O3 nanocrystals [Figure 2.9(a)].41 Figure 6.3(a) shows a TEM image of ∼ 20 nm
diameter Fe3 O4 nanocrystal. Figure 6.3(b) shows a DLS measurement of the hydrodynamic
diameter of Fe3 O4 nanocrystals in hexane. The hydrodynamic diameter of the nanocrystals
in suspension includes the diameter of the core nanocrystal and twice the thickness of surface
capping ligand layer (oleic acid). Based on Gaussian curve ﬁt, the average hydrodynamic
diameter of the nanocrystals was 23.7 ± 6.5 nm. Given the approximately 1.5 nm thickness
of the oleic acid ligand layer at the surface,59 there was good agreement between the DLS
result and the TEM image.

6.3.2

CNT mat-Eu2 O3 NC ﬁlm-CNT mat heterostructure
The CNT mats were deposited from well-dispersed, aqueous suspension of puri-

ﬁed CNTs with EPD technique on steel substrate as reported previously.81 The negative
charges on CNT surfaces were induced during the puriﬁcation process as a consequence
of the functionalization of the CNT surfaces with negatively charged, oxygen-containing
acidic groups. Hence, puriﬁed CNTs deposited only on the anode to produce a CNT mat.
These negatively charged surface groups were also responsible for producing well-stabilized
CNT suspension in water. Since the CNT mat was employed as an electrode to deposit the
nanocrystals, surface morphology, elemental composition, and luminescent characteristics
of the bare CNT mat were investigated using scanning electron microscopy, energy dispersive spectroscopy, and photoluminescence spectroscopy prior to the nanocrystal deposition.
Figure 6.4(a) shows the SEM image of a CNT mat deposited on the steel electrode, using
the parameters stated in Table 6.1. The majority of the CNTs deposited ﬂat in-plane with
the electrode and were uniformly distributed within the mat. The CNTs within the mat
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Figure 6.2: (a) TEM image of the Eu2 O3 nanocrystals, which conﬁrms the average 2.4 nm
diameter nanocrystals; (b) PL spectrum of the Eu2 O3 nanocrystals exhibiting characteristic
red emission peaks.

106

Figure 6.3: (a) TEM image of the Fe3 O4 nanocrystal with ∼ 20 nm core diameter; (b) Dynamic light scattering graph of Fe3 O4 nanocrystals, with an average hydrodynamic diameter
of 23.7 ± 6.5 nm.

