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Abstract

A novel type of alternating-current (AC) powder electroluminescent (EL) device that
relies on nanowire-phosphor heterogeneous junction structure has been developed. It shows
promise for manufacturing of highly stable powder EL devices. To pursue this goal,
manganese ion (Mn?*)-doped zinc germanate (Zn.GeOs:Mn) oxide phosphor was
synthesized and used as EL powder material for the fabrication of the new types of AC
powder EL devices. The Zn2GeO4:Mn oxide phosphor powder could eliminate the well-
known degradation problem of zinc sulfide (ZnS)-based AC powder EL devices
predominant in the current marketplace.

In order to realize a high brightness at a relatively low operating voltage, a conductive
semiconductor nanowire architecture using zinc oxide (ZnO) and copper oxide (CuO)
nanowires with sharp-tip features, was created and integrated into conventional AC powder
EL structures. Particularly, vertically-aligned n-type ZnO nanowires arrays were
successfully synthesized on a Zn2GeOa4:Mn polycrystalline substrate for the first time, and
the growth behavior using a chemical vapor deposition (CVD) process was investigated.
The density of the ZnO nanowires could be effectively controlled by some experimental
parameters, such as the density of gold catalyst nanoparticles, and spatial distance between
substrate and CVD source powders. This novel ZnO nanowire-decorated Zn2GeO4:Mn
phosphor architecture was used to fabricate top-emission AC powder EL devices. On the
other hand, a vertically-aligned ZnO nanowire array was directly synthesized on a thin film

indium-tin-oxide (ITO)-coated glass substrate for fabrication of bottom-emission AC
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powder EL device. The nanowires were adopted to form heterogeneous junction structures
between the tips of the nanowires and the Zn.GeO4:Mn EL powders, so that the composites
could have a similar electrical field enhancement as in the needle-like CuxS precipitates
within widely-used ZnS:Cu EL powder materials. The behavior of these top- and bottom-
emission AC powder EL devices was also studied.

Alternatively, vertically-aligned p-type CuO nanowires were prepared by a thermal
oxidation method. Reliable heterogeneous junction structures were formed by a simple
drop-coating method. The CuO nanowire-based AC powder EL device has excellent
brightness maintenance with a loss of luminescent intensity under 1 % at over 10 cd/m?
luminance during 360 hours of operation. The integrating of semiconductor nanowires into
conventional AC powder EL device structures offers the very promising prospect of
fabrication of simple, low-cost, scaled-up EL devices that could fundamentally solve the

limited operational lifetime of current ZnS-based AC powder EL devices.
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Chapter 1. Introduction

Electroluminescence (EL) describes the phenomenon by which electrical energy is
converted to visible light emission other than by black body radiation. Therefore, EL
sometimes is called ‘cool light’. Historically, the EL phenomenon was first discovered in
1936, when Destriau [1] observed light emission from zinc sulfide (ZnS) phosphor powders
dispersed in a transparent insulator and sandwiched between two electrodes connected to
an external applied voltage. Depending to the phosphor configuration, EL devices may be
categorized into two types: thin film EL (TFEL) and powder EL. TFEL is commercially
available for environmentally demanding display applications. Alternating-current (AC)
powder EL has long been used in nightlights, backlights of liquid crystal displays such as
in illumination of panels since the 1970s [2]. In comparison with TFEL devices, AC powder
EL devices are usually fabricated in a low-cost way, and an outstanding advantage of AC
powder EL devices is that the emission colors can be easily adjusted by adopting a range
of phosphor powders with a variety of emission colors. Other characteristics, such as
uniform light emission, low power consumption, and excellent flexibility, provide AC
powder EL device with significant application potentials in current market [3-12].
Conventionally, the light-emitting materials used in AC powder EL devices have been
limited to sulfide-based phosphor powder such as ZnS:Cu phosphor. Electrically
conductive CuzxS nanoprecipitates form regions of enhanced electric fields within the ZnS

and field emission and hence electroluminescence is enabled [13-16]. However, AC

1
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powder EL devices assembled with sulfide-based phosphor materials are well known to
deteriorate during continued operation [17-22]. In addition, sulfide-based phosphor
materials are sensitive to moisture leading to the requirement for encapsulation which adds
cost. The degradation process of sulfide-based EL devices is accelerated as operating
temperature increases [18,20]. Therefore, these inherent drawbacks of the sulfide-based
phosphor materials used for commercially available AC powder EL devices cause
instability and the consequent short-term reliability, which greatly inhibits the practical
application of AC powder EL devices.

Oxide phosphor materials have recently attracted much attention because of their
excellent physical and chemical stability, low-cost, and convenient manufacturing method
[23-32]. Using oxide phosphor materials in AC powder EL devices could eliminate the
instability problem and satisfy the requirement for long lifetime application. However, the
threshold voltage needed to excite EL emission in oxide phosphor-based devices is too high
to produce practically bright and efficient EL emission. To address this problem, nanowire-
type architectures are proposed in this thesis to form intimate contact with oxide phosphor
powders. By taking advantage of the field-enhancement property originating from the
needle-like structure of the nanowires with a sharp-tip morphology, nanowires are shown
to significantly improve the performance of oxide-based AC powder EL devices.

Three types of AC powder EL device formed by integrating semiconductor
nanomaterials are presented in this thesis. Therefore, an AC powder EL device including
development history, materials, structure, and underlying operating principles will be

examined in detail. The structure of this thesis is illustrated as follows: Related background,
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development of AC powder EL devices, necessary fundamental knowledge, and literature
review of previous work are elaborated in Chapter 2. In Chapter 3, the experimental details
and characterization techniques are described, and especially the conventional synthesis
methods of oxide semiconductor nanowire are emphasised. Following that, the
investigation of the ZnO nanowire growth behavior and the performance of the ZnO-based
nanowires in AC powder EL devices is systematically demonstrated in Chapter 4. Chapter
5 shows the synthesis of p-type CuO nanowires and EL performance of the CuO nanowires-
based AC powder EL devices.

At the end of the thesis, Chapter 6 concludes the work accomplished in this thesis. The
suggested future work and possible technique routes to achieve the goal are discussed in

Chapter 7.



Ph.D. Thesis—S. Ma  McMaster University — Materials Science & Engineering

Chapter 2. Literature Review

2.1 Overview of AC Powder Electroluminescence (EL) Devices

2.1.1 Development of AC powder EL devices

In 1936, French scientist Georges Destriau [1] reported light emission in zinc sulfide
(ZnS) powder activated with an excess of copper, which was suspended in castor oil when
a strong electric field was applied. This type of EL is recognized as powder EL today.

Figure 2.1 shows the original structure of the Destriau cell [2].

oil i

ZnS

Figure 2.1 The original Destriau EL cell [2].

This was the first record of EL in phosphor powder materials under applied voltage and
was known as the ‘Destriau effect’. At the very beginning, there was great difficulty in

devising a structure in which he could apply high fields to a thin layer of powder to generate
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visible light since transparent electrically conductive coatings on glass were not available
at that time. Therefore, the device structure he used was a large capacitor with a mercury
electrode. However, this structure was soon modified to a demountable capacitor, as shown

in Figure 2.2 [33].

C\\ L Salt water
_J/

R - Mica

+ Phosphor powder
in castor oll

Figure 2.2 Schematic diagram of a modified Destriau EL cell [33].

In this structure, the phosphor powder was mixed with castor oil and spread in a thin
layer on a metal plate. An insulating transparent mica layer was placed on the top of the
phosphor-castor oil layer. Over the mica layer is a layer of salt water used as top electrode
in place of a solid state transparent conducting electrode. This structure enabled immediate
light emission in a high electric field although the AC voltage could be up to 15 kV and the
EL was extremely poor. This EL effect received little attention in the following decades
after Destriau’s observation. Even in 1950, Leverenz questioned the EL mechanism of the
light emission of the powder phosphor and stated that it might in fact be excited by
ultraviolet (UV) light, which is produced by the electrical breakdown of the gases in the

fairly porous powder phosphors [34].
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During the Second World War through to the late 1940s, development of high-
performance polymers and ceramics was initiated. More importantly, transparent
conducting electrodes were achieved for the first time. These developments triggered great
interest in AC powder EL devices. From the 1950s to the middle of 1960s, AC powder EL
devices were widely studied in very many of the world’s major electronic laboratories.
Enormous academic and industrial research efforts were devoted to powder EL display
devices [35,36].

Generally, AC powder EL devices possess a simple device structure and can be
fabricated with a low-cost manufacturing method. In particular, at a low luminance of 3.4
cd/m?, lifetime (defined as operating time for the luminance to drop to half of its original
luminance) is close to infinite [37]. AC powder EL devices have been known to operate
continuously for over ten years at 100V rms at 60 Hz. Furthermore, the materials used in
AC powder EL devices are generally inorganic polycrystalline solids rather than the single
crystal materials used in LED devices. This feature permits large area devices to be
manufactured at a competitively low price. Highly uniform light emission over large areas
is available mainly due to the polycrystalline nature of AC powder EL devices. The light
emitted from each grain of phosphor material is normally not seen as a distinct source by
the observer, and the light per unit area emitted is the result of numerous grains or crystals.
For this reason, a less perfect material than single crystal LED materials is capable of
creating highly reproducible lighting without requiring the binning associated with LED
devices. However, AC powder EL devices face several significant challenges for display

applications: (1) low discrimination ratio, which is defined as the ratio of luminance at V
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to the luminance at V/2; (2) low contrast ratio; and (3) short lifetime at moderate to high
luminance [2].

The low discrimination ratio is due to the fundamental physics of the light emitting
mechanism of the AC powder phosphor. It is well-known that an AC powder EL device
does not exhibit a sharp threshold voltage in its brightness-voltage characteristic. This
feature indicates that a powder EL device is not suitable for high-resolution passive matrix
multiplexed displays. One way to overcome this issue is to incorporate a Thin Film
Transistor (TFT) drive circuit into the powder EL device display as suggested by Fischer
in 1971 [38] and explored by Brody [39]. Unfortunately, experimental devices had a
considerable number of blemishes, resulting from poor quality of the TFTs. Meanwhile,
TFTs were at their early stage and amorphous silicon technology did not exist at that time.
Therefore, this technology was soon abandoned.

The low contrast ratio in moderate to high ambient illumination is due to the high
reflectivity of the powder phosphor itself. Filters can be used to increase contrast ratio at
the cost of decreased luminance. Consequently, higher voltages and frequencies were
required to drive the display, which greatly decreased the lifetime of the AC powder EL
display devices.

The short lifetime at moderate to high luminance is due to the exponential decay feature
of the AC powder EL phosphor materials. Fischer [38] explained that the decay in
brightness is related to the blunting of nano-scale Cu2xS precipitates (see section 2.1.4)
occurring by the diffusion of copper ions the ZnS lattice upon application of high AC

electric fields. The degradation is further aggravated by a high moisture environment, high
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operating temperature and frequency. At about 170 cd/m?, in most cases, the lifetime of
powder EL lamps is only 1000 hours.

In spite of considerable technical effort from the 1950s to the mid1960s, the inability
to improve the lifetime of AC powder EL displays lead to its disfavor in the late 1960s. At
the same time, other technologies, such as gas discharge, LEDs, vacuum fluorescence,
liquid crystals and thin film electroluminescence, attracted more and more research interest.
These newly emerging technologies greatly diminished interest in powder EL devices. By
the end of 1974, when the Sharp Company developed a double-insulator AC thin film
electroluminescent display with high performance and reliability, almost all the research
and development teams at the various AC powder EL companies throughout the United
States were disbanded [37]. Since then, little fundamental work has been reported, although
important progress has been achieved in packaging. A chemical vapor deposition method
is now used to encapsulate ZnS:Cu,Cl phosphor powders with a Ti-Si-O film coating in
order to improve the lifetime by preventing moisture penetration [40]. By maintaining
constant current or constant power, lifetime of an AC powder EL device producing 200

cd/m? has been extended to more than 3000 hours [41].

2.1.2 Structure and Materials of AC Powder EL Devices

A typical structure of an AC powder EL device consisting of ZnS:Cu,Cl phosphor
material is shown in Figure 2.3 [2]. To date, the widely-used powder phosphors excited by
an alternating electric field are limited to a comparatively small group of phosphors, mainly

of the ZnS type. As shown in Figure 2.3, the phosphor layer consists of suitably doped ZnS
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powders with particle size of 5~20 um suspended in a dielectric matrix which acts as a
binder as well. This phosphor layer is 50~100 pm thick and is sandwiched between two
electrodes, one of which is transparent and is supported by a substrate made of either glass
or flexible plastic. The colour of light emitted from the device is determined by the
luminescence centers in the ZnS phosphor materials. For example, one of the most common
ZnS phosphors used in AC powder EL devices is the green-emitting ZnS:Cu,ClI (or Al)
material. In this material, the Cu luminescence center acts as an acceptor and is partly
responsible for the colour of the emission, while CI (or Al) serves as a donor which also
impacts emission colour. The amount of Cu added in the preparation process of these
phosphors is 107 to 10 (mass ratio) of ZnS and is one order of magnitude larger than that

added to ZnS phosphors used in CRTs.

N
\/
Al rear electrode
—— Dielectric
o 0 0O
o © _
OO OO —— ZnS:Cu,Cl phosphor
06 (50-100 um)
@)
@) | Transparent electrode (ITO)
foiliILDIT LN glass or plastic substrate

Figure 2.3 Typical structure of ZnS-based AC powder EL device [2].

The classical phosphor materials, formed by either binary or ternary system, have been

investigated over the years used for AC powder EL devices, as shown in Table 2-1.
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Table 2-1 ZnS-based phosphor materials used in AC powder EL devices

Phosphor Emitting Colour References
ZnS:Cu,CI(Br, I) Blue [1,42]
ZnS:Cu,CI(Al) Green [43]
ZnS:Mn,CI(Br, 1) Yellow [44]
ZnS:Mn,Cu,ClI Yellow [45]
ZnSSe:Cu,Cl Yellow [46]
ZnCdS:Mn,CI(Cu) Yellow [1]
ZnCdS:Ag,CI(Au) Blue [1]

2.1.3 EL Characteristics of AC Powder EL Devices

The EL phenomenon is observed when an AC voltage of about 100~200 V is applied
across the electrodes of an AC powder EL device, corresponding to an average electric
field of order 10* V/cm in the ZnS material. The luminance-voltage characteristics of a
typical AC powder EL device are shown in Figure 2.4 [41]. The relation between the bias

voltages and EL intensity can be evaluated by the following equation [47]:

L:Loexp{-(%j } (2-1)

where L is the luminance, V is the voltage, and Lo and Vo are constants which depend on
the particle size of phosphor materials, the dielectric constant of the embedding medium
and the device thickness. It has been established empirically that one of the key parameters
affecting EL characteristics is the particle size, and a critical trade-off exists between EL

efficiency and operational lifetime (defined by the time when the luminance becomes one
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half of the initial value). The efficiency increases in proportion to ~d~1/2, where d is the
particle size, which produces the nonlinearity relationship of the luminance versus voltage.
Operational lifetime, however, decreases in proportion to ~d. Above a certain bias voltage,
the probability for an electron to be accelerated to a given energy and excite subsequently
the luminescent centers will increase sharply, corresponding to a rapid increase in the
luminescent intensity. In addition, the luminance increases with AC frequency in the
frequency region of ~100 Hz to 10 kHz. For example, a luminance of 100 cd/m? has been

achieved for devices at a frequency of 400 Hz and a bias voltage of 200 V [41].

frequency 400Hz

100 —
L = Lg exp [(Vo/ V)3

10—

Luminance L [cd/m?]

Efficiency n [Im/W]

1 L 1 I 1
100 200 300

Voltage V. [V]

Figure 2.4 Typical luminance-voltage and efficiency-voltage characteristics of AC
powder EL device [41].

A typical voltage dependence of EL efficiency, n, is also shown in Figure 2.4. The

value range of efficiency is 1 to 5 Im/W. The efficiency increases initially with increased

11
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applied voltage up to a maximum value, but then decreased gradually with further increases

in voltage. The EL efficiency dependence on the voltage V is expressed by [41]:
n=L1"Vv? (2-2)

where L is luminance intensity, V is the applied AC voltage. The maximum efficiency can

be obtained at a voltage well below the highest luminance level.

2.1.4 Mechanism of Light Emission in AC Powder EL Devices

Many theories have been proposed to explain AC-excited EL of embedded ZnS-type
phosphor powders, such as the impact ionization model, Zener emission model, and
inverted impact ionization model. However, the explanation for AC powder EL is still open
to speculation. Until now the most popular and reasonable theory has been the bipolar field-
emission model, which was proposed by Fischer in 1963 [15]. Devices have been fabricated
in many labs as well as by our lab recently [48] appear to be consistent with the bipolar
field emission model. A careful study of the interior of ZnS:Cu,CI phosphor particles was
performed by using an optical microscope in Fischer’s experiment. It was observed that the
shape of the lighting-emitting region within a single phosphor particle profiles as double
lines similar to twinkling tails of a comet upon application of an AC voltage, as described

in Figure 2.5 [49,50].

