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Electrophoretic deposition (EPD) is a method to deposit particles dispersed in a liquid
onto a substrate under the force of an applied electric field, and has been applied for depositing
phosphors for application in solid state lighting. The objective is to deposit phosphors in a
“remote phosphor” configuration for a UV-LED-based light source for improved white light
extraction efficiency. It is demonstrated that EPD can be used to deposit red-, green-, blue-,
yellow- and orange-emitting phosphors to generate white light using a near UV-emitting LED by
either depositing a phosphor blend or sequentially individual phosphor compositions. The

phosphor coverage was excellent, demonstrating that EPD is a viable method to produce
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phosphor layers for the “remote phosphor” white light design. The deposition rates of the
individual phosphor films were ~1-5 um/min. The blend depositions composed of both three and
four phosphor compositions emit white light located on or near the black body locus on the CIE
chromaticity diagram. Phosphor films were also prepared by sequential deposition of red/orange
and green/blue compositions, to generate white light. The layered films were flipped over and
illuminated in this orientation, which showed approximately the same luminescence
characteristics. No change in the reabsorption ratio of green/blue emission by the red/orange
phosphor was found regardless of the deposited order of the layered films. These applications of
EPD of phosphor for white solid state lighting are promising and effective due to easy tuning of
emissive color by varying the phosphor blend compositions.

Although nanoparticles of a variety of materials have been coated by EPD, there have
been few direct comparisons of EPD of nano- and micron-sized particles of the same material.
Another field of the study was to compare EPD of nano-, nano core/SiO, shell and micron-sized
(Bag.g7EUq 03)»Si04 phosphor particles for application in a near-UV LED-based light source. EPD
from an amyl alcohol bath was able to produce uniform films for all particle sizes, whereas
uniform films were produced only of micron-sized particles in an isopropyl alcohol bath. A new
equation was developed for predicting the deposited mass, considering the change in
concentration of particles in the bath from both settling and deposition, showed good agreement

with the experimental values.
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Chapter 1. Introduction

It is estimated that lighting accounts for 22% of the total US electrical energy use and 7%
of the global primary energy expenditure. From the latest available data from the U. S.
Department of Energy (DOE), it showed that more than 70 % of electricity used for total lighting
is for commercial and residential lighting with 85 % of residential lighting using incandescent
lights and fluorescent lamps, as shown in Figure 1.1. [1]. Since most of the energy used for the
incandescent lamp is wasted as infrared radiation and mercury in the fluorescent lamps can cause
environmental problems, there have been long efforts to improve the efficacy of the technology,
as well as developing a more energy efficient light and environmental source to replace
incandescent and fluorescent lighting [2].

The beginning of modern lighting technology is generally attributed to the invention of
the incandescent lamp by Sir Thomas Edison in 1878 [3]. The color of light produced by a heated
metal filament in an incandescent lamp appears close to that of the sun, to which the human eye
has been adapted [4]. Objects illuminated under an incandescent light would appear to have a
natural color. To determine the “quality” of a light source, one parameter called the color
rendering index (CRI) is often used. This index, with a scale of 0 to 100, measures the ability of
the light source to accurately display the color of an object compared to a standard illuminant [4].
The incandescent light has a high CRI of about 100, while low pressure sodium lamps have CRI
of about 18 [4]. However, about 95% of the electricity used by a typical incandescent light bulb is
wasted as heat and infrared radiation, which results in a low luminous efficiency of ~12 lumens
per watt (Im/W) [4]. With a tungsten-halogen cycle, halogen incandescent lamps have longer
filament lifetimes as the filament evaporation rate is reduced. This also allows the halogen lamps
to be at full brightness for longer time and have a comparable CRI relative to the traditional

incandescent lamps, resulting in more than twice the efficiency (~30 Im/W) [4]. Unlike



incandescent lamps that generate light via black body radiation of a solid metal at high
temperature, gas discharge lamps operate by exciting the inert gas molecules and metal vapor
enclosed within the lamp. Fluorescent lamps, low-pressure sodium, mercury, or high pressure
metal-halide lamps are all examples of gas discharge lamps with increased efficacy, ~40 Im/W
and above, compared to incandescent lamps [4]. These lamps are filled with inert gases and metal
vapors, which are excited by electrons emitted by a cathode. Upon returning to the ground state,
the excited gas atoms or plasma will emit light that correlate to their discrete excitation energy.
This results in separated spectral lines instead of a continuous spectrum like an incandescent lamp.
Without a continuous spectrum, gas discharge lamps typically render colors more poorly than
incandescent lamps, with a CRI value between 0 and 86 [4]. For example, low pressure sodium
lamps have resonance emission lines of sodium around 590 nm, a yellow color. Therefore, the
true color of objects cannot be determined under the monochromatic light. Nevertheless, contrast
and movement can be perceived faster than with other white light sources. Coupled with its high
efficacy (>100 Im/W), low pressure sodium lamps are now mainly used for outdoor and street
lighting. The fluorescent lamp is a low pressure mercury discharge lamp, in which the resonance
lines are in the UV range (185.0 nm and 253.7 nm). To achieve emission in the visible spectrum,
a three-band phosphor is used as a coating, which can be excited to the approximate color
rendering to that of the “white light” from incandescent lamps. In high pressure or high intensity
discharge (HID) lamps, the spectral lines are generally broader and improve color rendering. The
incorporation of various metal-halide salts can further improve the luminous efficacy and color