deposited with a random planar orientation producing a porous mat with approximate pore
size of 100 nm. The EDS plot of the CNT mat, deposited on the stainless steel substrate, is
shown in ﬁgure 6.4(b). Besides the presence of the strong peak of carbon, the oxygen peak
was detected due to the presence of the oxygen-containing acidic groups on the surface of
the puriﬁed CNTs, which was conﬁrmed by the absence of these peaks in the EDS of bare
steel substrate. The iron, molybdenum, chromium, and silicon peaks were attributed to
the underlying stainless steel electrode. The photoluminescence spectrum of the bare CNT
mat, prior to the Eu2 O3 NC deposition, was collected upon UV excitation (254 nm) and is
shown in ﬁgure 6.4(c). Since the characteristic emission peaks of the Eu2 O3 nanocrystals
are in the 575 - 725 nm spectral region of the visible spectrum, the emission characteristics
of the bare CNT mat were measured within the same spectral region. The CNTs exhibited
a weak emission peak near 650 nm.
The Eu2 O3 nanocrystals were deposited on top of the CNT mat via the high ﬁeld-low
current EPD method employing the parameters stated in Table 6.1. The Eu2 O3 nanocrystals, employed for the deposition, were well-dispersed in the non-polar medium, hexane. The
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Figure 6.4: (a) SEM image of the CNT mat. The CNTs deposited with a random planar
orientation producing a porous mat; (b) EDS graph of the CNT mat. The carbon and
oxygen peaks were detected from the CNTs, which were functionalized with the oxygencontaining acidic groups; (c) PL spectrum of the CNT mat, which shows a small peak at
∼ 650 nm.
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CNT mat-deposited stainless steel electrode was employed as the anode for EPD. Scanning
electron microscopy, energy dispersive spectroscopy, and photoluminescence spectroscopy
techniques conﬁrmed the deposition of the Eu2 O3 nanocrystals atop the CNT mat. Figure
6.5(a) shows the SEM image of the nanocrystal ﬁlm. A uniform nanocrystal ﬁlm is visible,
which covered the porous CNT mat entirely. All the pores present on the surface of the
CNT mat were ﬁlled by the nanocrystals, forming a continuous ﬁlm. After the nanocrystal
deposition, the morphology and contour of the underlying porous CNT mat was no longer
visible. The energy dispersive spectrum, as seen in ﬁgure 6.5(b), conﬁrmed the deposition
of Eu2 O3 nanocrystals. The X-ray emission peaks of europium, oxygen, and carbon were
detected, as expected. The presence of these peaks was attributed to the deposition of
oleic acid functionalized Eu2 O3 nanocrystals. The PL spectrum of the anode, shown in
ﬁgure 6.5(c), has the characteristic emission peaks of Eu2 O3 nanocrystals, which veriﬁed
the deposition of the nanocrystals. The spectral positions of the photoluminescence peaks
of the ﬁlm were identical to that of the Eu2 O3 nanocrystals in suspension [Figure 6.2(b)].
This observation suggested that EPD did not change the luminescence characteristics of the
nanocrystals. Thus, SEM images, EDS, and PL measurements conﬁrmed the deposition of
the homogeneous Eu2 O3 nanocrystal ﬁlm atop the CNT mat.
To produce the CNT mat-Eu2 O3 NC ﬁlm-CNT mat architecture, the NC-deposited
CNT mat was employed as the anode to deposit a second CNT mat using the same electrode
conﬁguration and operating parameters as for the ﬁrst CNT mat. Figure 6.6 shows the top
view and side view SEM images of the heterostructure. The electrode with the heterostructure was cut in its center to obtain a clear cross-sectional view of said heterostructure. The
morphology of the second CNT mat [Figure 6.6(a)] was similar to that of the ﬁrst CNT
mat [Figure 6.4(a)]. However, a signiﬁcant diﬀerence in the thickness of the two mats was
observed for the same EPD conﬁguration and deposition parameters. The ﬁrst CNT mat
was approximately 2 μm thick, while the second mat was approximately 500 nm thick,
as shown in ﬁgure 6.6(b). A part of the applied voltage dropped across the preexisting,
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Figure 6.5: (a) SEM image of the nanocrystal ﬁlm showing uniform and continuous deposition of the nanocrystals atop the CNT mat; (b) EDS graph of the nanocrystal ﬁlm,
which reveals the presence of the europium, oxygen, and carbon peaks; (c) PL spectrum
of the Eu2 O3 nanocrystal ﬁlm, which exhibits characteristic emission peaks of the Eu2 O3
nanocrystals.41
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Figure 6.6: (a) Top view SEM image and (b) side view SEM image of the CNT mat-Eu2 O3
NC ﬁlm-CNT mat heterostructure.
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low-conductivity CNT mat-Eu2 O3 NC ﬁlm architecture during the second CNT deposition.
Hence, the eﬀective voltage for EPD was reduced, leading to the thinner second CNT mat.
To produce the ﬁrst and second CNT mats of comparable thickness, the deposition time of
the ﬁrst CNT mat should be reduced or the deposition time of second CNT mat and the
CNT concentration should be increased. Figure 6.6(b) shows the separating, Eu2 O3 NC
ﬁlm between the two CNT mats, which was approximately 2 μm thick. The sharp interface between the NC ﬁlm and the CNT mat is visible. The nanocrystals deposited only
on the top surface of the CNT mat and did not penetrate deep inside the mat, forming a
sharp interface. This outcome was in contrast to results on EPD of CNT/TiO2 nanoparticle
composites, where TiO2 nanoparticles were seen to penetrate deep inside the porous CNT
mat.78 The non-dispersibility of CNTs in hexane prevented impregnation of the nanocrystal
dispersion inside the mat, which facilitated a sharp interface formation. The impregnation
of nanocrystals can not be adjusted by changing EPD process parameters. Thus, high
quality CNT mat-Eu2 O3 NC ﬁlm-CNT mat heterostructures with sharp interfaces were
reproducibly formed using the low ﬁeld - high current and high ﬁeld - low current EPD
method.
The CNT mat-Eu2 O3 NC ﬁlm-CNT mat architecture mimics a metal-insulatormetal (MIM) capacitor structure.143 Electrical characteristics of the heterostructure were
probed using CV measurements. To perform CV measurements on the heterostructure, the
probes were connected to the top CNT mat and the steel substrate. The heterostructure
was biased from +5 V to -5 V to perform the CV measurement. Prior to the CV measurement, the heterostructure was biased at +5 V for 5 min to allow suﬃcient time for its
charging. Five diﬀerent measurements were performed by connecting the probe at ﬁve different locations on the top CNT mat. Figure 6.7 shows ﬁve representative CV curves of the
heterostructure, which exhibit a relatively constant, consistent capacitance over the entire
± 5V voltage range. A constant capacitance over a voltage range is a typical characteristic
of a MIM capacitor.143 Thus, the CNT mat-Eu2 O3 NC ﬁlm-CNT mat heterostructure ex-
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Figure 6.7: Capacitance-voltage (CV) characteristics of the CNT mat-Eu2 O3 NC ﬁlm-CNT
mat heterostructure.