12
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Figure 2.5 Typical microscopic view of EL from a single ZnS:Cu,Cl particle. (a) Double
lines at threshold voltage and above the threshold voltage are illustrated [49]. (b) Light
microscopy image of EL emitted from ZnS:Cu,Cl particles under external electric field [50].

From the above observation, it is found that there are many dark segregations and

precipitates inside the phosphor particles (Figure 2.6) [13].

13
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Figure 2.6 ZnS:Cu,Cl phosphor particle containing dark segregations and light-emitting
spots [13].

According to these observations, Fischer proposed the bipolar field-emission model,
for the EL mechanism in the ZnS-type AC powder EL device. First, he believed that the
dark segregations and precipitates inside the phosphor particles are CuzxS. The ZnS
phosphor powders are typically prepared by sintering at high temperature (1100~1200 <C)
at which the hexagonal wurtzite phase predominates. When the powders cool, there is a
phase transition from the wurtzite to the cubic zinc-blende structure. Copper preferentially
precipitates on defects formed in the hexagonal-to-cubic transformation as a result of the
reduction of their solubility in ZnS. The copper precipitates form thin Cu2xS needles
embedded in the ZnS crystal matrix (Figure 2.7(a)) [51]. Cu2«S is known to be a p-type
semiconductor with high conductivity. Between these Cu2xS needles and ZnS powder,

heterojunctions are formed (Figure 2.7(b)) [49].

14
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Figure 2.7 EL emission mechanism and schematic energy-band diagram of powder EL
device: (a) CuxxS precipitate needles embedded in the ZnS crystal matrix [51]. (b)
Schematic energy-band diagram of ZnS-type AC powder EL device [49].

When an external electric field is applied to the phosphor particles, relatively high
electric fields will be concentrated on the tip of the Cu2«S needles (the effective tip radius
is generally on the order of 100 nm) compared with that of other regions in the ZnS particles.
Consequently, an applied field of 10°-107 VV/m can be amplified to a local field of 108 V/m
or more. This electric field is strong enough to induce tunneling of holes from one end of
the needle and electrons from the other end into the ZnS:Cu,Cl lattice. The electrons are
subsequently captured in nearby shallow traps inherent in Cl donor site, while the holes are
trapped by the Cu recombination centers (acceptor sites). Eventually, a polarization field
that opposes the applied field is formed nearby the tips of the Cu2«S needles. When the AC
field is reversed, injected electrons can combine with trapped holes (from the previous half
cycle) at the recombination centers to produce EL each time when the field is reversed.
Figure 2.8 shows the illustration of the basic principle of the bipolar field-emission model

[15].

15
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Figure 2.8 Illustration of the basic principle of the bipolar field-emission model. Top: upon
application of electric field, electrons and holes are ejected from the opposite ends of the
conducting inclusion, where the field is intensified, into the ZnS lattice. Holes are trapped
after a short path. Electrons can travel farther. Bottom: at field reversal, trapped electrons
flow back to recombine with trapped holes (light emission). Other new electrons are field-
emitted into the trapped holes, meanwhile, new holes are field-emitted at the other end of
the conducting lines [15].

As a conclusion to the bipolar field-emission model, EL emission from a ZnS AC
powder EL device is caused by the radiative recombination of electron-hole pairs through
donor-acceptor pairs. The instantaneous field-emission current through the Cu2xS-ZnS

heterojunction follows the Fowler-Nordheim equation:

EZ W3/2
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where 1 is field-emission current, A and B are constants, E is the field strength and W is the
work function. In this case, W corresponds to the energy difference between the electron
affinity of ZnS and that of the conductive Cu2xS precipitates.

It is worth noting that one of the necessary requirements for AC powder EL is that the
conducting particles, such as Cuz-x S precipitates in ZnS EL phosphors, must have relatively
sharp edges or tips. The electric field near the sharp edges of conducting materials, in the
form of heterojunctions, is significantly higher than the average electric field far away from
the sharp edges within the phosphor crystals. Therefore, the conductive sharp-pointed
particles perform the same role as the conducting copper sulfide imperfection lines
embedded in ordinary ZnS EL powders. When an electric field is applied to the phosphor
powder, electrons will be ejected from the sharp tips of the conducting particles into the
ZnS lattice and recombine with the holes which are trapped by luminescent centers to
produce EL with the reversal of the electrical field.

Although the Fischer model is still widely accepted, a number of studies have been
conducted in an attempt to confirm the existence of the postulated CuzS phase and in turn
the exact mechanism of AC powder EL. However, there has not been a definitive answer
until now. For example, Ono [52] reported the detection of copper sulfide needles in the
form of CuzS. Guo [53] observed a higher concentration of copper in the twin boundary
areas and crystal streaks of sphalerite using high resolution transmission electron
microscopy (HRTEM) and scanning electron microanalysis. Recent articles by Bridges and
co-workers [50,54], maintained that copper sulfide is present in the form of tiny CuS-like

clusters by means of extended X-ray absorption fine structure (EXAFS). They found that

17
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during milling, the CuS precipitates were removed from the phosphor matrix by cleavage
along the stacking planes. They also found that degradation and subsequent rejuvenation
of AC powder EL emission was possible. Thermal treatment above 240 <C produced a
significant degradation and change in spectral shape whereas below this temperature there
was not a change, which indicated that two mechanisms were operative [21]. Fern and co-
workers [55] found thermally quenched ZnS:Cu powder showed the Zn k-edge to be of
reduced intensity because the electronic properties were modified. By using synchrotron
radiation X-ray powder diffraction (XRPD) technique, they found that there was a large
variation in crystallography of individual phosphor grains. Very recently, Silver reported
that the alignment of the planar stacking faults of ZnS:Cu particles relative to the applied
electric field is critical for light emission. Perpendicular alignment of the stacking faults
results in no emission of light. As the alignment gradually approaches parallel, emission
increases and reaches a maximum at parallel [56]. However, though others considered
linear defects [57] and Fischer also considers copper sulfide defects [49], they found no
direct evidence for copper sulfide needles. Therefore, the precise nature of the role of
copper sulfide clusters and the charge generation process presently remain open to debate
and conjecture. It is worth considering that typical Cu concentrations in AC powder EL
phosphors are lower than ~ 0.1% due to the low solubility of Cu in ZnS crystal matrix.
Thus, any Cuz2xS defects must be tiny, certainly too small to be observed in the 1960s and
possibly challenging to be imaged even today. Fortunately, the very latest transmission
microscopes have an angstrom-scale resolution and it might be valuable to check for such

structures on well prepared samples.
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2.1.5 Applications of AC Powder EL Devices

AC powder EL lamps and information displays historically suffer serious shortcomings,
such as low luminance, short useful operating life, poor visibility in normal room light, and
no visibility under high ambient light. What is worse, the high-voltage control circuit
presented great obstacles, and operations at temperatures much above room temperature
caused rapid deterioration of intensity of emitted light. In spite of this, AC powder EL
features include low power consumption, uniform light emission over a large area, and an
easy screen-print fabrication method, which allows for fabrication on a variety of substrates
[57]. Over the last twenty years the extensive use of AC powder EL devices has included a
wide range of modern technological applications, such as backlighting in both mobile
phone keypads and liquid crystal displays, computer and television screens, watches,
control panels, automotive and aeronautical instrument panels. Meanwhile, they are used
in advertising billboards. AC powder EL devices with plastic cell structures provide great
versatility in product design in terms of weight, compactness, robustness. In addition, AC
powder EL devices can be produced to have extreme flexibility so that they can be folded,
creased, and pierced while maintaining complete functionality. This allows design concepts

previously unachievable to be available.
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2.1.6 Present Limitation of AC Powder EL Devices

Lifetime and degradation represent a key issue for the application of AC powder EL
devices. Lifetime is defined as the operating time over which the luminance decreases to
one half of the initial value. Figure 2.9 shows a typical example of EL light output versus
time [18]. The degradation rate depends on the driving conditions (such as frequency and
luminance levels) and on the environmental conditions, especially on temperature and

humidity. The luminance decay with time is usually expressed by:

L/L, =(1+at)" (2—4)
where Lo is original luminance intensity, L is the measured intensity, tis time, a is a constant
roughly proportional to the driving frequency [41]. Furthermore, it is very difficult to have

both long lifetime and high luminance simultaneously for AC powder EL devices because

they are trade-off characteristics.
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Figure 2.9 Luminance maintenance curve of AC powder EL lamp at the operation
conditions of V = 230V, f = 250 Hz [41].

According to the above bipolar field-emission model, the degradation is related to the
diffusion of copper in the ZnS lattice with the help of the externally applied electric field.
It is known that metals of group | (Ag and Cu) are fast-diffusion impurities in 11-VI
compounds [59]. The tips of the copper sulfide-decorated imperfection lines, which induce
a highly localized electric field in the phosphor region, can be blunted by the diffusion of
copper ions or by the attraction of copper ions from the adjacent host crystal under the
influence of the high AC field. As operating time increases, copper sulfide lines become
shorter and approach a final state which does not initiate sufficient electric field to excite
luminescence. It has been experimentally confirmed that sulfur vacancies are one factor
which accelerates EL deterioration, although the sulfur vacancy density is not increased by
deterioration [60]. It implies that the sulfur vacancies assist copper diffusion in ZnS

particles.
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However, this explanation for the degradation in ZnS:Cu EL phosphor was recently
challenged by Carter and co-workers [50] using extended X-ray absorption fine structure.
According to their EXAFS results, the identification of Cuz2xS precipitates as CuS instead
of CuzS was made. It was suggested that the CuS precipitates, which have no
electroluminescence themselves, are unchanged during the degradation of the device. In
addition, isolated Cu ions, which were present as a solute in the ZnS lattice and formed
along with CusS clusters during the phase transition upon cooling, trap electrons and work
as highly effective recombination centers. Therefore, the degradation of the AC powder EL
device is explained as the diffusion of isolated EL-active Cu ions to CuS clusters or the
ZnS particle surface, resulting in the concentration of isolated Cu decreasing as EL
degradation progresses. This explanation is quite possible because the degraded powder
devices can be recovered under a heat treatment of relatively low temperature because of
the low decomposition temperature for CuS in the ZnS crystal. The recovered luminance
depends on the temperature and time of the heat treatment [21]. Consequently, the cause of
powder EL degradation is far from fully understood and further research work is still
needed. Regardless of which model is more likely to approach the real case, however, it
can be concluded that the diffusion of Cu ions in and around Cu2xS is substantially
responsible for the loss of EL brightness. It has been experimentally proved that EL lamps
operated at elevated temperature degrade much faster than those operated at low
temperature, which is the most suggestive evidence that powder EL degradation is a

diffusion-related phenomenon [18].
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Another serious challenge for AC powder EL is that the ZnS-based host materials are
sensitive to moisture and operating environment. The reaction shown below occurs
between ZnS and water to produce SOx.

ZnS+2H,0 — S0, +Zn+2H, (2-5)

Through this reaction, sulfur escape from the ZnS phosphor particles, generating sulfur
vacancies and zinc vacancies in the phosphor. It has been reported that the luminance of
the ZnS phosphor deteriorates when the number of sulfur vacancies increases [60]. For this
reason, two methods for preventing degradation have been developed. One method uses
anti-humidity film, such as fluorocarbon film, to package the entire device. Another method
is coating the phosphor particles themselves by transparent thin films with anti-humidity
properties. However, both methods will increase the difficulty in device manufacturing

process and consequent high-cost problem.

2.1.7 Measurement of EL Characteristics of AC Powder EL Devices

It is proved that the characteristics of AC powder EL devices, such as luminance,
threshold voltage, luminous efficiency, color coordinates and lifetime, significantly depend
on the measuring conditions and driving source form, i.e. drive voltage, drive waveforms
and drive frequency. Therefore, building up general and standard measuring conditions is
highly desirable for comparing of the values of EL characteristics from different AC
powder EL devices. In the following the suggested standard measuring and evaluation

methods of AC powder EL devices are discussed in detail. These methods could also be
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properly extended to measurement and analysis of EL characteristics of other EL devices,
such as DC powder EL devices, AC thin-film EL devices, and DC thin-film EL devices.
(1) Luminance L and Threshold Voltage Vi

The AC driving wave forms are usually sinusoidal waves and square pulse waves of
alternating polarity with frequencies of 50 or 60 Hz, or 1 kHz. The luminance of AC powder
EL devices depends on peak voltage values, the values of the applied AC voltage should
be indicated in peak-to-peak voltage values (Vpp) rather than in root-mean-square (rms)
values. When an AC driving wave form is imposed on an EL device, light is emitted from
the EL device and is characterized by luminance. Here luminance is a photometric term
indicating the radiated power in terms of human eye sensitivity, i.e. a physical measure of
luminous intensity per unit area, in units of cd/m?. Occasionally, another unit of luminance
shown in some literatures is the foot-Lambert (fL) defined by [52]:

1fL =L, cd
7 (

=3.426¢d / m? (2—6)

>

The threshold voltage Vi is defined as the applied voltage corresponding to the
luminance of EL device of 1 cd/m?. Alternatively, there is another way of defining the
threshold voltage of EL devices, which is based on the charge vs. voltage (Q-V) curve
plotted by using the Sawyer-Tower circuit [2,52]. Figure 2.10 shows a typical Q-V curve
of AC powder EL devices. The shape of the Q-V curve is characterized as a loop monitored
by an oscilloscope. For a set of different applied voltages, the Q-V loops as well as the
device luminance in unit of cd/m? are recorded. The loop becomes larger with increasing
applied voltage due to more charge being driven through the phosphor layer by each voltage

cycle. It is experimentally determined that the luminance of an EL device is largely
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proportional to the amount of charge per unit area (or charge density) that flows across the
phosphor layer during each AC voltage pulse, and to the frequency of these pulses [2].
Because luminance depends substantially on the drive frequency and drive wave forms, the
frequency and drive wave form of the applied AC electrical cycle should be specified when

luminance values are measured.

Q
AQ
s | l

Figure 2.10 Sawyer-Tower output trace showing the charge vs. applied voltage (Q-V)
relationship for an EL device. Vi is the threshold voltage of the EL device; Qtn is the
threshold charge; AQ is the transferred charge; Q’ is the remaining charge in the EL device
when applied voltage is zero [52].

(2) Luminous Efficiency n

The area encompassed within the above Q-V diagram (Figure 2.10) gives the energy
density delivered to an EL device per cycle, Ein, i.e., input power density per cycle.
Therefore, the Ein multiplied by the frequency f of the applied AC driving wave is equal to

the electrical power density, Pin, dissipated in an EL device, which can be expressed by [2]:
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P,=fxE, =4xfxV,xQ' (2-7)
where Vi is the threshold voltage of the EL device, and Q’ is the remaining charge density
in the EL device when the applied voltage is set to 0 V. When a Q-V loop is not
approximated by a parallelogram shape, Pin must be evaluated numerically, for example,
counting the loop area from the grids of an oscilloscope monitor.

After obtaining the input power density Pin [W/m?] and luminance L [cd/m?] values, the

luminous efficiency n [lm/W] can be calculated by [52]:

L[cd / m?]

nlIm/W] =7z x P W /]

(2-8)

(3) Chromaticity

Chromaticity indicates the quality of a color form an emitting light regardless of its
luminance. The physical perception of color is based upon three RGB monochromatic
components. The Commission Internationale de 1’Eclariage (CIE) 1931 has defined a
standard of chromaticity coordinates which represents the attributes of color by a three-
dimensional diagram. The Cartesian coordinates of this tridimensional diagram are derived
from spectral tristimulus values, X(A), y(A) and z(A) [52], as shown in Figure 2.11. The y(A)
curve is intentionally chosen to be identical to the luminous-efficiency function of human

eyes, which is normalized at a peak at 550 nm.
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Figure 2.11 CIE 1931 standard color mixture curves for x(A), y(A) and zZ(X) [52].

The CIE coordinates, X, y, and z are defined by the ratios:

X
X=—
X+Y+Z
y= Y
X+Y+Z
- % (2-9)
X+Y+Z

where X, Y and Z are calculated by the following integrations over the entire spectrum of
visible light:

X = j HAX(1)dA

Y =[4(D7(2)d2

Z= j #(A)Z(A)dA (2—10)
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where ¢()) is spectral radiance of EL emission, which is bounded to ensure the values of

X, Y, and Z are bounded. A is the wavelength of the visible light, and the standard limits of
the integral are A (380 nm, 780 nm).