rendering, similar to phosphors that are used for fluorescent lamps [4].
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Recently, light emitting diodes (LEDs) have been receiving much attention due to their
application as a general illumination light source [5]. Based on wide band gap semiconductors,
the active layer of an LED will release photons corresponding to the band gap energy of the
semiconductor upon proper excitation. Emissions lines from LEDs are also narrow and discrete,
like the emission from gas atoms in a fluorescent lamp. Research on white LEDs is advancing in
many respects. For the purpose of general illumination, factors such as reliability, efficiency,
color temperature and color rendering are all important considerations for LEDs. Current research
is very active on new designs for the LED structure and packaging to improve the light extraction
efficiency and reliability of the device, as well as on novel phosphor materials for use in LEDs to
improve color rendering. As efficiencies of LEDs continue to improve, the possible applications
for LEDs also extend from the traditional small scale indicator lighting and traffic lights, to using
white LEDs for automotive headlights, and even general illumination for homes, offices and
industries [5, 6].

The goal of this research is to deposit phosphors in a “remote phosphor” configuration for
a UV-LED-based light source for improved white light extraction efficiency. Electrophoretic
deposition method was used to deposit red-, green-, blue-, yellow- and orange-emitting phosphors
to generate white light using a near UV-emitting LED by either depositing a phosphor blend or
sequentially individual phosphor compositions. Also, EPD of nano- and micron-sized particles of
the same material was compared since there have been few direct comparisons between them.
EPD of nano-, nano core/SiO, shell and micron-sized (Bag¢7EU0.03)2SiO4 phosphor particles was
evaluated for application in a near-UV LED-based light source. A new equation was developed
for predicting the deposited mass, considering the change in concentration of particles in the bath
from both settling and deposition

The dissertation is organized as follows: Chapter 2 gives a background on solid state

lighting and reviews on the lighting terminology and advantages of near UV LED to generate



white light. Chapter 3 contains an overview of electrophoretic deposition, parameters influencing
the process and kinetics and equations of electrophoretic deposition. Chapter 4 details the
experimental to prepare phosphor powders with various synthetic methods and the set-up for EPD.
Chapter 5 details the morphology and particle size dependent properties of Y,Os:Eu** and
LaPO,:Ce* phosphors prepared by various synthetic methods. Chapter 6 discusses the EPD of
phosphors for display and solid state lighting technologies. Chapter 7 details the electrophoretic
deposition of phosphors for white solid state lighting using near UV-emitting LEDs. Chapter 8
compares the electrophoretic deposition of nano- and micron-sized Ba,SiO.:Eu®* phosphor
particles. Chapters 5, 6, 7, and 8 contain material that has already been published or submitted for

publication. Conclusions and recommendations for future work are presented in Chapter 9.
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Chapter 2. Background and motivation

2.1. Solid state lighting

Since the first demonstration of a practical visible spectrum LED almost 50 years ago by
Holonyak and Bevacqua [1], LED technology has been used in simple displays and indicator
lamps producing red and green emissions, but also blue and, most important, white. This was
possible by the development of the InGaN material system, which was made possible after major
breakthroughs in materials technology by Amano in the late 1980s [2]. In 1993, Shuji Nakmura at
Nichia Chemical developed the first commercial blue LEDs and white-emitting solid state
lighting (SSL) products in combination with a well-known yellow-emitting phosphor YAG:Ce
[3]. The LED color ranges depending on the composition of semiconductor as shown in Figure
2.1.[3].

With the potential for much longer lifetimes and lower energy consumption as compared
to current lighting technologies, the use of LEDs, has become a promising technology in the
lighting industry. U.S. consumers could save ~$42 billion by the year 2025 if new technologies
can be adapted that improve energy efficiency by 50% (relative to the 5% efficiency of the
incandescent light bulb). This also translates to saving 70 gigawatts of power, which is equivalent
to the power generated by 70 one-GW nuclear power plants [4]. A report issued by DOE lists
major categories of lighting (incandescent, halogen, fluorescent lights, high intensity discharge
lamps (HID)), demonstrated that white-emitting LEDs surpasses the conventional lighting
technologies (including incandescent and fluorescent light sources) in energy efficiency, lifetime,

and environmental issues as shown in Table 2.1. [5].
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Table 2.1. Comparison of energy efficiency, luminous efficacy (lumen/watt), lifetime, heat and presence of
mercury of commonly available light sources [5].