hibited CV response, which is characteristic of a MIM capacitor. An average capacitance
of 35.4 ± 3.7 nF was measured for the heterostructure. Since the heterostructure exhibited
characteristics of a MIM capacitor, it was conﬁrmed that the two CNT mats were electrically insulated from one another. Also, such a CV response conﬁrmed that charges were
stored in the heterostructure. These results conﬁrmed that a CNT mat-Eu2 O3 NC ﬁlmCNT mat architecture could be employed potentially as a structure for an energy-storage
device.

6.3.3

CNT mat-Fe3 O4 NC ﬁlm-CNT mat heterostructure
To explore versatility of the EPD technique, we produced CNT-NC heterostructure

with diﬀerent type and size of nanocrystals i.e. Fe3 O4 nanocrystals of approximately ∼ 20
nm diameter. We followed the sequential EPD technique to fabricate CNT mat-Fe3 O4 NC
ﬁlm-CNT mat heterostructure by employing the parameters as listed in Table 6.1. The
surface morphologies of the CNT mat and Fe3 O4 nanocrystal ﬁlms were investigated using
SEM and AFM. First, the CNT mat was produced on the steel substrate (anode). Figure
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6.8(a) shows the SEM image of the CNT mat produced on the steel substrate. Majority
of the CNTs were parallel to the substrate with a random planar orientation, producing
the porous CNT mat. The AFM image of the CNT mat, shown in ﬁgure 6.8(b), gives a
better sense of the depth proﬁle of the mat. A few CNTs, oriented at an obtuse angle with
respect to the electrode surface, are seen as bright spots in the AFM image. The ends of
these tubes extend approximately 200 nm above the surface of the CNT mat. The RMS
surface roughness of the CNT mat, determined from an analysis of the AFM image, was ∼
34.6 nm.
Next, the EPD of Fe3 O4 nanocrystals was performed with the CNT mat employed as
an anode. Figure 6.8(c) shows the SEM image of the anode after the nanocrystal deposition
was performed for 30 minutes. The nanocrystals were deposited directly on top of the
CNTs as well as within the pores that were on the surface of CNT mat. A number of
the pores, though, remained uncovered. The SEM and AFM images [Figure 6.8(c-d)] show
that a small fraction of CNTs remained uncoated by the nanocrystals. The measured RMS
surface roughness of the ﬁlm was ∼ 31.9 nm, which was lower than the roughness of the
CNT mat, as expected. Unlike the Eu2 O3 nanocrystal ﬁlm, the Fe3 O4 nanocrystal ﬁlm
covered the CNT mat partially in a single deposition. In the earlier case, complete surface
coverage was achieved during a single deposition of Eu2 O3 nanocrystals, which was likely
due to a small size of the nanocrystals. Smaller nanocrystals tend to have higher surface
charge density due to larger surface-to-volume ratio, engendering higher electrophoretic
mobility.144 In the present case, the Fe3 O4 nanocrystal ﬁlm coverage was improved further
with multiple depositions of the nanocrystals with an intermediate air-drying step. SEM
and AFM images of twice-deposited nanocrystal ﬁlms on a CNT mat are shown in ﬁgure
6.8(e-f), respectively. The SEM image shows that the porosity in the nanocrystal ﬁlm
is reduced. Also, we observed a notable improvement in the RMS surface roughness (∼
20.8 nm) of twice-deposited nanocrystal ﬁlm over that for singly deposited nanocrystal
ﬁlm (∼ 31.9 nm). We conﬁrmed that multiple depositions improve the nanocrystal ﬁlm
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Figure 6.8: (a) SEM image and (b) AFM image of the CNT mat, fabricated on a steel
substrate; (c) SEM image and (d) AFM image of the Fe3 O4 nanocrystal ﬁlm fabricated
atop the CNT mat from a single deposition. The unﬁlled pores are evident in both images;
(e) SEM image and (f) AFM image of the Fe3 O4 nanocrystal ﬁlm fabricated atop the CNT
mat from a double deposition. The porosity in the nanocrystal ﬁlm diminished after the
second deposition.
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Figure 6.9: Current density proﬁles during the electrophoretic deposition of nanocrystals
(a) single deposition for one hour (b) double deposition for 30 minutes each.