Since the sum of x, y and z is unity (x+y+z=1), it is sufficient to identify only x and y
values to calculate the z value. That is, the CIE color diagram can be expressed as a two-
dimensional projection into the xy plane. Figure 2.12 shows a standard CIE chromaticity
diagram [61]. In the diagram, the upper arc is the locus of saturated colors, and the central
region appears white. All the colors that the human eye can distinguish are enclosed in the
area between the arc of saturated colors and the bottom straight contour lines, which is
labelled as magenta. A black body locus is shown as the T¢(k) curve, which indicates the
change of whiteness with different blackbody temperatures. The color varies from deep red

to bluish white with increasing temperature.
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Figure 2.12 CIE 1931 chromaticity diagram with regions of three primary colors [61].

2.2 Phosphor Materials for AC Powder EL Devices

2.2.1 Basic Principle of Phosphor Materials

The word ‘phosphor’ comes from the Greek language and means ‘light bearer’, to
describe light-emitting or luminescent materials [41]. Typically, phosphor materials are
composed of a transparent microcrystalline host (or a matrix) and a luminescence center
(or an activator) [41,52]. The host material is responsible for the electrical and optical
properties of the phosphor. The luminescence center controls the emission spectra of
luminescence. In most phosphors, the luminescence center is formed by intentionally

incorporated impurity atoms to the host material in small quantities. It provides distinct
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energy levels in the energy gap between the conduction and valence bands of the host
material. The interaction of the incident energy source with a luminescent material is
critical for the generation of light. For example, pure stoichiometric ZnS does not show
electroluminescence characteristics. Luminescence can be caused by introduction of lattice
defects, by deviation of stoichiometric ratio of Zn-S, and by addition of controlled amounts
of specific impurities (dopants). Generally, when dopant atoms are introduced, defects and
stoichiometric deviation are simultaneously produced, either through the rearrangement of
crystal lattice or through the physical and chemical processing conditions under which
dopant is added. Typical examples of dopant atoms (luminescence centers) are Mn and Cu.
Other dopants leading to the reduction of EL intensity are termed as ‘killers’ or ‘quenchers’.
For example, Co, Fe, and Ni are well-known quenchers in EL powder phosphors.

As a host material, several requirements must be satisfied to achieve efficient
luminescence. Firstly, the band gap of the host material must be larger than the energy of
the photons generated from the doped luminescent centers in order to prevent the emitted
visible light being absorbed by the host material. Secondly, host material must stand a high
electric field of the order of 108 V/m without dielectric breakdown owing to the field
emission mechanism. Finally, the host materials must be capable to provide a medium for
the efficient transport of high energy (>2 eV) electrons [47].

On the other hand, emission light color or wavelength is determined by the radiative
relaxation of the luminescence center, whereas the relaxation process of the luminescence
center is determined by the quantum mechanical properties itself through either inter-shell

or intra-shell electronic transitions following selection rules. In other words, the light
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emission is caused by the atomic transition within the luminescence center of phosphor.
Specifically, in an atom, the energy states of an electron, known as a Fermion, are
characterized by four quantum numbers, indicating as the principal quantum number n,
angular momentum number |, magnetic quantum number m;, and spin quantum number s,
individually. Electronic transitions that involve a change of principal quantum n are called
inter-shell transitions, while those that occur without involving a change of n are called
intra-shell transitions. Electronic transitions are driven by an electric dipole moment and

the transition moment integral is defined as [47]:

M =I\P’f‘Pdr (2—11)
where W' is the excited (final) state wavefunction, W is the ground (initial) state
wavefunction, T is the dipole moment operator, and integration Idr is performed over
all space. The total wavefunction ¥ can be expressed as:

Y =WeWsWy (2—-12)
where We is the electronic orbital wavefunction, Vs is the electron spin wavefunction and

Yy is the nuclear vibrational wavefunction. Therefore, the above transition moment

integral can be expressed as:
M = [T Pedz [ W TWd e [ W TPl (2—13)
The intensity of a transition, or the intensity of light absorption, is related to the transition

moment integral by a term called oscillator strength, which characterizes the dipole moment

of an electronic transition. The oscillator strength is defined as [47]:
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2
F :(S’ZhrzeVJ*M 2 (2—14)

where M is the aforementioned transition moment integral, m, is mass of an electron, v is

oscillation frequency, his the Planck constant, and e is charge of an electron. If any of the
integrals in equation 2-13 is zero, M and F are zero. It means that this transition is forbidden.
Selection rules are derived and set for the transition which M = 0.

Consequently, the first selection rule is called the Laporte selection rule, which is based
on the premise that the transition moment is an intrinsic property of the atom or ion so that

it should not change by the application of a symmetry operation. For example, if the dipole

moment operator T is odd, the sign of the first integral part of equation 2-13, I‘P’Jf%dr ,

will change associated with inversion. It implies that there is a corresponding negative
value for each positive value in the transition moment function, and thus the transition
moment integral over all space M is zero which results in no absorption (or emission) of

radiation because no any electron transition is allowed. From this perspective, the

production 9T We must be even as a whole integral M # 0. Because the dipole moment
operator is an odd function, either the wavefuntion of the initial state or the final state must
be even and the other wavefunction must be odd to ensure the entire production is even.
The result driven from this requirement is the so-called Laporte selection rule which can
be expressed by [47]:

Al=+1 (2—15)
where Al is the change in the angular momentum quantum number. To make sure an

electronic transition to be allowed, the angular momentum quantum number must change
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by factor of 1. Therefore, the Laporte selection rule demonstrates that intra-shell transitions,
i.e. d-d, f-f, are forbidden but some inter-shell transitions such as s-p, p-d, d-f, are allowed
and consequently the absorption or emission of photon radiation are observed.

The second selection rule for electron transition is called the spin selection rule.

Inspection of equation 2-13 reveals that the second integral part _f ¥'T Wsdz must have a

nonzero value if an electron transition is to be allowed (M # 0). Owing to the orthogonality

of the spin wavefunction, the integral part I Y TWdz is zero if W's = Ws . Therefore, a

transition occurs only if the initial and final spin states of the electron involved are identical.
The spin selection rule results from the fact that there is no spin associated with a photon,
which could be summarized as [47]:

As=0 (2—16)
where s is the spin quantum number of an electron. According to the spin selection rule, for
example, singlet-singlet and doublet-doublet transitions are allowed but singlet-triplet and
quartet-doublet transitions are forbidden.

These selection rules are general and can be applied to all optical transitions
theoretically, however, there are several conditions that relax them. For example, Laporte
selection rule can be relaxed when the luminescent center is placed in a lattice site without
a center of symmetry (site with uneven crystal field components, i.e. tetrahedral). This
relaxation of the selection rule is important to AC powder EL device, such as green EL
phosphors (i.e., ZnS:Cu,Al) is Laporte forbidden because the luminescence center ions

locate at the tetrahedral sites of ZnS host lattice [47].
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The luminescence of phosphor materials can be excited by many types of energy. For
example, in cathodoluminescence, the phosphor is excited by a beam of energetic electrons.
In photoluminescence the phosphor is excited by electromagnetic radiation, usually by
ultraviolet illumination, and in EL by an electric voltage or injection current, X-ray
luminescence involves X-ray excitation, chemiluminescence depends on the energy of a
chemical reaction, triboluminescence depends on mechanical energy, and so on [47,62].
Particularly, the light emission generated in EL behaviour in phosphor materials generally
involves the injection of charge carriers into the phosphor lattice, excitation of
luminescence centers by energetic charge carriers (impact excitation), and radiative
relaxation of luminescent centers. In general, the luminescent center can be raised to its
excited state when the electrical energy is applied to the phosphor material. The
luminescent center eventually relaxes to its ground state by dissipating the absorbed
electrical energy. The relaxation process may be accomplished by: (i) emitting photons
(radiative relaxation), (ii) emitting phonons to the host lattice of phosphor (nonradioactive
relaxation), (iii) transferring energy to other luminescent centers. In order to achieve high

efficiency in phosphor materials, the nonradioactive process is necessary to be suppressed.

2.2.2 Development of Phosphor Materials in AC Powder EL Devices

2.2.2.1 Sulfide-Based EL Phosphor Materials

Most phosphor material for AC powder EL research has been focused around sulfide-
based phosphors and by far the most important EL powder is zinc sulfide (ZnS). Typically,

ZnS is a semiconductor material and exists in two main structural modifications, the low
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temperature form which is cubic zinc blende with band-gap energy of 3.7 eV, and the high
temperature form which is hexagonal wurtzite with band-gap energy of 3.8 eV [63]. In
either phase, each Zn?* ion is coordinated by four S%ions in a tetrahedral configuration.
Because of its excellent electrical properties such as the large band-gap energy, direct
recombination and low leakage current, ZnS is ideal for being used as phosphor material
by doping with transition metals or rare-earth metals [64,65]. Furthermore, owing to the
advantage of the simple manufacturing process, the convenience of being able to print large
areas while maintaining high power efficiency, ZnS phosphor powders were suitable for
back lighting of liquid crystal panels or for flat panel displays before the maturation of
LEDs [66]. Typically, ZnS-based phosphors can emit different color light by tuning the
doping elements (or luminescence centers), as shown in Table 2—1. Luminescence centers
in these phosphor materials are formed by deep donors or deep acceptors, or by their
associations at the nearest-neighbour sites. For example, the energy levels of ZnS:Cu,Al

are shown in Figure 2.13 [67].
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Figure 2.13 Energy levels and absorption transition of ZnS:Cu,Al phosphor before
excitation (a) and during excitation (b) [67].

As shown in Figure 2.13, before excitation, a Cu ion (the acceptor) is monovalent (1+),
while an Al ion (the donor) is trivalent (3+), so that charge compensation is realized when
they substitute the sites of Zn* ions in the lattice. This is quite reasonable since Cu and Al
ions are doped with nearly the same concentrations and they are providing charge-
compensation for each other. There exits an absorption band due to the transition of an
electron from the copper acceptor level to the conduction band, as shown by the arrow A
in this figure. 1t shows the characteristic excitation band of the center. When excited, a hole
is trapped by Cu* ions and an electron is trapped AI** ions, resulting in both Cu and Al ions
becoming divalent (2+). Simultaneously, the levels of Cu?* (3d° configuration) are split by
the crystal field into T2 and 2E states, with 2T lying higher in the cubic zinc-blende
structure. In the process of the relaxation due to the reversal of the applied electric field,

the electron trapped by the AI?* ion will recombine with the hole trapped by Cu?* and
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luminescence is produced. As a result, Cu and Al ions recover to monovalent and trivalent
again, respectively.

The emission spectra of ZnS-based EL phosphor materials are shown in Figure 2.14
[41]. Emission colors depend on the specific luminescent centers incorporated in the
phosphors. When the ZnS lattice is activated with Cu (activators) and Cl, I, and Al (co-
activators), donor-acceptor pairs are formed. As mentioned above, the EL is produced by
the radiative recombination of electron-hole pairs at donor-acceptor pair sites. The
combination of Cu and Al in ZnS:Cu,Al phosphor generates green (~550 nm) emission
color. The combination of Cu and Cl in ZnS:Cu,Cl phosphor produces blue (~460 nm) and
green emission bands. The relative intensities depend on the relative amount of Cu to CI.
ZnS:Cu,l shows a blue emission. It should be noticed that ZnS:Cu in which no co-activators
are incorporated shows a red emission. By further incorporating Mn?* ions into ZnS:Cu,ClI
phosphor material, the resultant ZnS:Cu,Mn,CI shows a yellow emission (~ 580 nm) due

to the intra-shell transition of Mn?* ions.
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Figure 2.14 The emission spectra of ZnS-based EL phosphor materials [41].
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2.2.2.2 Oxide-Based EL Phosphor Materials

Although ZnS-based phosphors exhibit excellent EL as mentioned above, the intrinsic
problems such as chemical instability and sensitivity to moisture make them difficult to
pattern on substrates by chemical etching or photolithography techniques. As an alternative
to sulfide-based phosphors, oxide-based phosphors were not traditionally considered as
promising candidates for ACPEL phosphor host materials at the early age of the
development of EL phosphor powders. Their band gaps (> 4 eV) were considered too large
for transporting significant current densities of hot electrons (> 2 eV). Meanwhile, oxide-
based phosphor materials do not crystallize as readily as sulfide-based phosphors. However,
compared to sulfide-based phosphors, oxide-based phosphors have inherent insensitivity to
moisture and excellent chemical stability. The manufacture of oxides is often relatively
simple and safe.

Zn2Si04 as a host material for oxide-based phosphors has attracted much attention in
application of fluorescent lamps, field emission displays and plasma display panels [68-71].
It is worth noting that the blue emission of Zn2SiO4 phosphor doped with Ti, Ce and Tm is
one of the first reported oxide blue phosphors in EL devices. The blue emission from
Zn2Si04:Ti exhibited a peak centered at a wavelength of about 420 nm. In 1991, Minami
[68] reported that a bright green emission was achieved in EL device consisting of
Zn2Si04:Mn oxide phosphor. A luminance of 90 cd/m? and a maximum luminous
efficiency of 0.3 Im/W were obtained under an applied voltage of 400 V at 60 Hz. and the
maximum luminance is 16 cd/m? driven by a sinusoidal wave at 1 kHz [70]. Although

Zn2Si04:Mn shows promising properties for EL devices, one disadvantage is the high post
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annealing temperature required to crystallize the phosphor host material and to activate the
luminescent center. In order to decrease the post annealing temperature, a flux such as LiF
was introduced into the Zn2SiO4:Mn thin film phosphor material. It was postulated that
point defects introduced by Li and F ions permit charge compensation while lowering the
crystallization temperature. The crystallization was achieved at 660~700 <C for 1 hour,
however, the luminance was less than 50 cd/m? driven by a square wave pulse at 60 Hz
[71].

A greatly improved oxide green emission phosphor was reported by Kitai’s group when
low crystallization temperature was achieved in Zn2Si1-xGexO4:Mn material system [72,73].
As shown in Table 2-2, the properties of Zn2SiO4 and Zn2GeO4 are quite similar, but the
crystallization temperature of Zn2GeOq is about 300 <C lower than that of Zn2SiOa.

Table 2-2 Properties of Zn,SiO4 and Zn.GeO4 host materials for EL phosphors [73]

Zn2SiO4 Zn2GeOq
Crystal structure Rhombohedral Rhombohedral
Lattice constants (angstrom, A) a=13.94, ¢c=9.31 a=14.23, ¢=9.53
Melting point (C) 1512 1490
Dielectric constant 9.5-10.5 14.7
Crystallization temperature (<C) 900-1000 650-700
Theoretical density (g/cm?®) 4.24 4.82
Refractive index 1.69 1.80
Band gap (eV) 5.5 4.7
Peak wavelength (nm, 2 at% Mn?*) 528 535
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2.2.2.3 Zn,GeO4:Mn EL Phosphor Material

Zinc germanate (Zn2GeOs) has been evaluated as a potential phosphor in alternating
current thin-film electroluminescent displays [30]. In this phosphor, Ge atoms substitute
for the Si atoms from Zn2SiO4. The resulting composition, Zn2GeOs, possesses a lower
crystallization temperature and smaller bandgap. Crystallization temperature as low as
650 <C have been reported. A slight raise in processing temperature to 810 <C could
improve the luminance of the phosphor in application of AC powder EL devices. The EL
emission peak, ~540 nm, of Zn2GeO4:Mn has been characterized as having a short decay
time (100 microseconds), resulting from the formation of a perfect crystal structure and the
low coordination number (4) of manganese ions in the host lattice. The dopant Mn as a
Mn?* ion substitutes effectively for Zn?* ions. This is achieved since both Zn?* and Mn?*
are 2+ ions and have similar ionic radii (0.74 nm for Zn?*, 0.8 nm for Mn?*) to bond in a
tetrahedral configuration. Mn, being a transition metal, has an unfilled inner-shell or 3d
shell, which gives rise to a ground state as well as an excited state.

Nevertheless, it is important to note that the details about nanowire-based light
generation in Zn2GeOs:Mn AC powder EL device have not been definitely figured out yet.
Our lab did a meaningful exploration in which SiC whiskers were mixed into Zn2GeO4:Mn
powders so that a green light could emit nearby SiC whiskers under applied AC voltage
[48]. The result is consistent with electron emission from the shape-edged SiC whiskers to
the phosphors matrix causing light emission. It further indicates that electron emission from
SiC whiskers is the primary mechanism for light emission. If a sample is made without SiC

whiskers no light emission is observed when an AC voltage is applied. Another possible
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way that light emission may be occurring in nanowire-based Zn.GeO4:Mn AC powder EL
devices is through an impact ionization mechanism. In this circumstance, the electrons
being emitted from the conducting nanowires may be ‘hot’ and therefore able to impact-
excite Mn?* in the phosphor producing green light emission.