Compact hligiy
Incandescent  Halogen P intensity
fluorescent .
discharge

Energy . . .
efficiency Very low Low High High Very High
Luminous
efficacy 14 24 60-100 65-110 80-140
(Lumen/Watt)
Lifetime 1000 2000-3000  6000-10000 20000 50000
(hours)
Heat Yes++ Yes++ Yes Yes No
Mercury No No Yes Yes No
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There are two SSL designs that utilize phosphors for white light generation, a blue
emitting InGaN chip with yellow emitting phosphor or a near-UV chip with tri- or quadru-blend
phosphors. However, blue-emitting LEDs have significant binning problems (lamp to lamp
variation for the LED package) and light output increases linearly with increasing driving current,
which causes a change in white emission quality. Additionally, the most critical problem for
using blue emitting LEDs is the significant current droop at high current, which decreases the
internal quantum efficiency (IQE).

During the last few years, hybrid SSL sources using LED dies capable of emitting in the
blue (450 nm) or ultraviolet (380-400 nm) region have provided a promising, alternative way of
generating white light for general lighting application. Several lighting companies have chosen
this approach in preference to color blending with red, green and blue LEDs. In order to build
white light sources that excel fluorescent lighting in energy performance and color quality,
revolutionary improvements are necessary both in the performance of LED dies to convert
electrical energy to visible energy and of phosphors to generate efficaciously visible light with the
flexibility to blend these phosphors to generate light sources with the desired efficacy, color
rendering index (CRI) and correlated color temperature (CCT).

The basic construction of an LED is a semiconductor p-n junction as shown in Figure 2.2.
[6]. The n-type layer uses electron as the majority charge carrier, whereas the p-type layer uses
holes as the majority charge carrier. The anode of the LED is connected to a positive terminal and
the cathode is connected to a negative terminal, like a conventional diode under forward bias [7].
As a result, electrons in the n-type layer will be repelled toward the depletion zone of the p-n
junction, and tunnel through to the p-type layer. Similarly, holes in the p-type layer will be
repelled toward the depletion zone and tunnel through to the n-type layer. Then, the movement of
these charge carriers under forward bias in the p-n junction produces current flow and voltage

drop, providing the necessary power to operate an LED. Typical operating range for an LED is
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around 10 — 30 mA and 1.5 — 3V [8]. As the electrons cross the p-n junction and recombine with
holes in the p-type layer, they fall into a lower energy state and releases photons, or light,
corresponding to the band gap between the p-type and n-type semiconductor.

The white-emitting LED product, which includes the LED chip, phosphors and the
reflector cup for the improvement of efficiency and electrical contacts, is typically encased in an
epoxy resin designed for the specific application as shown in Figure 2.3. (a). The chip is soldered
to a lead wire serving as the cathode at the bottom of a reflector cup, and the top metal contact is
connected to another lead wire serving as the anode. The placement and arrangement of
phosphors are crucial for the efficiency of white-emitting LEDs. Phosphor arrangements in white-
emitting LEDs are illustrated in Figure 2.3. (b) and (c). Figure 2.3. (b) shows a uniform
distribution of phosphor within the reflector cup. The uniform distribution of phosphor limits the
efficiency since a large portion of light emitted by the phosphors directly impinges on the LED
chip where it can be re-absorbed. If the phosphor is placed at a sufficiently large distance from
the LED chip (remote phosphor configuration as shown in Figure 2.3. (c)), the probability of a
light ray emanating from the phosphor and directly hitting the low reflectivity LED chip is small,
improving the light extraction efficiency. Another advantage of this remote phosphor
configuration is that it can reduce the operating temperature of the phosphor. The quantum
efficiency of the phosphor tends to decrease with increasing operating temperature. Figure 2.3. (d)

shows a commercial blue LED configuration.
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Uniform phosphor distribution directly in reflector cup. (c) Remote phosphor distribution in the package. (d)
Commercial blue LED configuration [9].
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2.2. White light generation
2.2.1. Basic photometric quantities.

Luminous flux (Im): The luminous flux is the photometric equivalent of the radiant flux in

radiometry. It describes the total “light energy” emitted by a light source per unit time as
perceived by the human eye. The units for the luminous flux are lumen (Im).

Luminous efficacy (Im/W): The luminous efficacy of radiation describes how well a given

guantity of electromagnetic radiation from a source produces visible light: the ratio of luminous
flux (Im) to radiant flux (W) and is also determined by the eye sensitivity over the spectral
distribution of light having units of Im/W [10]. This indicates the overall luminous efficacy of a
source is the product of how well it converts energy to electromagnetic radiation, and how well
the emitted radiation is detected by the human eye.

Luminous efficiency (%): the luminous flux has the same units as radiant flux. The

luminous efficacy of radiation is then dimensionless. In this case, it is often instead called
luminous efficiency, and may be expressed as a percentage. A common choice is to choose units
such that the maximum possible efficacy corresponds to an efficiency of 100%. The distinction
between efficacy and efficiency is not always carefully maintained in published sources, so it is
not uncommon to see "efficiencies" expressed in lumens per watt, or "efficacies" expressed as a
percentage [10].