coverage compared to the single deposition. Electrophoretic current densities, measured
during the nanocrystal depositions (Figure 6.9), provide an insight into origin of the eﬀect.
Figure 6.9(a) shows the current density during the single deposition (one hour), while ﬁgure
6.9(b) shows the current density during the double deposition (30 minutes each). As the
deposition progress, the current density and, hence the deposition rate decrease due to the
voltage drop across the continuously growing nanocrystal ﬁlm. After air-drying and upon
reinsertion into the nanocrystal suspension, the current density jumps to a higher level
than before air-drying leading to the deposition of more nanocrystals. This observation
suggested possibility of charge-neutralization during air-drying step. Since applied voltage
was maintained during air-drying step, surface of the ﬁlm could be neutralized by charges
in air. Thus, double deposition of the nanocrystals reduced the porosity and improved the
ﬁlm coverage.
A view of the arrangement of nanocrystals in the ﬁlm was provided by the high
magniﬁcation SEM and AFM images. Both images show densely-packed, homogeneous, yet
disordered Fe3 O4 nanocrystal ﬁlms [Figure 6.10(a)] with individual approximately 20 nm
diameter iron oxide nanocrystals evident in the ﬁlm. A thickness of approximately 150 nm
of the nanocrystal ﬁlms was measured from the cross-sectional SEM image [Figure 6.10(b)].
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Figure 6.10: (a) High magniﬁcation SEM image of a twice-deposited nanocrystal ﬁlm on a
CNT mat. The individual Fe3 O4 nanocrystals are visible in the image; (b) Cross-sectional
SEM image shows the nanocrystal ﬁlm thickness of ∼ 150 nm.

This image also veriﬁes the dense packing of the nanocrystals throughout the ﬁlm, which
was achieved without the addition of a chemical binder or a cross-linking agent.
The CNT mat-Fe3 O4 NC ﬁlm structure was employed as an anode to deposit a
second CNT mat, using the same electrode conﬁguration and EPD low ﬁeld - high current
operating parameters as for the ﬁrst CNT layer. The topology of the mat appears identical
under SEM [Figure 6.11(a)] to that of the mat deposited directly onto steel [Figure 6.8(a)],
conﬁrming that high-quality CNT mats can be deposited even on the nanocrystal ﬁlms with
high reproducibility. Figure 6.11(b) shows the cross-sectional image of the CNT mat-Fe3 O4
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Figure 6.11: (a) SEM image of the top CNT mat of the CNT mat-Fe3 O4 NC ﬁlm-CNT
mat heterostructure; (b) Cross-sectional SEM image of the heterostructure; (c) A magniﬁed
SEM image of the nanocrystal ﬁlm between the two CNT mats.
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NC ﬁlm-CNT mat heterostructure. The approximate 6 μm thickness of the ﬁrst CNT mat
was measured from cross-sectional SEM image. The second CNT mat was approximately
1 μm thick, which was thinner than the ﬁrst CNT mat deposited with the same EPD
conﬁguration and operating parameters. As described previously, much of the applied
voltage drops across the preexisting CNT mat and particularly the low conductivity Fe3 O4
nanocrystal ﬁlm, resulting in a weaker EPD electric ﬁeld and, hence, a thinner deposit
during the second CNT deposition. The two CNT mats were clearly separated by the
densely-packed Fe3 O4 nanocrystal ﬁlm, as seen in ﬁgure 6.11(c). Thus, the fabrication of
CNT mat-Fe3 O4 NC ﬁlm-CNT mat heterostructure was successfully realized similar to the
fabrication of CNT mat-Eu2 O3 NC ﬁlm-CNT mat heterostructure.