In addition, there may be a more complicated mechanism involving a charge transfer
process: electrons emitted from the conducting nanowires may be trapped in charge traps,
such as cation vacancies in the phosphor crystal, possibly due to the formation of metastable
Mn**, and valence states of Ge ions other than 4+, and then may form space charge in the
phosphor. For example, if the trap is a Mn?* ion that becomes a Mn** as a result of electron
trapping, it is possible that the subsequent valence states transition from 1+ to 2+ of the Mn
ion could cause a light emission event as the electron is released. This electron release
would likely occur during the inversion of the external AC field. Alternatively, a Mn®* ion
could be acting as an electron trap causing the Mn ion to return to a Mn?* excitation state
and subsequently to a Mn?* ground state. Consequently, more detailed investigation is
required to find out the dominant excitation mechanism in the nanowire-based

Zn2GeO4:Mn AC powder EL device.
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Chapter 3. Methodology for Synthesis, Modelling and

Characterization

3.1 Introduction of Nanowire Synthesis

According to the bipolar emission mechanism in AC powder EL device (see Section
2.1.4), the conducting Cu2S precipitates with relatively sharp edges play a critical role in
initiating EL phenomenon. The electric field near the sharp tips of the conducting
precipitates in the phosphor is considerably higher than the average electric field of other
regions, approximately 100 times enhanced. Unfortunately, there are no conducting needles
that precipitate from Zn2GeOas:Mn phosphor material when we attempt to take advantage
of the excellent luminance efficiency of this material. In this project, conducting zinc oxide
(Zn0O) or copper oxide (CuO) nanowires with sharp tips are introduced to Zn2GeOs:Mn
phosphor, forming nanoscale heterojunction structures at the contact areas with the
phosphor. Through the heterojunction structures, ZnO and CuO nanowires are expected to
perform the same role as the conducting Cu2xS precipitations embedded in ZnS EL
powders.

3.1.1 Introduction of ZnO Nanowire Synthesis

Recently, nanomaterials have attracted tremendous interest because of their outstanding
performance in electronics, optics, and photonics. Nanomaterials are usually classified into

three categories based on their dimensions: zero-dimensional (0D), one-dimensional (1D),
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and two-dimensional (2D) nanomateiral. 0D nanoarchitectures known as quantum dots or
nanoparticles with an aspect ratio near unity, have been widely used in displays, solar cells,
catalysts and biological applications [74-93]. 2D nanostructures, such as thin-film structure,
have also been extensively used as biosensors, optical coatings, photonic devices, and
energy storage [94-114]. 1D nanomaterials, especially 1D semiconductor nanostructures
such as nanowires, nanorods, nanotubes, nanofibers, and nanowhiskers have been the
subject of intense interest in both academic research and industrial applications due to their
potential as both interconnects and functional building blocks for fabrication of electronic,
photoelectronic, electromechanical, and electrochemical nanodevices [115-151]. Among
1D semiconductor nanomaterials, zinc oxide (ZnO) nanowire is one of the most important
nanomaterials for functional nanodevices in today’s research community [134-140].

ZnO is a direct wide band-gap (3.37eV) semiconductor with a large exciton binding
energy (60 meV at room temperature), making it an important semiconductor for
optoelectronics [135,138-140]. ZnO is transparent to visible light and can be made highly
conductive by doping. ZnO structures have two different crystalline forms: hexagonal
wurtzite and cubic zinc-blend form. Under common conditions, ZnO exhibits a hexagonal
wurtzite structure with a = 0.32498 nm, b = 0.32498 nm, and ¢ = 5.2066 nm. The ratio of
c/a of about 1.60 is close to the ideal value for a hexagonal cell c/a = 1.633 [138-140]. The
ZnO crystalline structure could be described as alternating planes consisted of tetrahedrally
coordinated O% and Zn?" stacked along the c-axis (Figure 3.1). Nanowire-like ZnO
materials are the ideal system for studying the transport process in one-dimensional objects,

which are of benefit not only for understanding the fundamental phenomena in low
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dimensional nanomaterials but also for developing new generation nanodevices with
excellent performance. Since the successful growth of aligned ZnO nanowires on a single-
crystal substrate [116,152,153], a system that may be very useful for vertical device
fabrication has been discovered. As a result, substantial effort has been devoted to acquire
more control over alignments, including supporting substrates, distribution of nanowires,

and density of nanowires, to maximally meet the application requirement of nanodevices.

Figure 3.1 The wurtzite crystalline structure of ZnO [138].

To fabricate vertically aligned ZnO nanowires, three main techniques were usually used
so far. The first technique is based on the well-known vapor-liquid-solid (VLS) growth
mechanism, in which gold nanoparticles were used as the catalyst to direct the nanowire
growth. a-plane sapphire which has perfect lattice matchup with ZnO c plane was usually
used as the growth substrates, and the growth was carried out at relatively high temperature
of 850—1000 T [116,154-156]. The VLS process has been the most widely used technique

for growth of ZnO nanowires because of its relatively low cost and simple procedure. The
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second technique is metal-organic chemical vapor deposition (MOCVD), in which metal-
organic zinc precursor (e.g. diethyl zinc, Et2Zn) was used as the zinc source and aligned
ZnO nanowires were epitaxially grown on sapphire substrates (or silicon wafers) at
400—500 <C in a low-pressure MOCVD system [157-159]. The third technique is based on
a solution phase synthesis method, in which ZnO nanocrystals (5—10 nm in diameter) were
coated on a substrate (e.g., silicon wafer) to act as the seed layer followed by hydrothermal
ZnO growth in an aqueous solution of zinc nitrate hydrate at 90 <C [160-162]. The solution
process is favored for its very low cost and the ease of scale-up but has low crystalline
quality compared with the VLS- and MOCVD-grown ZnO nanowires. It worth noting that
most electrical and optical applications of ZnO nanowires prepared by the above-mentioned
methods remain constrained by the expensive substrates (such as sapphire). In addition, the
density of ZnO nanowires grown on the surface of the substrate still cannot be controlled

unless a catalyst pattern created by a mask or lithography step is used.

3.1.1.1 Synthesis of ZnO Nanowire via VLS Process

The VLS growth mechanism, first proposed and studied in detail in the 1960s and 1970s
by Wagner and Givargizov [163-165], is an ideal synthetic technique to control nanowire
growth. There are several ways of making the process work, and here we focus on one of
the simplest in which nanowire growth is controlled by a chemical vapor deposition (CVD)
method. In principle, by choosing a materials system with a simple eutectic phase diagram,
a catalyst droplet, generally a liquid Au-semiconductor eutectic alloy, is formed on a

surface and exposed to carrier gases that provide the growth materials for semiconductor
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nanowires, as shown in Figure 3.2. The growth materials are adsorbed preferentially at the
catalytic droplets, compared with the remaining regions of the surface. The droplets
become supersaturated and the growth material precipitates from the droplets. The droplets,
subsequently, continues to absorb the growth materials and a wire-shape of the growth
material forms beneath the droplets, with the droplet remaining on the tip. The diameter of
the deposited nanowire depends on the droplet size, while its length is determined by the

growth time and process conditions.

Substrate Substrate Substrate Substrate

Figure 3.2 Schematic diagram of VLS mechanism in vertical growth process of ZnO
nanowire.

3.1.1.2 Synthesis of ZnO Nanowire via Hydrothermal Process

Synthesis of ZnO nanowires through a liquid phase method exhibits many advantages
when compared to a vapor phase method, such as low cost, low temperature, scalability,
and ease of handling. Particularly, liquid phase synthesis occurs at a relatively low
temperature (usually < 200 <C), which allows for a greater choice of substrates including

inorganic and organic substrates. Here the process of solution phase synthesis is referred to
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as the hydrothermal growth method. The hydrothermal growth process of ZnO nanowires

generally consists of the following steps [166-175]:

1) A thin ZnO seed layer is coated on a certain substrate. This layer can reduce the
thermodynamic barrier, resulting in promotion of nucleation for the further growth of
ZnO nanowires on the substrate;

2) An alkaline reagent, for example, NaOH or hexamethylenetetramine ((CHz2)sNa4, or
HMTA), is mixed with an Zn?* salt solution, such as Zn(NOas)2 or zinc acetate
(Zn(CHsC00)2). The aqueous solution is used as a precursor solution for nanowire
growth;

3) The substrate coated with the ZnO seed layer is placed in the growth solution at a
certain temperature and a certain period;

4) The resultant substrate is removed from the growth solution and is washed and dried.
In typical hydrothermal method, ZnO nanowires are synthesized based on the following

chemical reactions when HMTA and Zn(NOs)2 mixture is chosen as the precursor solution:

(CH,), N,+6H,0 — 4NH,+6HCHO (3-1)
NH,+H,O <> NH,-H,0 (3-2)
NH,-H,0 <> NH,*+OH" (3-3)
Zn* +20H" <> Zn(OH), (3—-4)

Zn(OH), <> ZnO+H,O (3-5)

During the nanowire growth process, HMTA hydrolyzes into formaldehyde and

ammonia, performing as a pH buffer by slowly decomposing itself to provide a gradual and
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controllable resource of ammonia, which can form ammonium hydroxide and support OH".
Zn?* can complex with OH™ to form monomeric hydroxyl species such as Zn(OH)2. Then
solid ZnO nuclei are produced by the dehydration of these hydroxyl species. The ZnO
nuclei continue to grow by the condensation of the hydroxyl groups with the zinc-hydroxyl
complexes. In addition, HMTA and ammonia can also coordinate to the ZnO crystal,
retarding the growth rate of certain plane surfaces of the ZnO crystal.

The hydrothermal growth process can be controlled by adjusting the reaction parameters,
such as reactants concentration, growth temperature and growth time, etc. Generally, the
concentration of growth solution determines the nanowire density, while the growth
temperature and duration determine the shape and aspect ratio of the resultant ZnO

nanowire.

3.1.2 Synthesis of CuO Nanowire via Thermal Oxidation Method

Copper Oxide (CuO) is known to be a p-type semiconductor material with a narrow
bandgap of approximate 1.4 eV, and it is also a typical antiferromagnetic material with

local magnetic moment per unit formula of 0.6 p [176]. In recent years, CuO has received

extensive attention for its potential applications in fields such as solar cells, field-emission
emitters, electronic cathode, photocatalyst and sensors [176-186]. Particularly, for field-
enhancement application, CuO nanowires with a large aspect ratio are more favorable than
its bulk and film counterparts. To date, CuO nanowires have been synthesized by various
methods such as chemical routes, template approaches and electrospinning techniques.

However, a much simpler and more convenient route for the synthesis of aligned CuO
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nanowires via directly thermally-oxidized copper substrates has been reported recently
[182-186], which shows the huge potential to be adapted for large-scale quantities. The
CuO nanowire arrays obtained from the thermal oxidation method usually exhibit good
crystallinity, high aspect ratios, and uniform density distribution, which render them
attractive and promising building blocks for fabricating high-performance electronic
devices.

The thermal oxidation method, generally, refers to growth of metal oxide nanowires by
heating of corresponding metals directly in an atmosphere involving oxygen gas. The
nanowires are regarded as the products from reaction between metal and oxygen gas. For
example, CuO nanowires can be synthesized on a Cu substrate by heating the Cu plate in
air at above 400 <C [182,185].

The growth mechanism of CuO nanowires through thermal oxidation of Cu substrate
was proposed by Gonalves et al [180] very recently and is widely accepted by other
research groups now. According to his proposed model, CuO nanowires are formed as a
result of rapid, short-circuit diffusion of the Cu atoms across grain boundaries and/or
defects in a Cu20 underlayer. A schematic of the proposed growth model is shown in Figure
3.3. Initially a Cu20 thin layer is formed on a Cu substrate. This layer is highly porous and
defective due to the large interface compressive stress. Since the Cu20 layer totally covers
the surface of the Cu substrate, further oxidation requires that Cu atoms reach the Cu2O/air
growing interface by two pathways: lattice and grain-boundary diffusion. The migration of
Cu atoms via lattice pathway leads to a continuous increase of the Cu20 and CuO layers,

whereas the diffusion of Cu atoms via grain-boundary pathway results in the formation of
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CuO nanowires. The time dependence of the nanowire length, observed in the thermal
oxidation process, can be directly attributed to grain-boundary diffusion of Cu atoms
toward the Cu20/CuO interface since the variations in the nanowire densities and diameters
during growth process are small [180]. In fact, the morphology of the nanowires is
determined by the microstructure of the underlying Cu20 and CuO layers where the short-
circuit diffusion of Cu atoms takes place.

| |
. ; 0,

' || CuO nanowire

Cu substrate

Figure 3.3 Schematic diagram of proposed model for the growth mechanism of CuO
nanowires via thermal oxidation method.

3.2 Synthesis of EL Phosphor Materials

Almost all EL phosphors are synthesized by solid-state reactions between raw materials
at a certain high temperature [37,41]. Figure 3.4 shows the general synthesis process of EL

phosphor materials. Briefly, the high-purity raw materials including the host, activators,
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and/or additives are blended, mixed, and then sintered thoroughly. Subsequently, the
sintered phosphor product undergoes crush, milling, and then sieving in order to remove
coarse and excessively crushing particles. In some situations, the phosphor product also

needs to be subjected to surface treatment such as surface polish.
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Figure 3.4 General synthesis process of EL phosphor materials [41].

The performance of EL devices is essentially determined by the property of phosphor
powder materials, which is affected by particle size and surface treatment of phosphor. It
is important to control the particle size during the synthesis process for satisfying the
application requirements of EL devices. For example, the optimum coating thickness of
thin-film EL devices is roughly proportional to the average particle size of the phosphor
powders. The smaller the particle size is, the thinner the coating thickness can be. Also,
fine-particle phosphors can achieve dense coating layers for EL devices. However,
luminescence efficiency tends to become lower with reduction of phosphor particle size.
Therefore, phosphor materials possessing of a small particle size and high luminescence

efficiency will be optimized EL powders [41].
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3.3 Finite Element Modelling Method

The simulation the electric field in the nanowire-based AC powder EL device is
achieved by a finite element modelling method, which is usually carried out by
electromagnetic field simulation software. Agros 2D from the Hermes Library, a powerful
technique for two-dimensional electromagnetic and electrostatic-field simulation through
the finite element method (FEM), was employed.

Before simulation, it is assumed that the Zn.GeO4:Mn phosphor is a linear and isotropic
material with a relative permittivity of 14.7 and the nanowires are conductors. In addition,
it is assumed that there is no electrical breakdown in the phosphor material and PMMA
dielectric layer, the latter having a dielectric constant of 4. The electrostatic simulation is

based on Poisson’s Equation:
V(&6 V(X Y))=-p(X,y) (3—6)
where ¢(X, Y) is the electric potential, ¢, is the relatively permittivity, &, is the permittivity

of vacuum (8.85x10%2 F/m), and p(X, Y) is the charge density.

The first step in simulation is mesh generation. The solution volume is divided into a
large number of elements and vertices as shown in Figure 3.5. A given potential value
(120V) is assigned to the top electrode (ITO) and the bottom electrode (Ni/Au paste) is set

to 0 V. Once the potential @(X,Y)is generated, the electric field simulation automatically
calculates the electric field E using E(X,y)=-V@(X,y) according to the following

boundary conditions for any two media (medium land medium 2).

Tangential E: E, =E (3=7)

2t 7
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Normal E: ¢E, —¢,E, = p, (3-8)
where E, is the normal component of electric field directed away from medium, E, isthe
normal component of electric field directed away from medium 2, pis the surface charge

density at the interface between two media. Thus the total field energy can be calculated by

equation as follow:
E.E
U = ||| ==2E*dv 3-9
1= (3-9)

Starting from a few hundred triangles, the number of triangles continuously increases
until the field energy between two iterations is less than 1% which is considered as

convergence and computation is finished.

/ ZnO Nanowire

Zn,GeO,:Mn Phosphor

Figure 3.5 Illustration of the mesh generation in the Agros 2D finite-element modelling
for the ZnO nanowire-based AC Powder EL device.
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3.4 Characterization and Measurement Techniques

3.4.1 Scanning Electron Microscopy (SEM)

SEM (JEOL 7000F) is the main technique to characterize each component of the
nanostructured EL powder device, such as phosphor pellets, Au nanoparticles, nanowires,
PMMA layer etc. All images were obtained using the secondary electron detector, with ~3

keV acceleration voltage.