Color rendering index: The color rendering index (CRI) is a quantitative measure of the

ability of a light source to reproduce the colors of various objects in comparison with an ideal or
natural light source and has been in wide use in the lighting industry for many years. To get the
guantitative value, R; is defined as the special color rendering index for each color sample and can

be calculated using


http://en.wikipedia.org/wiki/Luminous_flux
http://en.wikipedia.org/wiki/Luminous_flux
http://en.wikipedia.org/wiki/Radiant_flux
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R =100—4.6AE, (1)

The R; value is an indication of color rendering index for each particular color and E;
value is the color difference between these color samples and fourteen reference samples of
various colors given by Munsell [11]. The general color rendering index R,, is given as the
average of R; for the first eight color samples that have medium color saturation. With the
maximum value of 100, R, gives a scale that matches well with the visual impression of color
rendering of illuminated scenes. In general, incandescent lamp and daylight is used as the base
reference of 100 CRI. Compact fluorescent lamps are graded at 82-86 CRI, which is considered
as high quality. CRI is a more important consideration for retail lighting design than it is for
office lighting. Any CRI rating of 80 or above is considered as high value and indicates that the
source has good color properties. CRI of some conventional light sources are listed in Table 2.2.

[12].



Table 2.2. Color rendering index of some light sources [12]

Daylight 100
Incandescent/halogen Bulb 100
Cool White Fluorescent 57
Warm White Fluorescent 51
Cool White Deluxe 89
Warm White Deluxe 73
Metal Halide 85
Clear Mercury Vapor 18
Coated Mercury Vapor 49
High Pressure Sodium 24
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2.2.2. Quantification of color and color mixing.

Within the region of visible light, the colors can be further specified via the 1931
chromaticity diagram, or the CIE x, y diagram [13], shown in Figure 2.4. [14]. In the study of
color perception, one of the first mathematically defined color spaces is the International
Commission on Illumination (CIE) 1931 XYZ color space, created by the CIE in 1931 [15, 16].
The CIE color space was derived from a series of experiments done in the late 1920s by William
David Wright [17] and John Guild [18]. Their experimental results were combined into the
specification of the CIE red, green and blue (RGB) color space, from which the CIE XYZ color
space was derived. A color space is a three dimensional space; that is, a color is specified by a set
of three numbers (the CIE coordinates X, Y, and Z, for example, or other values such as hue,
colorfulness, and luminance) which specify the color and brightness of a particular homogeneous
visual stimulus. A chromaticity is a color projected into a two dimensional space that ignores
brightness. For example, the standard CIE XYZ color space projects directly to the corresponding
chromaticity space specified by the two chromaticity coordinates known as x and y, creating the
familiar chromaticity diagram shown in the Figure 2.4.

All colors visible to the average human eye are contained inside the diagram. The area of
the white triangle in Figure 2.4. represents the gamut of color that can be matched by various
combinations of red, green, and blue used in color monitors. In color theory, the gamut of a
device or process is the portion of the color space that can be represented, or reproduced. The
corners of the triangle are the primary colors for this gamut and the primary colors depend on the
colors of the phosphors of the monitor. For example, BaMgAImON:Eu2+ for blue emitting,
ZnSi0,:Mn* for green emitting, and Y,05:Eu®* for red emitting are widely used as color monitor
phosphors and corresponds to point F, G, and H in Figure 2.4., respectively. Using these primary

colors (F, G, and H points), all colors inside the triangle including white light can be achieved.


http://en.wikipedia.org/wiki/Color_perception
http://en.wikipedia.org/wiki/Color_space
http://en.wikipedia.org/wiki/International_Commission_on_Illumination
http://en.wikipedia.org/wiki/International_Commission_on_Illumination
http://en.wikipedia.org/wiki/Three-dimensional_space
http://en.wikipedia.org/wiki/CIE_1931_color_space
http://en.wikipedia.org/wiki/Hue
http://en.wikipedia.org/wiki/Colorfulness
http://en.wikipedia.org/wiki/Luminance
http://en.wikipedia.org/wiki/CIE_XYZ_color_space
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In addition to using chromaticity to define color, for incandescent black bodies, it is also
possible to use the color temperature to define its color. As seen in Figure 2.4., the black body
curve is in the sequence of black, red, orange, yellow, white, and blue-white, which corresponds
to the increasing temperature of an incandescent object as it radiates thermally. When an object is
heated to emit light that correspond to the black body curve, its temperature is defined as the
color temperature. Therefore, the color temperature of an incandescent light source is the
temperature of a body on the black body curve that has the same color or chromaticity on the
diagram as the light source. Then, the correlated color temperature (CCT) of a light source is
defined as the temperature of the body that is not on the black body curve with a color that is

closest to the light source.
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Typical CCT of the white region in the diagram range between 2500 and 10000 K and
lamps with a CCT value below 3200 K are considered ‘warm’ sources, while those with a CCT
above 4000 K are considered ‘cool’ in appearance. A warmer light is often used in public areas to
promote relaxation, while cooler light is used to enhance concentration in office. Desired CCT for
warm white-emitting LEDs is between 3500-4000 K and for cool white-emitting LED is near

6000-6500K [19]. CCT of some light sources are listed in Table 2.3.