6.4

Summary
Multi-layered architectures, comprising carbon nanotubes and europium oxide or

iron oxide nanocrystals, were successfully fabricated on steel substrates via an alternating
sequence of low ﬁeld-high current and high ﬁeld-low current EPD techniques. Low ﬁeldhigh current EPD facilitated the deposition of uniform porous CNT mats. Densely packed
Eu2 O3 or Fe3 O4 nanocrystal ﬁlms were deposited via high ﬁeld-low current EPD atop CNT
mat. The nanocrystals deposited homogeneously on the CNT mat producing a smooth
and continuous ﬁlm. Surface coverage of the large Fe3 O4 nanocrystals was improved with
multiple depositions of the nanocrystals. The non-dispersibility of the CNTs in hexane
prevented impregnation of the nanocrystal suspension into the CNT mat, leading to a
sharp interface between the layers. CV measurements of the CNT mat-Eu2 O3 NC ﬁlmCNT mat structure conﬁrmed electrical insulation between the two CNT mats and the
charge-storage capabilities of the structure. The successful development of energy-storage
device prototypes, comprised of layered CNT mat-Eu2 O3 NC ﬁlm heterostructure, demands
further research eﬀorts in this area.
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CHAPTER VII

CONCLUSIONS & FUTURE WORK

This dissertation explored the development of ultra-small (sub-3 nm diameter) rareearth oxide nanocrystals and the assembly of these nanocrystals into homogeneous ﬁlms
via electrophoretic deposition to characterize their optical and dielectric properties. In addition, possibility of integrating the ﬁlms of these nanocrystals with the ﬁlms of carbon
nanotubes in a layered architecture was explored for potential energy-storage device applications. Conclusions of the exploratory studies and the guidelines for the future work are
outlined here.
The new solution-phase synthesis produced the smallest cubic-phase nanocrystals
of the rare-earth oxides (Eu2 O3 , Tb2 O3 , Gd2 O3 , and Gd2 O3 :Eu3+ ), which were capped
with oleic acid as the surface capping ligand. The nanocrystals, produced with this synthesis, were easily cleaned with a simple precipitation-centrifugation procedure, which is
an advantage of this synthesis. This synthesis should be applicable for the production of
nanocrystals of the other rare-earth oxides. For the ﬁrst time, homogeneous and smooth
ﬁlms of the rare-earth oxide nanocrystals were assembled successfully by electrophoretic
deposition. Optical studies of the europium oxide nanocrystal ﬁlms revealed their high
transparency in visible spectral region and conﬁrmed characteristic red luminescence. High
transparency of the ﬁlms should enhance emission eﬃciency of the ﬁlms because scattering
losses were minimized within the ﬁlms, which is important for next-generation light emitting devices. The gadolinium oxide nanocrystals exhibited charge-storage capabilities when
dielectric studies of their ﬁlms were conducted. The charge-storage properties of gadolinium
oxide nanocrystals should be useful in next-generation nanocrystal-based memory devices.
Carbon nanotubes and nanocrystals were integrated using electrophoretic deposition into
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layered architectures, which have potential applications in energy-storage devices.
The research discussed in this dissertation should be explored further. Eﬀect of
surface passivation on luminescence eﬃciency of the nanocrystals should be studied. Since
a fraction of surface capping ligands is detached during each cleaning step, luminescence
eﬃciency of the nanocrystals should be measured as a function of number of nanocrystal
cleaning steps. Origin of the nanocrystal agglomeration during electrophoretic deposition
should be identiﬁed so that nanocrystal agglomeration can be avoided. The amount and
location of charge stored in gadolinium oxide nanocrystal ﬁlms should be investigated with
further experiments. In carbon nanotube-nanocrystal heterostructures, a systematic procedure needs to be developed to control surface coverage of the nanocrystal ﬁlms on carbon
nanotube mats.
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