3.4.2 Transmission Electron Microscopy (TEM)

TEM (JEM 2010F) was used to obtain crystalline information of the as-synthesized
nanomaterials. The diffraction pattern can confirm the prior growth direction of nanowires.
High-resolution TEM shows the alignment of atom lines in various crystal planes and also
defects in crystals. Energy dispersive X-ray spectrum (EDS) combined with TEM was
collected using a Si:Li detector with 5 keV acceleration voltage, which is used to measure

the relative concentrations of the component elements in the nanowires.

3.4.3 X-Ray Diffraction (XRD)

The structures of the phosphor material and nanowires, as well as the junction structures
between phosphor and nanowires are determined by comparing observed X-ray diffraction
(XRD) patterns to those in the Joint Committee on Powder Diffraction (JCPD) Database.
The diffraction patterns were collected by a Nicolet diffractometer using a copper K,

radiation of 0.154 nm (Bruker D8 Advance Powder).

54



Ph.D. Thesis—S. Ma  McMaster University — Materials Science & Engineering

3.4.4 Photoluminescence (PL) Spectrum

Photoluminescence is the excitation of photons by absorption of incident light. It can
be used to provide a qualitative analysis of a sample. The wavelength of the emitted light
is usually longer than the incident light. PL spectrum can be used to obtain information
about the excitation process that leads to the photon being emitted. In this work, a PL
spectrum was used to characterize the light emission in the Zn2GeOas:Mn phosphor
materials. The spectrum shows the wavelength of peak emission intensity in the phosphor
materials, as well as the luminance of the phosphor materials. In addition, it was used to
measure the emission wavelength of a ZnO nanowire array, which is related to the
structured defects in ZnO nanowires. A He-Cd laser with a wavelength of 325 nm was

used as an excitation source.

3.4.5 Electroluminescence (EL) Measurement System

For EL measurement, sinusoidal pulses with bias voltage were applied between the two
electrodes using a pulse generator-amplifier combination, and then the applied AC voltage
and frequency were monitored using an oscilloscope (Tektronix TDS 1002B). EL emission
from the device was collected by an optical fiber connected to an Acton SP-2300

monochromator. Luminance was measured by a Minolta LS100 Luminance Meter.
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Chapter 4. ZnO Nanowire-Based AC Powder EL Devices

4.1 Fabrication of CVD-Growth ZnO Nanowire-Based AC Powder EL
Devices

Zn2GeO4:Mn phosphor powders are synthesized by solid-state reaction and undergo
cold pressing to form pellets, which are used as substrates for further ZnO nanowires
growth. Secondly, vertically-aligned ZnO nanowires are grown on the as-prepared
Zn2GeO4:Mn phosphor pellets by chemical vapor deposition (CVD) process. Thirdly, the
Zn2GeO4:Mn phosphor pellets with ZnO nanowires are connected to the external metal and

ITO electrodes for EL characterization .
4.1.1 Preparation of Zn.GeOs:Mn Phosphor Pellet

The procedure of preparation of Zn2GeO4:Mn phosphor pellets follows our previous
work [48]. Pure ZnO, GeO2 and MnO powders were mixed and ball-milled with zirconia
milling balls (5.08 mm in diameter) in ethanol overnight. The mixture was then sintered in

air at 1100 <C for three hours, in which a reaction occurred:

GeO,+ 2(1-x)ZnO + 2xMnO — Zn,, Mn,, GeO, (4-1)

The value of x was chosen to be 4 at % in this reaction. The resultant product was again
ball-milled and sintered in order to ensure that the reaction was completed. After that, the

as-prepared Zn2GeOas:Mn phosphor powders were pressed into a circular pellet with a
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diameter of ~1cm by a hydraulic press, which can provide a force of 24,000 Ibs (or 1.36
GPa). The pressed Zn2GeO4:Mn phosphor pellets were then annealed in nitrogen ambient
at 1100 <C for three hours in order to obtain a high-crystalline phosphor product.
Zn2GeO4:Mn phosphor material is used as the light emission layer in the AC powder
EL device. This phosphor has a very strong photoluminescence (PL) emission under
ultraviolet (UV) excitation of 325 nm. It can emit a bright green light under illumination of

~254 nm UV light which was produced by a mercury lamp, as shown in Figure 4.1.

Figure 4.1 The as-prepared Zn2GeO4:Mn phosphor pellet under illumination of UV light.
(a) The phosphor pellet in natural environment; (b) A green emission of the same phosphor
pellet under illumination of ~254 nm UV light. The diameter of the phosphor pellet is ~1
cm.

4.1.1.1 Densification of Zn,GeOs:Mn phosphor Pellet

Increasing the density of phosphor pellet can efficiently increase its luminance due to
reduce of inherent defects such as holes and grain boundaries with increase the size of

phosphor grains. The method employed to increase the density of phosphor pellet was post-
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annealing, in which different annealing temperatures were applied to study the

densification process (Figure 4.2).
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Figure 4.2 Densification process of the phosphor pellet. (a) Percentage of theoretical
density (~ 4.73 g/cm?®) of Zn2GeO4:Mn phosphor as a function of annealing temperatures;
(b) Luminance of the phosphors versus annealing temperatures.

The average density of the fresh pressed phosphor pellets is approximate 3.50 g/cm?,
The pellets were annealed in nitrogen ambient at a set of specific temperatures ranging from
500 T to 1100 <C, as shown in Figure 4.2(a). At an annealing temperature of 1100 <C, the
density of the pellet increased by ~20% to 4.32 g/cm?, which yields ~ 92% of the theoretical
density of Zn2GeOa:Mn phosphor of 4.73 g/cm®. Meanwhile, the luminance of the phosphor
pellet was higher and higher with increasing annealing temperature because of optimizing

grain growth of the phosphor.
4.1.1.2 X-Ray Diffraction of Zn,GeOs:Mn Phosphor Pellet

Figure 4.3 shows the X-ray diffraction (XRD) patterns of the as-synthesized
Zn2GeO4:Mn phosphor pellet, which experienced post-annealing at 1100 <C for 3 hours.

All of the diffraction peaks match very well with Zn2GeOs crystal of a rhombohedral
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structure (JCPDS 11-0687) with lattice constants of a=b = 14.23 Aand ¢ = 9.53 A. Because
the radius of the substitutive Mn?* (~0.8 nm) is very close to that of Zn?* (0.74 nm), nearly

no difference in diffraction pattern was detected.
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Figure 4.3 XRD pattern of the as-prepared Zn2GeO4:Mn phosphor pellet.

4.1.1.3 Photoluminescence Spectrum of Zn,GeO4:Mn Phosphor Pellet

The photoluminescence (PL) emission spectrum for a Zn2GeOa4:Mn phosphor pellet that
emits green light is shown in Figure 4.4. The emission of the phosphor pellet excited with
325 nm laser showed a peak at 535 nm, which is due to the “T1(*G) — ®A1(°S) transition of
Mn?* jons sitting on tetrahedrally coordinated Zn?* sites [30]. The PL spectrum is
indistinguishable from the EL spectrum in Zn2GeO4s:Mn phosphor due to the same state

transition of Mn2* ions.
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Figure 4.4 PL spectrum of Zn2GeO4:Mn phosphor pellet. The red line shows a typical
spectrum with a peak wavelength of 535 nm.

4.1.2 CVD Growth of Vertically Aligned ZnO Nanowires

After obtained high-quality Zn2GeO4:Mn phosphor pellets, a thin Au film with a
certain thickness was deposited on the phosphor pellets by the sputtering deposition method.
The thickness of deposited Au film can be adjusted by controlling deposition time. The Au-
coated phosphor pellets were put into a tube furnace system and annealed for 30 min or
three hours, depending on the thickness of deposited Au film, at 950 <C or 1100 <C under
argon ambient.

The Au-coated phosphor pellets, subsequently, were employed as substrates for growth
of ZnO nanowires through a CVD method. The experimental system is as illustrated in
Figure 4.5. The temperature of the system is controlled by a thermocouple inserted in the

middle of the furnace.
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Figure 4.5 Schematic diagram of the experimental system for ZnO nanowires growth via
CVD method.

A mixture of equal amounts (by weight) of pure ZnO powder (Alfa Aesar, ~ 100 mesh,
99.9 %) and graphite powder (Alfa Aesar, ~325 mesh, 99 %) was used as the evaporating
source. The source was contained in an alumina boat placed at the center of a mullite tube
which was inserted in a horizontal tube furnace. At one end of the tube, there were inlets
for oxygen and argon gases whose flow rates were controlled by flowmeters, respectively.
The Au-coated phosphor pellets were used as substrates and placed directly above the
source, with the Au-coated side facing toward the source. The set temperature of the system
was 950 C.

At the beginning of experiment, 60 sccm (standard cubic centimeters per minute) of Ar
gas was introduced into the tube for an hour to purge the system. Then the furnace was
heated to the set temperature at an approximate rate of 50 <T/min. When the system reached
the set temperature, the flow rate of Ar and Oz were adjusted to 50 sccm and 1 sccm,
respectively. The temperature was held at the peak temperature for 30 min or one hour.
Finally, the products were removed from the furnace after the system cooled down to room
temperature.
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4.1.2.1 Study on The Growth Behaviour of Vertically Aligned ZnO
Nanowires

By using the CVD method, vertically aligned ZnO nanowires were grown on the
Zn2GeO4:Mn phosphor pellet that underwent annealing at 1100 <C for 3 hours. Many
researchers have shown that the growth of ZnO nanowires by CVD is very sensitive to
process conditions [187-195]. Subtle changes in experimental conditions, such as source
temperature, the distance between substrate and source, gas flux, substrate material, and
choice of catalyst etc., can cause distinct changes in the shape, size and density of the
nanowires. In addition, according to the VLS growth mechanism, the size, shape, and
spatial density of the ZnO nanowires are significantly determined by the size and spatial
density of Au catalysts. The morphologies of the nanowires are also proved to be influenced
by the source powder used in the CVD growth process. In this research, the effects of the
oxygen gas flow, the gold catalyst layer, and the source powder material are demonstrated
to determine the morphologies of the ZnO nanowires.
1) Effect of Oxygen Gas Flow

When ZnO nanowires are grown by using a mixture of ZnO and graphite as the CVD
source, the density, lengths, and diameters of the nanowires are affected by the introduced
O2 flow and the thickness of Au film. There is no nanowire growth when O2 is not
introduced into the system [187]. Wang and co-workers [188-192] have shown that high-
quality aligned ZnO nanowires can only be achieved at a reasonable supersaturation level
of Zn vapor and the oxygen partial pressure has a strong influence on the supersaturation

of Zn vapor when ZnO and graphite are used as source. According to their report, there is
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no nanowire growth when the oxygen volume percent exceeds 3 % of the Ar/O2 gases
mixture. Wan [187] reported that the average density and length of ZnO nanowires increase
with increasing of O2 amount during the process. But excess O2 may degrade the growth
of nanowires. Consequently, ZnO nanowires with high density and good quality can be
only obtained at a suitable duration of Oz flow. Figure 4.6 shows the effect of the oxygen
partial pressure on the growth of ZnO nanowires. In this experiment, the thickness of the
Au film is 45 nm, and the Oz flow is fixed at 1 sccm. Four different ratios of Ar:O2 (40:1,
50:1, 60:1: 70:1 sccm) were used while keeping other process conditions constant. The
result indicates that clean, high-quality ZnO nanowires can be obtained at a suitable Ar/O2

ratio.
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Figure 4.6 Cross-sectional SEM images of ZnO nanostructures grown on at different ratio
of Ar/O2 gaseous mixture: (a) Ar/Oz is 70; (b) Ar/Oz is 60; (c) Ar/O2 is 50; (d) Ar/Oz is 40.

2) Effect of Thickness of Au Nanoparticle Layer

To investigate the effect of the thickness of the Au catalyst on the growth of ZnO
nanowires, Au catalyst films of 3, 8, 15 and 45 nm thick are used. Figure 4.7 shows the
dependence of the SEM images on the thickness of the Au film when the ratio of Ar/O2
gaseous mixture is maintained at 50:1. It indicates that the thickness of deposited Au film
can influence the density and diameter of the nanowires. The density and average lengths

of the nanowires decreased apparently with reducing the thickness of Au catalyst film on
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the Zn2GeOa4:Mn phosphor substrate, while the diameters of nanowires decrease slightly

when the thicknesses of Au films increase.
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Figure 4.7 Cross-sectional SEM images of ZnO nanowires grown Zn2GeO4:Mn phosphor
substrate as catalyzed by a deposited Au film with thicknesses of (a) 45 nm; (b) 15 nm; (c)
8 nm; and (d) 3 nm.

3) Effect of CVD Source Powder Materials

By using different vapor sources, it was discovered that ZnO nanostructures with other
morphologies readily formed rather than nanowires. For example, when pure Zn powder
was used as source, a large yield of tetra-pods nanostructures can be synthesized (Figure

4.8). Other morphologies of ZnO nanostructure, such as sheet-like and grid-like structures,
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can also be formed under different process conditions. These different nanostructures may

have interesting physical properties, and particularly optical properties.
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Figure 4.8 SEM images of various morphologies of ZnO nanostructures grown on
Zn2GeO4:Mn phosphor substrate using pure Zn powder as the vapor source.
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4.1.2.2 Density-Controlled Growth of Vertically Aligned ZnO Nanowires

From the application point of view, the density of the aligned ZnO nanowires is very
important since it directly influence the distribution of electric field near the tips of
nanowires in EL devices, and it is also related to how the nanowires interact with each other
optically, electronically, and mechanically. In a field emission process, for example, an
array of densely-packed nanowires greatly reduces the field enhancement effect at the
nanowire tip to a level not much different from a flat metal plate, while too loosely
distributed nanowires cannot meet the desired requirement of brightness [196-199].
Effectively control the density of the aligned nanowires for optimal performance can be
realized through adjusting the space between the aligned nanowires. So far, two methods
are used in tailoring the density. One method is to adjust the concentration of catalyst in a
colloidal solution before applying it onto the substrate [196], but the uniformity of
nanoparticle distributions over a large surface area is questionable because of the
agglomeration of the particles during the drying process. Another method is to use a
patterning technique, such as mask, electron-beam lithography, or scanning probe
microscopy, which can provide precise control over the density but at a much higher cost.
These approaches also cannot meet the requirement for large-area growth. Therefore, it is
the pivotal point to find out an effective and simple pathway for the control of nanowire
density without using sophisticated technigues. In this research, we proposed two practical
approaches to control the spatial density of nanowires: i) Control the density of Au catalyst

particles by adjusting the annealing process of the pre-deposited Au thin film; ii) Varying
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of the spatial distance between the Au-coated phosphor substrate and source powder during
CVD growth process.
1) Control of The Density of Au Catalyst Nanoparticles

The spatial density of ZnO nanowires array is significantly determined by the spatial
density of Au catalyst nanoparticles when the growth of nanowires follows the vapor-
liquid-solid (VLS) model. In order to investigate spatial-density control of ZnO nanowires
on the polycrystalline Zn2GeOa:Mn phosphor substrates, an approach is to adjust the spatial
density of Au catalyst nanoparticles prior to the CVD nanowire growth process. In this
scenario, after obtaining high-quality Zn.GeO4:Mn phosphor pellets, Au thin films of
approximate 8 nm were deposited on the phosphor pellets by sputtering deposition and
annealed at 1100 <C for different annealing duration of pre-deposited Au thin films. As a
result, isolated Au catalyst nanoparticles with three different spatial densities were formed
on the phosphor pellet substrates and employed for density-controlled growth of ZnO
nanowires in a CVD synthesis process. Figure 4.9 shows that Au catalyst nanoparticles

having various densities were formed on the phosphor pellet substrates.
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Figure 4.9 SEM images of the Au catalyst nanoparticles after annealing at three different
process conditions: (a) 1100 <T for 0.5 hour; (b) 1100 <C for 1 hour; (c) 1100 <C for 2
hours.
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Then the above samples with different densities of Au nucleation were used as the
substrates to grow ZnO nanowires through the CVD method. Because the evaporation and
coalescence effects of the Au nanoparticles increase with increasing of annealing duration,
the longer the annealing duration is, the lower the spatial density of the Au catalyst
nanoparticles on the phosphor substrate becomes. Figure 4.10 shows the aforementioned
growth situation of the nanowire samples with various Au catalyst nucleation densities. The
average spatial density of the vertical nanowires is about 4 per um? in figure (a), about 2
per um? in figure (b), and about 1 per um? in figure (c), respectively. The spatial density of
the as-synthesized nanowires exhibits a positive proportional relationship with the spatial
density of the Au nucleation. That is, the spatial density of the nanowires is largely
determined by the spatial density of the Au catalyst nucleation. Consequently, the density
of the ZnO nanowires could be effectively adjusted by the spatial density of the Au catalyst

nucleation on the Zn2GeO4:Mn phosphor substrate.
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Figure 4.10 SEM images showed the variation in the density of the as-synthesized ZnO
nanowires on Zn2GeOs:Mn phosphor pellet substrate via three different aforementioned
annealing conditions. (a) 1100 <C for 0.5 hour; (b) 1100 <C for 1 hour; (c) 1100 <C for 2

hours.
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2) Control of The Spatial Distance between Phosphor Substrate and Source Powder