Table 2.3. Color temperature of some artificial and natural light sources [19].

Temperature Source

11,700 K | Match flame |

11,850 K |Candle flame, sunset/sunrise |

2,700-3,300 K ||Incandescent lamps |

13,000 K ||Soft white compact fluorescent lamps |

13,200 K ||Studio lamps, photofloods, |

4,100-4,150 K |[Moonlight, Xenon arc lamp |

15,000 K | Horizon daylight |
Tubular fluorescent lamps or

5,000 K Cool White/Daylight compact fluorescent lamps
(CFL)

5,500-6,000 K |Vertical daylight, electronic flash

16,500 K | Daylight, overcast

5,500-10,500 K ||Liquid crystal display (LCD) screen

115,000-27,000 K||Clear blue poleward sky

21
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2.3. Strategies to produce white light LED

For LEDs to be used for white light generation, excellent color rendering and efficacy
must be taken into account. However, there is a trade-off between the two critical criteria for
white light since color rendering is best achieved by a broadband spectra distributed throughout
the visible region, while the efficacy is best achieved by a monochromatic radiation at 555 nm
green wavelength where the human eye response reaches its maximum [20]. White light LEDs
suitable for high quality lighting application can be generated in a variety of ways. Figure 2.5.
shows the schematics of three kinds of approaches for white light generation, which will be

discussed.
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Figure 2.5. Three approaches for white light generation from (a) Blue-, green-, red-emitting LED chips, (b)
blue-emitting LED chips and yellow emitting phosphors, and (c) near UV emitting LED and blue-, green-,
red-emitting phosphors.
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White light generation from blue-, green-, and red-emitting LED chips: White light can

be formed by mixing differently colored light; the most common method is to use red, green, and
blue (RGB) as shown in Figure 2.5. (a). With this approach for white light generation using
currently available LEDs, the generation of white-light can have luminous efficacies of around
120 Im/W but very low color rendering capability [20]. Despite great advantages of this strategy
such as excellent versatility and higher efficacies, there are potential issues with this approach:
first, the light intensity of LEDs and driving voltages are very likely to vary from diode to diode
(binning problem), and the task of tuning individual diodes colors is likely to be difficult. Second,
these LEDs are subject to significant change in the color and intensity with variations in
temperature which have detrimental effects on the quality of white light. In addition, variation in
operating life of different color LEDs. For example, the light output level of AlGaAs-based LEDs
(red emitting) is found to decrease by about 50% after 15,000 to 40,000 hours of operation [12].
This effect represents a serious challenge for the quality of LEDs since the white-light color
rendering is critically dependent on the relative intensities of the separate red, green, and blue
colors. Finally, these white-light sources are also relatively expensive since multiple LED chips
are required to produce a single source of white light.

White light generation from blue-emitting LED chips and yellow-emitting phosphors:

The alternative and currently commercialized method for white-light generation involves the use
of a blue LED and yellow emitting phosphors. Commercially available white LEDs consist of a
blue InGaN LED coated with YAG:Ce inorganic phosphor. The InGaN LED generates blue light
at a peak wavelength of about 460 nm (Point | in Figure 2.4.), which excites the YAG:Ce**
phosphor to emit yellow light (Point J in Figure 2.4.). The combination of the blue light from the
LED and the yellow light from the YAG:Ce* results in white light. However, there are still
several significant problems with this design. First, the light output is not uniform as blue light

‘escapes’ and is observed at the edges of the diode. Second, the CRI value is still low. As shown


http://en.wikipedia.org/wiki/Rgb
http://en.wikipedia.org/wiki/Rgb
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in Figure 2.5. (b), there is a significant ‘gap’ between 450-550 nm where emission intensity is
significantly lower than that in other spectral region. Third, the manufacturing steps are
complicated since the uniformity of the powder mixture is difficult to achieve in the epoxy.
However, there are many companies producing white-emitting LEDs in this way (blue-emitting
chips and yellow emitting phosphor), the major ones being OSRAM-Sylvania (Germany/USA),
CREE (USA), Nichia (Japan), General Electric (USA), and Philips Lumileds (USA). These LEDs
are packaged and used for a variety of applications, e.g. household lighting, warehouse and
factory floor lighting, street lighting, backlights for laptops and cell phones, and automotive

lighting.