In this study, another approach through adjusting the spatial distance between the
phosphor substrate and source powders during CVD growth process, is alternatively
demonstrated to achieve spatial-density controlled-growth of ZnO nanowires on the
Zn2GeO4:Mn phosphor. To this end, Zn2GeO4:Mn phosphor substrates coated with ~ 8 nm
of Au thin film were placed between two zones of CVD source powders (a mixture of ZnO
and graphite). That is, one zone of source powder was located at the upstream side of the
substrate, and the other was located at the downstream side in the tube. The distance from
each zone to the center of the substrate was the same. The position of the system is shown
in Figure 4.11(a). After the CVD growth process, a gradually varying density distribution
of ZnO nanowires was observed on the Zn.GeO4:Mn phosphor substrate. The average
lengths of ZnO nanowires decreased from zone 1 to 4 on the phosphor substrate, as shown
in Figure 4.11 (b)-(e). The density distribution trend is almost the same in the upstream
side, resulting in a symmetric distribution with respect to the center area (zone 4) of the

phosphor substrate [200].
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Figure 4.11 Symmetric density distribution of ZnO nanowires on the phosphor substrate.
(a) Schematic diagram of the system used in this experiment. (b)-(e) Cross-sectional SEM
images of ZnO nanowires grown on different regions of the substrate. Each zone number
indicated in images (b)-(e) corresponds to the relevant z-number in (a) [200].
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This clearly shows the density distribution pattern of the nanowires on the phosphor
circular substrate. Figure 4.12 shows the histogram which demonstrates the linear nanowire
density corresponding to the location zones indicated in the cross-sectional SEM images in
Figure 4.11. This lateral growth approach was found to be repeatable and we have done
approximately ten growths with the same source powder geometry yielding predictable
nanowire density results. From an experimental point of view, the spatial gradient in
nanowire density is useful since it allows a series of nanowire densities to be explored in

only one growth.
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Figure 4.12 Linear ZnO nanowire density as a function of the distance between the
phosphor substrate and the location of the source powder in CVD synthesis (the diameter
of a circular Zn2GeO4:Mn phosphor substrate is 1 cm).
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This novel symmetric growth pattern is clearly associated with the concentration of
ZnO vapors that gradually decreases with lateral distance from each source powder zone
and reaches a minimum at the central area of the phosphor substrate (see Figure 4.13). After
the set temperature (950 <C) is reached, zinc vapor is continuously formed during the
carbothermal reaction and oxidized by the oxygen vapor in the ambient. Heated ZnO vapor
diffuses to the catalyst-anchored surface of the substrate and nucleates at catalyst positions.
The chance for ZnO vapor to engage with Au nucleation positions apparently decreases
due to decreasing of ZnO vapor concentration. Therefore, the highest density of ZnO
nanowires is located at the substrate edges which are in closer proximity to the source
positions followed a gradually decreasing trend towards the central area, in which the
lowest density of the nanowires was observed. It is worth noting that the surface of the
Zn2GeO4:Mn phosphor substrate is not as smooth as silicon wafer or glass substrates used
in most other research on ZnO nanowire growth. It has grain surface roughness in the
micron scale and features a high density of grain boundaries. The topography of the
substrate definitely affects the surface diffusion and movement of zinc vapor in the CVD
synthesis process of ZnO nanowires. Consequently, the density of ZnO nanowire also can

be influenced by the unique topography of the Zn.GeO4:Mn phosphor substrate.
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Au-coated phosphor g5 flow
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Figure 4.13 Schematic image for the symmetric growth during CVD process.
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4.1.2.3 Structure Characterization of The As-Synthesized ZnO
Nanowire

The XRD result of the ZnO/Zn2GeO4:Mn composite in Figure 4.14 shows that the
pattern of the composite is composed from two individual sets of patterns of ZnO and
Zn2GeO4:Mn crystals. Each set matches the pure component (ZnO or Zn2GeOs:Mn) very
well. No impurity phase was detected. The intensities of ZnO diffraction peaks are
apparently higher than that of Zn.GeOa4:Mn crystal because the incident ray went through
the sample from the ZnO nanowires top layer to the Zn.GeO4:Mn bottom layer. The
diffraction peaks of a ZnO crystal can be indexed to a hexagonal structure with cell
constants of a = 3.25 A and ¢ = 5.20 A, while Zn2GeO4:Mn has rhombohedral index with
cell constants of a = b = 14.26 A and ¢ = 9.54 A. In addition, the diffraction intensity of the
(002) plane in the X-raypattern of ZnO crystal is very strong, which confirms that the
preferential growth direction of ZnO nanowires is <0001>, forming the lengths of the

nanowires.

76



Ph.D. Thesis—S. Ma  McMaster University — Materials Science & Engineering

. 1 Zn0O/Zn,GeO :Mn composite
S 1 zno
IS5
— e 1 Zn,GeO,Mn
0 =
c Nl
= —
Q e
e S -
[= )
=2 s~ S
7] = = =
c = P Q
Q Q A o N —~
= c ~ — (9]
< N (o) - -
—_ 'sl 5 =
g 0
A | |
T — bil L “.Al,i , MTM A A_A
0 90 100

20 30 40 50 60 70 8
2-Theta (dgree)

Figure 4.14 XRD pattern of the ZnO/Zn2GeO4:Mn composite.

Additional structural characterization of the ZnO nanowires was carried out using
transmission electron microscopy (TEM). Figure 4.15(a) shows a TEM image of a ZnO
nanowire. The surface of the nanowire is clean and without any amorphous phase. High-
resolution TEM image (Figure 4.15(b)) and selected area electron diffraction pattern (inset
in Figure 4.8(b)) reveals that the spacing of 0.52 nm between adjacent lattice planes
corresponds to the interplanar spacing of ¢ axis of ZnO hexagonal crystal, confirming
<0001> as the growth direction for the as-synthesized ZnO nanowires. This <0001>

preferential growth direction is also reflected in the high diffraction intensity of (002) peak

of XRD pattern in Figure 4.16.
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(a)

Figure 4.15 TEM images of a ZnO nanowire. (a) Low-magnification TEM image of a
ZnO nanowire lain on a copper grid; (b) High-resolution TEM image of a single-
crystalline ZnO nanowire showing the lattice fringes. The inset is the corresponding
selected area electron diffraction pattern.

The energy dispersive X-ray spectrum (EDS) of the ZnO nanowire is shown in Figure
4.16. The linear-scanning mode was used in the EDS spectrum to measure the component
elements within a single ZnO nanowire. The result indicates that the composition is ZnO.
The peaks of Cu and Si in the spectrum were generated from the grid and the peak of C is

caused by carbon coating process.
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Electron Image 1

Figure 4.16 The Energy Dispersive X-ray spectrum (EDS) of the ZnO nanowire using
linear-scanning mode.
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In order to investigate the PL performance of pure ZnO nanowires, a sample comprising
ZnO nanowires which were swept off from the Zn.GeO4:Mn substrate and deposited on a
clean silicon wafer. A He-Cd laser (325 nm) was used as the excitation source. Figure 4.17
shows a room-temperature PL spectrum of ZnO nanowires with an average diameter of 200
nm. Strong emission at 380 nm was observed corresponding to the near band-edge emission
of ZnO. In addition, a broad green emission at ~520 nm is commonly referred to as a deep-
level or trap-state emission [194], which is generally attributed to singly ionized oxygen
vacancies in ZnO and the emission results from the radiative recombination of a

photogenerated hole with an electron occupying the oxygen vacancy [201].
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Figure 4.17 PL spectrum of ZnO nanowires grown on a silicon wafer.
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4.1.3 Assembly of CVD-Growth ZnO Nanowire-Based EL Device

To accomplish the fabrication of an AC powder EL device, a transparent and relatively-
low dielectric layer is needed to fill the space between ZnO nanowires and the top ITO
electrode. Methylmethacrylate (PMMA) is spin-coated to envelop the nanowires and forms
a thin dielectric layer (~ 1 um) after curing. Subsequently, a 100~200 nm ITO film is
sputtered to form the front common electrode by magnetron sputtering system. Meanwhile,
a Ni/Au paste is used to form the back electrode and is mounted on a metal plate. Finally,

an AC voltage is applied to the device to generate EL emission (see Figure 4.18).

ITO transparent electrode

@ _—dielectric matrix layer

~———2ZnO nanowires array
~———2Zn,Ge0,:Mn phosphor layer

-—b—\
Ni/Au rear electrode

Figure 4.18 Schematic diagram of the as-fabricated AC powder EL device based on ZnO
nanowires array grown on Zn2GeO4:Mn phosphor pellet.

4.1.4 Simulation of Electric Field for ZnO Nanowire-Based EL Devices

The explanation of light generation from ZnO nanowires-based EL device was
demonstrated in the bipolar field-emission model (see Section 2.1.4). If the conducting

nanowire is considered as a long isolated charged cylinder which is surrounded by vacuum
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in an electric field, the field intensity of the nanowire at the nanowire tip can be expressed
as [202]:

A
e, D

E= (4-2)

where 1is linear charge density along the nanowire, &, is the permittivity of vacuum, and

D is diameter of the nanowire. It can be seen from equation 4-2 that a thinner nanowire can
induce a higher field under the same linear charge density. But the precise value of field
intensity is more complicated when the interfaces of nanowires and phosphors are
introduced into the calculation. The distribution of electric field within the phosphor
substrate, therefore, is not modelled in detail. However, if a certain voltage is applied to a
conducting nanowire grown on phosphor substrate with a perfect interface, it can be firmly
predicted that a higher electric field will be produced in the phosphor region where a
heterojunction structure is formed at the tip of the conducting nanowire, comparing with
other regions in the phosphor.

In order to quantitatively characterize the electric field in the phosphor, static electric
simulations were performed by using a 2D electric field simulation software (Agros 2D).
Here we assume: (1) no breakdown in both phosphor and fill-in dielectric material (such as
PMMA); (2) an average nanowire diameter D of 100 nm is used in the simulation and the
applied voltage V is set to 120 V between the top and bottom electrodes. Figure 4.19 (a)
shows that the simulated distribution of electric field within the phosphor substrate. The
dependence of the electric field on depth is shown in Figure 4.19 (b). The highest intensity

is obtained at the tip of the nanowire, and the intensity of the electric field is on the order
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of 107 V/m. The curve shows that the electric field decreases rapidly as the distance from
the tip increases and within ~8 um from the tip of nanowire it relaxes to about the average
electric field, which is calculated to be ~5 x10° VV/m by assuming that the device performs
like a capacitor and the distance between two planar electrodes is ~200 pm. The simulation

matches the electric field calculation result by using the boundary element method (BEM)

very well [203,204].
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Figure 4.19 (a) 2D simulation of distribution of electric field within the phosphor layer
resulting from the formation of heterojunction introduced by the conducting nanowire; (b)
Electric field in the y-direction as a function of the distance from the nanowire tip.

1) Effect of Nanowire Diameter (D) on Local Electric Field

According to equation 4-2, the electric field intensity is inversely proportional to D,
where D is the diameter of the conducting nanowire. Therefore, smaller nanowires can
induce a higher localized field in the phosphor body under the same conditions compared
to a large nanowire. Figure 4.20 shows the dependence of electric field on the diameter

when the applied voltage is 120 V, calculated by the Agros 2D software. As a result,
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decreasing the size of the nanowires is an effective way to increase the localized electric

field, eventually lower the operating voltage and increase the brightness of the EL device.
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Figure 4.20 Dependence of localized electric field on diameters of ZnO nanowire.

2) Effect of Spatial Density of Nanowires on Local Electric Field

As mentioned above, the density of the aligned ZnO nanowires is very important since
it directly influence the distribution of electric field near the tips of nanowires in EL devices.
Recent studies on field-emission properties of carbon nanotubes and ZnO nanowires reveal
that both the turn-on voltage and emission current density strongly depend on the areal
density of nanowires [196-199]. In particular, medium density of the nanotubes showed the
highest emitted current densities. The poor emission of high density distribution might be
explained by an electrostatic screening effect provoked by the proximity of neighboring
nanotubes. The presence of high-density nanotubes means that there is more charge per

unit area and the charge reduces the potential drop perpendicular into the phosphor, not
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much different from a flat metal plate. While too loosely distributed nanowires cannot meet

the desired requirements of high-emitting points. Figure 4.21 shows the dependence of

electric field on the inter-wire spacing.
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Figure 4.21 (a)~(e) 2D simulation of electric field varying with the spacing between
nanowires; (f) The intensity of electric field as a function of inter-wire spacing.
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As shown in Figure 4.21 above, the intensity of electric field increases when the spacing

between nanowires raising from 0.1 to 10 pum. According to the Fowler-Nordheim law, the
field-emitted current |E? /W¥? exp(-BW¥? / E), where E is the electric field intensity.

Therefore, a significant increase of the emitted current can be achieved even a slightly
higher of electric field is applied, which make the nanowire performs like a rectifying diode.
However, more accurate 3D simulation is needed to calculate the distribution of electric

field that is close to practical devices in the future.

4.1.5 Formation of Heterogeneous Structure between The ZnO
Nanowire and Phosphor Particles

The heterojunction structure between the ZnO nanowire and Zn2GeOa4:Mn substrate
plays a pivotal role in determination of the performance of future EL devices by means of
influencing the tunneling effect of the emitted electrons from ZnO nanowires into the
Zn2GeO4:Mn phosphor. In order to investigate the ZnO-Zn2GeO4:Mn interface, the as-
synthesized ZnO nanowires were mechanically stripped off from the Zn2GeOs:Mn
phosphor pellet. Short (less than 2 um) and thick ZnO nanowires (~200 nm of diameter)
were chosen because they could survive with intact heterojunctions to Zn2GeOs:Mn
fragments during the stripping process. Figure 4.22a and Figure 4.22b show TEM images
of the heterojunctions between a single ZnO nanowire and Zn.GeO4:Mn crystal fragment,
which were taken from various pieces of the dispersed TEM sample. It can be clearly
viewed that the ZnO nanowire is approximately vertical to the surface of a particular
Zn2GeO4:Mn structure. The insets in Figure 4.22a shows selected-area diffraction (SAD)

patterns of the nanowire and the Zn2GeOa4:Mn crystal structure, respectively. Growth
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direction (0001) of the ZnO nanowire is the same as the one shown in Figure 4.15. As a
typical example, a HRTEM image of this ZnO-Zn2GeO4:Mn interface from the sample in
Figure 4.22b reveals the detailed crystal structures, as shown in Figure 4.22c. An enlarged
view of the interfacial area (marked by the circle in Figure 4.22¢) is shown in Figure 4.22d.
The planar spacing for five (010) planes of ZnO (5 x 0.29 =1.45 nm) is approximately the
same as two (110) planes of Zn2GeO4:Mn (2 x 0.72 =1.44 nm). An ordered hetero-
epitaxial interface between the ZnO (0001) plane and the Zn2GeOs:Mn (110) plane may be

present, however, a more detailed investigation is needed on the hetero-epitaxial interfaces.
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Zn,GeO4:Mn

200 nm

Zn,GeO:Mn

Figure 4.22 (a) and (b) TEM images of short and thick ZnO nanowires grown on
Zn2GeO4:Mn crystal substrates. Insert: SAD patterns of Zn2GeOs:Mn crystal (SAD 1) and
ZnO nanowire (SAD 2); (c) HRTEM image of the ZnO-Zn2GeO4:Mn interface region;(d)
Enlarged view of the interface (marked circle in c¢) showing the crystal structures and
possibly an ordered hetero-epitaxial interface. The (110) planar spacing of Zn2GeOas:Mn is
0.72 nm, and the (010) planar spacing of ZnO is 0.29 nm.

4.1.6 EL Characteristics of The CVD-Growth ZnO Nanowire-Based EL
Devices

The ZnO nanowires were grown on Zn2GeO4:Mn phosphor pellet, the backside of

which is attached on an aluminum stub by nickel paste. A piece of ITO glass was used to

contact the top of nanowires array, and the EL characteristics were measured when external
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AC voltages with pulse waveforms were applied on the sample. As shown in Figure 4.23,
green light is observed from the sample when the applied voltage exceeds a certain of
threshold voltage (~ 560 V) at a fixed frequency of 1 kHz. In contrast, no any green light
from the sample without ZnO nanowires was founded although the maximum value of the
AC voltages (2 kV) was applied on it during our test, which indicates that the ZnO
nanowires can enhance the local electric field within the interface of nanowires and
phosphor grains. However, the relationship between luminance intensity and applied
voltage cannot be repeatedly characterized well because of the stable transparent electrode

has not been achieved.