2.4. Advantages and the need for near UV LED solid state lighting.

Another approach is the use of a near-UV (nUV) LED source, which depends entirely on
the phosphor blend to generate white light. Both blue and nUV LEDs are based on solid solutions
of InN and GaN. As the InN content increases, the external quantum efficiency (EQE) of the LED
chip increases accompanied by a red shift of the emitted radiation (Figure. 2.6.) [21]. The specific
functional dependence of EQE on wavelength could be due to many factors including processing
conditions. At wavelengths longer than 450 nm, the EQE decreases rapidly toward the green part
of the spectrum, a phenomenon referred to as the “green gap” in the SSL technology.

At 400-410 nm, the InGaN chips perform as well as the blue chips at low current
densities [21]. However, the real advantages of the nUV LEDs lie in less current drooping
(Figure. 2.7.) and significantly less binning. In Figure 2.8., from a comparison of same generation
blue and nUV LEDs, the crossover occurs at a current density of 35 A/cm? This improved
efficiency allows the nUV LEDs to produce a greater photon density at higher currents than the

blue LEDs helping to compensate for the increased Stokes loss.



26

In addition, there is more flexibility in the design when the blue portion of the spectrum
is generated with phosphors instead of LEDs. Both phosphors and LEDs have tunable peak
locations, but phosphors allow more variation in the peak width, which is important for color
rendering purposes and lumen equivalence. Also, since the phosphors needed for nUV LEDs do
not have to absorb blue light, it is possible to have a white-bodied phosphor blend instead of the

typical yellow-orange color of blue LED phosphor blends.
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Figure 2.6. External quantum efficiency versus dominant emission wavelength for a selection of InGaN
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2.5. Requirement of ideal phosphors for near UV LEDs

There are several basic properties that an ideal nUV phosphor should simultaneously
possess. The quantum efficiency (QE) should be as high as possible and the excitation maximum
should fall in the range where nUV LED emission is most efficient (380 to 410 nm). It may not
be possible to find a blue emitting phosphor that is excitable at wavelengths longer than 410 nm
because of the Stokes shift requirements. However, a high QE and the location of the excitation
maximum alone are not sufficient; the phosphor must have a high absorption rate in the LED
emission range as well. This essentially limits phosphors utilizing transitions forbidden by
Laporte’s rule, such as transitions within the 4f- and 3d- manifolds. This severely restricts
utilizing line emissions from the trivalent lanthanide ions, which are extensively used in the
fluorescent lighting industry. The candidate phosphors are limited to those that are excited
through the allowed 4f—5d, np—nd, ns—np transitions, and host or molecular group transitions.
It is no surprise that most of the phosphors identified for nUV LEDs so far are based on Ce®* and
Eu? ions. In order to utilize the narrowband emissions from trivalent lanthanide ions such as Eu®*
or Tb%, it is necessary to explore hosts whose charge transfer transition bands are located near
400 nm (there are not many), or to use appropriate energy transfer schemes. Because of higher
photon flux from LEDs, compared to fluorescent lamps, and from Stokes losses, the phosphor
layers are expected to operate at elevated temperatures, which require the phosphors to have
greater reduced thermal quenching. The phosphor must not degrade chemically or thermally and
be free from photo-bleaching. The radiative lifetime of the activator ions should be short (ns-
range) in order to reduce saturation effects and nonlinear, non-radiative recombinations due to
depletion of the ground state and excited state interactions. Finally, it must be possible to
manufacture the phosphor on a large scale in an economical manner. The phosphor should be
non-toxic, and the fabrication, use, and disposal of the phosphor should be as environmentally

benign as possible.
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2.6. Nanophosphors for solid state lighting application

Integration of the phosphors into an LED package has some requirements: narrow size
distribution (non-agglomerated) and chemical and thermal stability. If the phosphor particle radii
are significantly less than ~400 nm of the exciting radiation (not necessarily in the quantum
confinement region), these particles will negligibly scatter visible and UV radiation. This has two
effects. First, Raleigh scattering is reduced, thereby increasing extraction efficiency (nex), which
depends on scattering coefficient of phosphor particles and absorption of backscattered UV and
visible photons from the phosphor layer by the semiconductor chip and the peripherals for
electrical connections. The scattering cross-section of a particle having the complex refractive
index of m = n — ik, where n is the real part and k is the extinction coefficient, can be shown to be

[22]:

(mz—l\

(2%\4
Lmz +2

8
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C scatter

where A represents the wavelength of radiation and a is the radius. This relationship is referred to
as Rayleigh scattering. As the particle size decreases to the sub-micron regime (< 400 nm), Cecatter
approaches zero and so also does the scattering coefficient of a phosphor layer. Provided the high
QE of these phosphor particles can be maintained, scattering from such a phosphor layer would
be negligible. It is also clear from the above equation that Ce.er depends on k, which increases
with increasing activator concentration. This is a manifestation of the Kramer-Konig relationship
of imaginary and real parts of the refractive index. Thus, one could reduce scattering by
increasing activator concentration, which will also be attempted for optimizing phosphor

performance. Second, it will require less phosphor to be used for converting the UV radiation to
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visible since the effective path length of the UV photons in the phosphor layer will be reduced,
thereby preserving our natural resources (rare earth elements).

However, phosphors in the nano-size regime have poor QE compared to phosphors in the
micron-sized range [23, 24]. The reasons behind this have not investigated in a systematic way. A
high concentration of surface atoms and defects at the surfaces is regarded as one of the
fundamental properties of nanophosphors. They create surface charge-carrier trapping centers,
which are analogous to bulk centers, but have a different energy depth. The translational
symmetry breakdown and limitation of the free path of electrons by the nanoparticle size alter the
selection rules, bring about new optical transitions, increase the oscillator power, and change the
luminescence decay time [25]. If the nanoparticle size becomes comparable with the de Broglie
wavelength or the Bohr exciton size, quantum confinement effects come into play, changing the
forbidden gap width and leading to appearance of new energy levels. The interior could also have
a non-uniform distribution of activators across the particle, distorted lattice planes and activators

that are not located in the correct environment.

2.7. Phosphor integration

Phosphor arrangements in white-emitting LEDs are illustrated in Figure 2.9. [26]. Figure
2.9.(a) shows a conformal phosphor distribution and Figure. 2.9.(b) shows a uniform distribution
of phosphor within the reflector cup, called ‘‘phosphor-in-cup.’” The placement and arrangement
of phosphors is crucial for the efficiency of white LEDs. However, the conformal and phosphor-
in-cup distribution limits the efficiency of white LEDs. Since the phosphor re-emits light, a large
portion of light emitted by the phosphor directly impinges on the LED chip where the light can be
re-absorbed. This issue is critical in the conformal phosphor configuration due to the close
proximity of the phosphor and the LED chip. If the phosphor is placed at a sufficiently large

distance from the LED chip (remote phosphor configuration), the probability of a light ray
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emanating from the phosphor and directly hitting the low reflectivity LED chip is small, then
improving the phosphor efficiency. Another advantage of this remote phosphor configuration is
that it reduces the operating temperature of the phosphor. Figure 2.9.(c) shows a remote phosphor
configuration, in which a phosphor layer of uniform thickness is distributed over the reflector
cup. However, there is still a large probability of a light ray being reflected by the reflector cup
and being re-absorbed by the LED chip.

Therefore, a new packaging of white LEDs has been proposed as illustrated in Figure
2.9.(d). Diffuse reflectors have an angular distribution of the reflected intensity I given by | o
cosé, where @is the angle of reflection, irrespective of the angle of incidence. Therefore, the light
is directed upward, thereby not impinging on the LED chip.

Enhancement of phosphor efficiency was reported for InGaN-based white light-emitting
diodes (LEDs) employing a large separation between the primary LED emitter and the
wavelength converter coupled with a diffuse reflector cup [26]. Experimental studies show that
by placing the phosphor away from the die, the backscattered photons can be extracted and the

efficacy can be significantly increased [27].
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Chapter 3. Electrophoretic deposition

3.1. Overview of electrophoretic deposition

The electrophoretic deposition (EPD) technique has gained increasing interest due to the
high versatility of its use with different materials and cost-effectiveness with simple set-up. The
Russian scientist Ruess observed an electric field induced movement of clay particles in water for
the first time in 1808, which can be used for EPD, however the first practical use of EPD
happened in 1933 when the USA patent was issued regarding the deposition of thoria particles on
a platinum cathode as an emitter for electron tube application [1]. Electrophoretic deposition is a
colloidal process and has advantages of short process time and a simple apparatus. Compared to
other techniques, the EPD process can be used in a variety of applications since it can be
modified easily. For example, deposition can be made on flat, cylindrical or any other shaped
substrate with just change in the electrode shape and the position in the bath. Also, EPD offers
easy control of the thickness and morphology of a deposited film by simple parameters of the
deposition time and applied voltage. During EPD, charged powder particles, dispersed or
suspended in a liquid medium are attracted and deposited to a conductive substrate of opposite
charge by the aid of the electric field. There are two types of electrophoretic deposition depending
on which electrode on which to deposit. When the particles are positively charged, the deposition
occurs on the cathode and the process is called cathodic electrophoretic deposition. On the other
hand, when the particles are charged negatively and the charged particles are deposited on
positive electrode (anode) is called anodic electrophoretic deposition. By suitable modification of
the surface charge on the particles, either of these two modes of deposition is possible. Figure 3.1.

shows a schematic illustration of the two electrophoretic deposition processes.
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Figure 3.1. Schematic illustration of electrophoretic deposition process. (a) cathodic EPD and (b) anodic