Figure 4.23 EL measurement of ZnO nanowire-based AC powder EL device. (a) The
photograph of the tested EL devices sample; (b) Green-light emission is founded when
the ITO glass contacted on the top of the sample after the applied voltage exceeds 560 V.
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4.2 Fabrication of Hydrothermal-Growth ZnO Nanowire-Based AC
Powder EL Device

4.2.1 Hydrothermal Synthesis of Vertically Aligned ZnO Nanowire

Zinc oxide nanowire array was synthesized by the hydrothermal process, which is
mentioned in section 3.1.1. An ITO-coated glass substrate was consecutively cleaned by
sonication in detergent solution, acetone, isopropyl alcohol (IPA), ethanol and deionized
(DI) water for 5 min per step, and finally rinsed with DI water and dried with N2 flow. The
rectangular pieces (1 cm x 2 cm) of ITO glass are used as conductive and transparent
substrates for growth of a vertically aligned ZnO nanowire array through the hydrothermal
method. Firstly, zinc acetate solution with a concentration of 12 mmol/L was spun on the
top of the clean ITO glass substrate twice to form a uniform ZnO crystal seed layer with a
spin speed of 800 rpm. Then the seed layer was annealed at 450 <C for 30 min in order to
improve the crystallinity of the ZnO seed layer. Secondly, the ZnO-coated ITO substrate
was immersed into a 100 mL of growth solution, which was prepared by thoroughly mixing
of 50mmol/L of PEI (polyethyleneimine), 60mmol/L of Zn(NOs3)2 6H20 and 60 mmol/L
HMTA (hexamethylenetetramine). Thirdly, after maintaining the temperature of growth
solution at 95 <C for 20 hours, the ITO substrate was taken out from the growth solution
and rinsed with DI water every 20 min. Finally, the as-prepared ZnO nanowires grown on
the ITO substrate underwent annealing at 200 <C for 30 mins to remove the organic residue.

The length of the nanowire could be tuned by the growth duration. Figure 4.24 shows
the SEM results of the nanowires after growth for 4 hours. The length of the nanowire is

approximately 1 micron, and the diameter of the nanowire tip is around 25 nm.
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Figure 4.24 SEM images of the vertically-aligned ZnO nanowires array grown on ITO
glass substrate by hydrothermal method for 4 hours.

The length of the nanowires increases to around 5 microns when the growth duration
increases. Figure 4.25 shows the SEM result of the same sample having continuous growth
for 20 hours. The diameter and the spatial density of the nanowire array almost maintains
at the same value, which means the length of the nanowire may be significantly determined
by the growth time. Also, the shape of the ZnO nanowires exhibits hexagonal features that
implies the preferential growth direction of the nanowire is [0001] when they are

synthesized by the hydrothermal method.
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Figure 4.25 SEM images of the ZnO nanowires array on ITO glass substrate grown by
hydrothermal process for 20 hours.

4.2.2 Assembly of Hydrothermal-Growth ZnO Nanowire-Based EL
Device

An AC powder EL device was fabricated by using the ZnO nanowire array. The
nanowires are, ~5 um in length, as directly synthesized on the ITO glass substrate via the
hydrothermal growth process. Figure 4.26 shows the structure of the as-fabricated AC
powder EL device, in which a thin layer of phosphor powder, approximately 5 um in
thickness, was deposited on the top of the ZnO nanowire array by drop-coating of the
Zn2GeO4:Mn suspension. Then it was dried in air followed by annealing at 400 <C for 3
hours to improve the contact between the nanowires and phosphor powders. After that, a

thin (about 200 um) sintered BaTiOs dielectric plate (10 pF, Dielectric Laboratories SO2BT)
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was attached on the phosphor thin layer by using Methylmethacrylate (PMMA, 7 % in
Anisole, MICRO CHEM) and dried in air. Finally, a silver paste was applied on the BaTiOs3

layer and employed as the back electrode of the EL device.

Ag electrode \

BaTiO; dielectric layer ——

-

Zn,GeO,:Mn phosphor —
ZnO nanowires array—>

ITO glass substrate—

Figure 4.26 Schematic diagram of the as-fabricated AC powder EL device based on ZnO
nanowires array grown by hydrothermal growth.

4.2.3 EL Characteristics of Hydrothermal-Growth ZnO Nanowire-
Based EL Device

The electroluminescent behavior of the device was characterized when the top and
bottom electrodes were connected to an external AC power supply. Figure 4.27 shows the
photograph of the electroluminescence phenomenon in the as-fabricated device when the
operating AC peak voltage reaches 600 V. It was found that the rectangular lighting area is
in accordance to the size of the BaTiOs dielectric layer. This indicates that the external
voltage was applied across the area which is covered by the dielectric layer because of the

large dielectric constant of the BaTiOs dielectric layer.
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Figure 4.27 Photograph of the green light emission in the as-fabricated AC powder EL
device based on hydrothermal-synthesized ZnO nanowire array when the peak operating
AC voltage is 600 V.

The luminescent intensity of the as-fabricated AC powder EL device significantly
depends on the operating AC voltage. Figure 4.28 shows the luminescent intensity of the
device varies as a function of the operating voltages. The luminescent intensity is monitored
while the frequency of the input pulse-waveform AC signal maintains at 5 kHz. The green
light emitted from the EL device is found when the AC peak voltage arrives around 400 V,
and the luminance intensity exponentially increases as the applied voltages further increase

beyond this threshold voltage.
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Figure 4.28 Luminance intensity of the ZnO nanowire-based AC powder EL device as a
function of the applied voltage when the frequency of the pulse-like AC signal maintains
at 5 kHz.

Figure 4.29 shows the efficiency of the ZnO nanowire-based AC powder EL device as
a function of applied bias voltages with maintaining the frequency of the pulse-waveform

AC signal at 982 Hz. The maximum luminous efficiency (n,, ) could reach 1.31 Im/W at

an operating voltage of 550 V. These measurements were repeated three times and the
deviation of the efficiency was within 1%. The luminous efficiency is defined as the ratio
of the luminescence intensity with power consumption (see section 2.1.7), for example,

n=L/P=L/IV , where L is luminescence intensity, P is power consumption, V is applied bias

voltage, and | is current flowing through the powder EL device. Therefore, the efficiency
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largely depends on the current behavior of the device. When the applied bias voltage
increased beyond a certain limit of the voltage (550 V in this test), large current flowed in
the powder EL device, as a result, the efficiency saturated and reversed, which is

accordance to the typical phenomenon of the powder EL devices [52,205].
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Figure 4.29 Efficiency of the ZnO nanowire-based AC powder EL device as a function
of applied peak AC voltage at a frequency of 982 Hz.
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Chapter 5. CuO Nanowire-Based AC Powder EL Device

5.1 Fabrication of CuO Nanowire-Based AC Powder EL Device

For this device, a layer of vertically aligned CuO nanowires was firstly synthesized on
a thin Cu plate (purity > 99.9%) by a thermal oxidation method. Secondly, a thin layer of
the as-prepared Zn2GeO4:Mn phosphor powder was drop-coated on the CuO nanowire
layer, and subsequently annealed in air. Finally, the composite consisting of CuO nanowires
coated with the phosphor powders was sandwiched between top and bottom thin film FTO
(fluorine-doped tin oxide) electrodes grown on glass substrates, resulting in

accomplishment of the CuO nanowire-enhanced AC powder EL devices.

5.1.1 Growth of Vertically Aligned CuO Nanowire Array

A rectangular piece of copper foil (purity > 99.9 %) was cleaned by consecutive
sonication in acetone, isopropyl alcohol (IPA), and deionized (DI) water for 5 min each
case consecutively, and finally rinsed with DI water and dried with a N2 flow. Then, the
foil was immediately transferred into an open furnace. Vertically aligned CuO nanowire
arrays were prepared by heating the copper foil in air at 400 °C. Generally, heating the
copper foil at 400 °C can produce well-aligned CuO nanowires with diameters in the range
of 80—200 nm. The length of nanowires can be controlled by adjustment of the heating
time. In our case, the heating time is 3 hours. The annealing procedure was performed as
follows: the furnace temperature was raised to the desirable temperature at a rate of
10 °C/min, the sample was kept at this temperature for 3 hours, and finally the furnace was
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gradually cooled down to room temperature without opening the furnace, and then samples
were removed.

Figure 5.1 shows the scanning electron microscope (SEM) image of the as-grown CuO
nanowires. A large-scale, high-density CuO nanowire array is observed. The nanowires
have an average diameter of 50 nm and a height of about 5 pum, respectively, with a

relatively flat tip.

Figure5.1 SEM images of the as-synthesized CuO nanowires array on Cu plate by thermal
oxidation of Cu foil. (a) Laminate structures of Cu20 layer, CuO layer and CuO nanowires
from bottom to top; (b) High-magnification image of CuO nanowires. The scale bar is 1
pm.

The growth mechanism may be described as ‘grain boundary-assisted diffusion growth’
[175-185], in which two main steps are involved: (i) a Cu20 layer forms on the surface of
a Cu substrate, serving as the precursor of the CuO growth in the subsequent step; (ii) The
CuO nanowires are then formed through rapid and short-circuit diffusion of Cu ions across
grain boundaries in the former Cuz0 layer:

4Cu+ 0O, > 2Cu,0O (5-1)
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2Cu,0 + 0, —»4Cu0 (5-2)

The structure can be clearly seen from Figure 5.2b showing the three regions: Cu20,
CuO thin layers and CuO nanowire array. The order of copper oxide layers on the Cu
substrate can also be explained by the diffusion mechanism in which Cu20 with higher Cu
concentration than the CuO layer is adjacent to the pure Cu substrate. To clarify the spatial
distribution of this laminate structure that forms, scanning electron microscope (SEM)
combined with energy-dispersive X-ray spectrometer (EDS) analyses were carried out,
showing the concentration change of Cu and O elements in the ordered layers (see Figure

5.2), which confirms that the laminated structure is formed during the growth of CuO

nanowires.
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Figure 5.2 Linear scanning result of EDS. (a) Cross-section SEM image showing the
laminate structure of copper oxides formed during thermal oxidation process. They include:
CuO nanowires layer, CuO thin layer, and Cu20 thin layer according to the scanning
direction of the arrow. (b) The change of the relative atomic percentage ratio between Cu
and O elements following the scanning distance.
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In addition, transmission electron microscope (TEM) combined with EDS analysis was
used to further investigate the microstructure and crystallography of the grown nanowires
(Figure 5.3). The results show that an as-synthesized nanowire has a monoclinic single-

crystal structure and that it is pure: only Cu and O elements were detected.

Figure 5.3 TEM and EDS characterizations of a single as-prepared CuO nanowire. (a)
TEM image showing that the CuO nanowire has a diameter of about 60 nm, and (b) High-
resolution TEM (HRTEM) image of the nanowire exhibiting the lattice fringe; (c) The
corresponding selected-area electron diffraction pattern of the single-crystalline CuO
nanowire in (a). The EDS results from a single CuO nanowire in (d) showing that the
components within the nanowire is copper in (e) and oxygen in (f).
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5.1.2 Assembly of CuO Nanowire-Based AC Powder EL Devices

The emission layer of the EL device was prepared by drop-casting of Zn2GeOa4:Mn
phosphor powder onto the as-synthesized CuO nanowire array. In particular, the coating
solution was made by mixing 0.3 g of Zn2GeO4:Mn phosphor powder in 30 ml of
isopropanol suspension. Then, the mixed suspension was ultra-sonicated for 30 min and
stirred for 30 min. Second, the black CuO nanowire sample was placed on a hotplate while
maintaining the temperature at 60 °C, and ~ 5 droplets of the mixed suspension were cast
on the surface of the CuO nanowire sample. After drying with heat, subsequent identical
coating cycles were performed. A uniform coating of Zn2GeO4:Mn phosphor with an
average thickness of 5 um was formed after repeating the coating cycle 6 times. The color
of the sample turned to completely white after drying by heat. Finally, the composite
sample was transferred to a furnace and annealed at 400 °C in air for 3 hours in order to
acquire the reliably strengthened junctions between the CuO nanowires and the
Zn2GeO4:Mn phosphor particles (see Figure 5.4).

A PMMA binder layer was coated on the annealed CuO nanowire-Zn2GeOs:Mn
phosphor composite by spin coating at a spin rate of 500 rpm for 60 s, and repeating three
times. Then, the sample was baked at 100 °C for 2 min, and a fairly stable composite was
achieved. After that, the backside of the copper substrate was removed using diluted HF
solution. After drying, a PMMA thin layer, ~ 10 um, was coated on a piece of FTO-coated
glass using rod-coating of ~3 ul of PMMA solution (PMMA, 7 % in Anisole, MICRO
CHEM). The composite sample was then attached on a piece of FTO-coated glass, with the

FTO thin film towards the PMMA layer. After curing in room temperature (25 °C) for 8
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hours, the composite was tightly adhered to the FTO glass. Finally, the backside of the
copper substrate with an exposed fresh copper surface was connected to the other piece of

FTO glass using nickel (Ni) paste.

Thermal Drop

4

(@)
i (I EU L Coating A
- - - S

Figure 5.4 Growth of CuO nanowires by the thermal oxidation of the Cu substrate
followed by the formation of CuO nanowire-phosphor heterogeneous junction structure via
drop coating method. (a) Flow-chart of the nanowire array grown on Cu substrate, while
the corresponding photographs below showing the color change during each step; (b) cross-
section SEM image of the vertically aligned CuO nanowires grown on Cu substrate,
exhibiting three orderly hierarchic structures including Cu20 layer, CuO layer and CuO
nanowires array from bottom to top; (c) cross-section SEM image showing the
heterogeneous junction structure between CuO nanowire and phosphor particles after drop
coating followed by annealing at 400 <C for 3 hours.

Figure 5.5a shows a schematic structure of the CuO nanowire-based AC powder EL

device by using the aforementioned fabrication method. The image in Figure 5.5b shows
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the device with bright green emission with a pulse-waveform AC voltage applied to the

nanowire-phosphor structure. The peak-to-peak of the applied voltage is 650 V, and

frequency is fixed at 5 kHz.
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Figure 5.5 (a) Schematic image showing the device structure. (b) Photographs of the
fabricated device in the Off state (left) and On state (right). The scale bar is 1 cm.

5.2 Formation of Heterogeneous Junction Structure between CuO
Nanowire and Phosphor Particles
Similar to the ZnO nanowire-based AC powder EL devices, the heterogeneous junction
between Zn.GeO4:Mn phosphor particles and vertical CuO nanowire array plays a critical
role in producing EL. The junction was formed by a self-assembly process, in which the
phosphor particles were drop coated on the nanowire array to form an even particle coating
layer with a thickness of about 5 um, followed by annealing in air at 400 °C. These

heterogeneous junctions are revealed by peeling off the phosphor coating layer from the
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nanowire arrays carefully as clearly shown in Figure 5.6. Further investigation is needed to

clarify details of the junction such as evidence for diffusion and interface formation.

Phosphor layer

Figure 5.6 The heterogeneous junction structures between CuO nanowire array and
Zn2GeO4:Mn phosphor powder layer. (a) A curved phosphor layer was partially peeled off
from the CuO nanowire arrays underneath; (b) A magnified image exhibiting the particles
in phosphor layer and tips of the nanowires; (c) Zoom-in image of the backside of the
curved phosphor particle layer clearly shows that the broken tips of CuO nanowires are
thermally bonded with the phosphor layer, verifying the reliability of the nanowire-
phosphor junctions structures.

In addition, TEM analysis was performed to characterize the heterogeneous junction
structures between the CuO nanowire and Zn2GeO4:Mn phosphor particle in more detail.

As shown in Figure 5.7a and 5.7b, a junction structure is formed between a single CuO
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nanowire and a Zn2GeO4:Mn phosphor grain. High-resolution TEM (HRTEM) images of
the heterojunction structure revealing the detailed crystal structures are shown in Figure
5.7c and 5.7d. The growth direction of the CuO nanowire was along the [100] crystal
orientation, which is a typical growth direction for CuO nanowire synthesized by thermal
oxidation method. The Zn2GeO4:Mn phosphor grain was found to grow along the [001]
direction. It is evident that the heterogeneous junction region is free of, for example, an
amorphous sheath layer. Also, it was found that a lattice distortion exists within the junction
region (see Figure 5.7d). This small lattice mismatch is usually considered to be the main
driving force that minimizes the interfacial strain energy. Figure 5.7e and 5.7f show the
corresponding fast-Fourier transform (FFT) patterns of the CuO nanowire and

Zn2GeO4:Mn phosphor grain obtained from Figure 5.7d, respectively.
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Figure 5.7 TEM image of the heterogeneous junction structure between CuO nanowire
and Zn2GeO4:Mn phosphor particle. (a) and (b) Low-magnification TEM image of the
heterojunction structure. (c) and (d) HRTEM image of the heterojunction structure. (e) and
() FFT patterns of the CuO nanowire and Zn.GeO4:Mn phosphor single crystals
respectively, obtained from the HRTEM image in part (d).

The stability of the heterogeneous junction structures could be significantly improve by
post-annealing process, in which the contacts between the CuO nanowires and their
phosphor coating layer becomes more compact and more reliable. Consequently, the
purpose of annealing after the drop coating is to facilitate the diffusion of Cu ions from the
CuO nanowire tips to the phosphor particle in contact with the phosphor grain. Thus, stable
and reliable junctions are formed such that effective carrier injection from the nanowire

into the phosphor particle is achieved and carrier injection is increased significantly. It is
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also expected that due to the small radius of curvature of the nanowire tips, the copper ions
will dominate the diffusion process rather than diffusion of the phosphor atoms. As shown
in Figure 5.8, the threshold voltage of the EL device is much lower than that without

annealing.

—&— sample with annealing
64 —®— sample without annealing

Frequency = 1 kHz

Luminance (cd/m?)

250 ' 300 ' 350 ' 400 - 450 ' 500 ' 550 ' 600 . 650
Applied Voltage (V)

Figure 5.8 Comparison of brightness as a function of applied voltages between the EL
devices with and without annealing treatment. The frequency of the applied pulse-
waveform AC voltage is fixed at 1 kHz for both EL device samples.
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5.3 Finite Element Modelling of CuO Nanowire-Based AC Powder EL
Devices

The finite element modelling result of CuO nanowire-based AC powder EL device is
illustrated in Figure 5.9, which contains a single CuO nanowire with diameter of 50 nm and

height of 2 um, and a phosphor particle with a thickness of 5 um and width of 3.5 um.

Bias Voltage =200V

T T
g :

g

¥ 3.5 um 1

Figure 5.9 Schematic diagram of the electric-field simulation models of the designed
nanowire-based AC powder EL device using Agros 2D 3.2. The simulated region is 3.5 pm
x 7 um in size, upon application of bias voltage of 200 V. The nanowire has the diameter
of 50 nm and height of 2 um, and the phosphor particle is 3.5 um x 5 um in size.
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By using this model, the field enhancement effect within a CuO nanowire was revealed
by two-dimensional static electric field simulations (Agros 2D 3.2), as shown in Figure 5.9.
The result apparently indicates that the electric field intensity localized around the junction
tip of the nanowire is significantly larger than the other locations within the phosphor
particles. In this case, the applied voltage is 200 V between the tip and bottom electrodes,
and as a result, the local electric field can be increased from 2.4 x 10° V/m to about 5.0 x

108 VV/m, an almost 250-fold enhancement.

| Electric Field (V/m)
1.4x10°

Zn2GeOs:Mn phosphor

Distance (um)

CuO nanowire

2.4x10°

0 X

Figure 5.10 Demonstration of electric-field enhancement effect of CuO nanowire-
Zn2GeO4:Mn phosphor heterogeneous junction. Spatial distribution of the simulated
electric field magnitude for Zn.GeOs:Mn phosphor particle located onto a single CuO
nanowire. An enlarged image of the marked rectangular region is shown in the upper-right
inset.
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5.4 EL Characteristics of The CuO Nanowire-Based AC Powder EL
Devices

Figure 5.10 shows the EL characteristics of the nanowire-based AC powder EL device.
The EL device was powered with a pulsed (pulse width of ~250 us) AC voltage between
the two FTO transparent electrodes. The El emission spectrum was centered at 535 nm with
FWHM (full width at half maximum) of 70 nm, as presented in Figure 5.10a, while the
inset image of Figure 5.10a shows the Commission International de L'Eclairage (CIE) color
coordinate of the emitted light from the top window of the EL device. It is known that the
charge carriers are accelerated to high energy under electric field excitation. These hot
carriers are injected into Mn?*-doped Zn2GeOs phosphor particles and cause excitation or
impact ionization of the luminescent center (Mn?* ion) in the phosphor, resulting in green
light emission during the radiative relaxation of the luminescent center. The luminance
intensity versus the applied AC voltage under different frequencies is depicted in Figure
5.10b. The device initiated light emission at the peak voltage of around 350 V, after which
the luminance intensity increases quickly as the applied voltage further increases. The
observed dependence of the luminescent intensity on the applied bias voltage can be

evaluated by the following equation [206]:

L =Loexp(=p/V) (5-3)

where L is the luminance, V is the applied voltage, and L, and  are the constants
determined by the devices. After increasing to a certain voltage value, the probability that
electrons are accelerated to a given energy and subsequently excite (or ionize) the
luminescent centers will increase rapidly, corresponding to the rapid increase in the
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luminance. The fitting curve in Figure 5.10b indicates that the experimental result agrees
well with equation 5-3 as bias voltage increases. The luminance-voltage relationship
presented here is different from the ZnS:Cu powder EL devices reported by other groups.
In their work, the relation between the EL emission intensity and the applied bias voltage
follows the equation: L =L, exp (—B/V¥?) [3,7]. In ZnS:Cu powder EL devices, the
directions of the Cu2xS precipitates are random with respect to the direction of applied
electric field. In addition, the aspect ratio of the Cu2xS precipitate, which is defined as
R,=L/D where L is the length and D is the diameter of the precipitate, is highly variable
from grain to grain in ZnS powder. However, the CuO nanowire array synthesized in our
work is substantially aligned with respect to the direction of the applied electric field, and
most of the nanowires have a similar aspect ratio. This explains the simple exponential
relationship in our case. The AC powder EL device demonstrated in this work relies on
capacitance to couple to the external voltage and the emission intensity is determined by
the applied voltage rather than a current in the case of p-n junction LEDs devices. On the
other hand, when the applied frequency increases, the number of acceleration events per
second increases correspondingly and as a result, the observed luminance increases
approximately linearly with frequency. The relation between the applied frequency and EL
intensity is presented in Figure 5.10c, at a fixed the bias voltage of 420 V. In our
measurements, the increase in luminance did not shown any sign of saturation with the
increase in voltage or frequency within the measurement range. The EL device using oxide-
phosphor powders shows excellent stability, as shown in Figure 5.10d. There is under 1 %

loss of luminescent intensity after 15 days (equal to 360 hours) when a luminance of
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approximate 10.6 cd/m? is maintained. This remarkable stability relies on the good

chemical stability of oxide phosphor powders and effective chemically bonded

heterogeneous junctions between the phosphor particles

Figure 5.7).
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Figure 5.11 EL characteristics of CuO nanowire-based AC powder EL devices. (a)
Electroluminescent spectrum of the CuO nanowire-based EL device. The inset is the color
space chromaticity diagram showing CIE coordinate of light emission from the EL device.
(b) Luminance of the CuO nanowire-based EL device under various frequencies and the
fitting of luminance as a function of applied voltage under various frequencies. (c)
Luminescence intensity response as a function of frequency at applied voltage of 420 V.
(d) Emission intensity-operation time plot of the CuO nanowire-based EL device. The inset
diagram shows the detailed luminance versus operating time characteristics.
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The luminous efficiency of the CuO nanowire-based AC powder EL device as a function
of applied AC voltage is shown in Figure 5.12. A pulse-waveform AC signal while
maintaining a frequency of 1 kHz was used as the electric-field drive source. The maximum

luminous efficiency reaches to approximately 1.53 Im/W.
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Figure 5. 12 Luminous efficiency of the CuO nanowire-based AC powder EL device as
a function of applied pulse-waveform AC voltage at a frequency of 1 kHz.

The field enhancement effect produced by a CuO nanowire could be illustrated using
the band diagram in Figure 5.13. Under the consideration of the Fermi level of a CuO
nanowire and the band bending by the local electric field enhancement, the tunneling

barrier thickness becomes thin enough to inject electrons from the conduction band of the
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CuO nanowire to the conduction band of the phosphor. Then the injected electrons are
accelerated by the high electric field and excite the Mn?* luminescent centers by an impact
excitation effect. EL emission occurs when the excited luminescent centers undergo
radiative transitions to their ground states. Therefore, the role of CuO nanowires could be
understood as i) making the high concentration of carriers from the CuO available for
injection; ii) by offering junction pathways between nanowire and phosphor particle, and
iii) simultaneously providing significant local field enhancement enabling electron
injection to the luminescent centers of phosphor. The combination of nanowire density and
field enhancement therefore leads to more impact excitation between the luminescent
centers and electrons at a relatively low bias voltage. Thanks to the vertically aligned CuO
nanowire architecture, EL emission from the Zn2GeO4:Mn phosphor in achieved under an
unprecedentedly low bias voltage and frequency for the first time. No EL emission is
observed from the AC powder EL device if the CuO nanowire array is omitted in our device

structure.
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Figure 5.13 Band structure diagram showing the EL emission mechanism caused by
impact-excitation of Mn?* ion in Zn2GeO4:Mn phosphor, enhanced by CuO nanowire.

It is worth noting that powder EL devices generally require a high dielectric constant
layer such as a polymer-barium titanate composite (&. >1000) in order to prevent
catastrophic breakdown of the phosphor. A notable aspect of the CuO nanowire-based EL
device design is that it does not require a layer with high dielectric constant to prevent
catastrophic breakdown of the phosphor. This is because the field enhancement leading to
avalanche breakdown is highly localized at around of the nanowire tip and the thick-powder
phosphor layer acts as its own dielectric layer, which can therefore render charge regulation

and prevent catastrophic breakdown.
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Chapter 6. Conclusion

New types of AC powder EL devices have been achieved by constructing reliable
heterogeneous junction architectures between semiconductor nanowires and phosphor
powder. The high aspect ratio of the nanowires can enhance the local electric field which
results in electroluminescence of the oxide phosphor in the EL devices due to field injection
at the nanowire tips.

n-type ZnO nanowires were used for electric field enhancement. A sintered
Zn2GeO4:Mn polycrystalline substrate was prepared and the densification process was
studied. Then a vertically-aligned ZnO nanowire array was grown on the Zn2GeOs:Mn
polycrystalline substrate via a CVD method. The growth behavior of the nanowire array
follows the VLS mechanism, in which the spatial density and size of the nanowires
significantly depend on the density and size of the Au catalyst nanoparticles on the
Zn2GeO4:Mn polycrystalline substrate. In addition, it was also proved that the spatial
density of the nanowire array can be tailored by tuning the distance between the
Zn2GeO4:Mn substrate and the CVD source powder during the CVD growth process. At
the same time, the result in this work shows that the morphology of the CVVD-growth ZnO
nanowires is also influenced by the oxygen gas flow, the gold catalyst layer, and the source
powder material during the growth process. The density-controlled growth of the ZnO
nanowire array on the Zn.GeOas:Mn polycrystalline substrate is realized in this work and
the simulation results support that the enhancement effect of local electrical-field varies
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with the spatial density of the nanowire array. Finally, this nanowire-phosphor composite
was used to fabricate the top-emission AC powder EL device. A bright light emission was
found in this EL device when the applied voltage using an ITO-glass top electrode was
beyond a threshold value of ~ 560 V, however, the final EL device with an integrated top
electrode has not completed yet due to the technique limit on preparation of this top
electrode.

On the other hand, a vertically-aligned ZnO nanowire array was synthesized on ITO-
coated glass substrate by the aqueous hydrothermal method. The length of the nanowire
can be adjusted from 1 um to around 5 um by increasing the growth duration from 4 hours
to 20 hours. The heterogeneous junction structures between the ZnO nanowire array and
Zn2GeO4:Mn phosphor powder were formed by drop casting of the phosphor suspension
on the nanowire array followed by an annealing process. Based on the reliable
heterogeneous junction structure, a bottom-emission AC powder EL device was fabricated
successfully. The EL performance shows that the luminescence intensity of the ZnO
nanowire-based EL device exponentially raises with increasing applied voltage when the
voltage exceeds a threshold voltage of ~ 400 V. In addition, the luminescence efficiency of
the device reaches 1.31 Im/W when the applied peak voltage was 550 V.

In contrast, vertically-aligned p-type CuO nanowire array grown on a Cu substrate were
synthesized by a thermal oxidation method. The synthesis process was accomplished by
maintaining the growth temperature at 400 <C for 3 hours. By drop-casting of Zn2GeOs:Mn
phosphor suspension on the top of the CuO nanowire array and subsequent post-annealing,

a stable heterogeneous junction structure formed and was employed as an electric field-
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enhancement architecture in fabrication of highly stable AC powder EL devices. The CuO
nanowire-based AC powder EL device shows a good brightness maintenance with a loss
of luminescent intensity under 1 % at over 10 cd/m? luminance over 360 hours of operation.
In addition, a highest luminance intensity (~ 35 cd/cm?) was achieved for the first time in
an AC powder EL device based on Zn2GeO4:Mn phosphor.

In summary, the remarkable stability of the oxide-phosphor EL device and the
simplicity of the device fabrication provide the prospect to eliminate the inherent
degradation problem in traditional sulfide-based AC powder EL devices. In addition,
because the growths of ZnO and CuO nanowire arrays are not limited by the morphology
and size of the substrate, the proposed approach will further extend to fabricate large-scale
EL devices for industrial applications. Our results offer a novel design strategy for both
AC-driven lighting and displays. Meanwhile, further development of device performance
can be expected by optimizing the phosphor layer thickness, junction structure, or
incorporating other oxide phosphors. Other oxide-based phosphor powders could be used
to produce emission in red and blue colors, which could provide the other two primary
colors for full-color display applications. In addition, the nanowire-based EL device can
also be patterned by further developing the drop coating method. For example, suitable
masking and patterning methods and/or screen printing methods could pattern the powder

phosphors onto the nanowire array at low cost.
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Chapter 7. Future Work

Our work has clearly demonstrated that the performance of AC powder EL device can
be largely improved by taking advantage of field-enhancement effect of semiconductor
nanowire architecture in the structure of traditional AC powder EL device. Therefore,
formation of reliable heterogeneous junction structure between the nanowire and phosphor
powder is essential to achieve a high-performance AC powder EL device. However, the
formation mechanism of the heterogeneous junction structure has not clearly yet and it is
highly desirable to be further investigated in the future. Meanwhile, luminescent efficiency
of the CuO nanowire-based AC powder EL device has not been measured, thus, the
luminescent efficiency of the device will be measured in the near future. In addition, the
novel structures of the nanowire-based AC powder EL devices presented in this research
have great potential to be exploited and expended by using other colorful phosphor powders
so that full-color EL display devices could be expected.

On the other hand, flexible AC powder EL devices with low processing costs and
mechanical flexibility become more and more popular in many applications such as liquid-
crystal display, curved back-lighting, and large-scale architectural lighting. In the future, a
flexible CuO nanowire-based AC powder EL device might be created by following the
technique proposed below.

As shown in Figure 7.1, a CuO nanowire array is directly grown on a thin and flexible
Cu foil substrate by a thermal oxidation method. A thin layer consisting of phosphor
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powders is coated on the top of CuO nanowires array by a sedimentation method because
the Cu thin foil may be bent after thermal oxidation. As a result, the heterogeneous contact
structures between the nanowire and phosphor microparticles may be formed. The stability
of the heterogeneous contact can be significantly enhanced by annealing the nanowire-
phosphor composite at an appropriate temperature. Then the surface of the phosphor may
be spin-coated with a thin layer of flexible epoxy or polydimethylsiloxane (PDMS). This
polymer thin layer has two functions: 1) to protect the phosphor particles; 2) function as an
adhesive to bond the nanowire/phosphor composite to a transparent electrode. Due to the
requirement of flexibility in this proposed prototype device, a potential approach could be
adopted to fabricate a front transparent and flexible electrode on the composite: 1) to rod-
coat or spin-coat Ag nanowires solution onto the surface of the thin polymer layer (either
flexible epoxy or PDMS) followed by annealing at a proper temperature; 2) to attach the
nanowire/phosphor composite with the polymer cover onto a piece of ITO-PET film.
Finally, a bottom electrode could be made by applying some silver paste to the backside of
the Cu thin film. As a result, light emission may occur when both the front and bottom

electrodes are connected to external AC applied bias voltage.

119



Ph.D. Thesis—S. Ma  McMaster University — Materials Science & Engineering

O "

v

I Silver Paste | Cu Foil ' Epoxy or PDMS
" Phosphor ~ ITO/PET

Figure 7.1 Schematic structures of the proposed flexible AC powder EL device based on
CuO nanowires.
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