EPD [1].
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Electrophoretic deposition also has advantages in the deposition of complex compounds
and ceramics. The degree of stoichiometry in the electrophoretic deposit is controlled by the
degree of stoichiometry of the powder used in the EPD bath. Sarkar and Nicholson [2] observed
that particle/electrode reactions are not involved in EPD, and ceramic particles do not lose their
charge on being deposited which can be shown from the observation that reversal of the electric
field will strip of the deposited layer [3]. Therefore, it is important to use similarly charged
particles and similar solvent—binder—dispersant systems for better control of layer thickness. The
main driving force for EPD is the charge on the particle and the electrophoretic mobility of the
particles in the suspension medium under the influence of an applied electric field. From the
literature, the EPD technique has been used successfully for different materials, such as thick film
of silica [4], nanosize zeolite membrane [5], hydroxyapatite coating on metal substrate for
biomedical applications [6, 7], luminescent materials [8-10], high-Tc superconducting films [11,
12], gas diffusion electrodes and sensors [13, 14], multi-layer composites [15], glass and ceramic
matrix composites by infiltration of ceramic particles onto fiber fabrics [16], oxide nanorods [17],
carbon nanotube film [18], functionally graded ceramics [19, 20], layered ceramics [21],

superconductors [22, 23], piezoelectric materials [24], etc.

3.1. Factors influencing EPD

Many parameters must be considered to gain a high quality of deposition, such as the
nature of both the particles and the suspension medium, surface properties of the powder, and the
influence of the type and concentration of the additives, mainly dispersants. It has to be noted that
the current is carried not only by the charged particles, but by free ions co-existing in the bath.
Therefore, the amount of deposited particle is not simply related to the current. However, the
current carried by the free ions can be ignored when the amount of free ions is negligible.

Actually, the amount of free ions is very small in typical EPD suspensions. Another thing to be
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considered is that the accumulation of anionic or cationic charged particle at the electrodes during
EPD can reduce the subsequent layer deposition rate. However, the effect of accumulated charged

particles is negligible in the initial stage of EPD.

3.2.1. Particle size

Even though there is no general rule to define optimal particle sizes for electrophoretic
deposition, decent quality of deposits have been reported in the range of 1-20 um [25]. Recently,
with increasing interest on nanostructured materials, the EPD technique is being popular for the
assembly of nanoparticles. It is important that the particles remain completely dispersed and
stable for homogeneous and smooth deposition. For larger particles, the main problem is that they
tend to settle due to gravity. Ideally, the mobility of particles due to electrophoresis must be
higher than that from gravity. Electrophoretic deposition from settling suspension will lead to a
gradient in deposition. In addition, for electrophoretic deposition to occur with larger particles,
either a very strong surface charge must be obtained, or the electrical double layer region must
increase in size. Also the suspension may be stirred or flowed to counter settling. Particle size
has also been found to have a significant influence on controlling the cracking of the deposit

during drying [26].

3.2.2. Dielectric constant of liquid

Powers [27] studied beta-alumina suspensions in numerous organic media and
determined the incidence of deposition as a function of the dielectric constant of the liquid and
the conductivity of the suspension. A sharp increase in conductivity with dielectric constant was
observed. It has to be noted that impurities affect the conductivity and that conductivity of
suspension is very different to that of pure liquid, as a consequence of dissociative or adsorptive

charging modes. Powers [27] obtained the optimal dielectric constant range, which was 12-25.
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With too low a dielectric constant, deposition fails because of insufficient dissociative power,
while with a too high dielectric constant, the high ionic concentration in the liquid reduces the
size of the double layer region and the electrophoretic mobility. Therefore, the favorable ionic
concentration in the suspension medium is low, in low dielectric constant suspension medium.
The dielectric constant is the product of relative dielectric constant and dielectric constant in
vacuum. Table 3.1. shows physical properties such as viscosity and relative dielectric constant of

some solvents [28].



Table 3.1. Physical properties of non-aqueous solvents [28].

Solvents Viscosity (¢P) = 10 INsm 2 Relative dielectric constant
Methanol 0.557 32.63

Ethanol 1.0885 24.55

n-Propanol 1.9365 20.33

Iso-propanol 2.0439 19.92

n-Butanol 2.5875 17.51

Ethylene glycol 16.265 37.7

Acetone 0.3087 20.7

Acetylacetone 1.09 25.7
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3.2.3. Conductivity of the suspension

The conductivity of the suspension is a key factor and needs to be taken into account
during EPD [29]. It has been observed that if the suspension is too conductive, particle motion is
very low, and if the suspension is too resistive, the particles charge electronically and the stability
is lost. Conductivity of the suspension increased with both temperature and dispersant
concentration. Ferrari and Moreno found the existence of a narrow band of conductivity range at
varying dispersant dosage and temperature, in which the deposit is formed [29]. Higher and lower
values of conductivity impeded the deposition. Aqueous Al,O3 suspension conductivity out of the
optimal region (140-180 uS/cm) was not suitable for EPD. This suitable region of conductivity is
however expected to be different for individual EPD systems.

In our system, the conductivity of various nitrate salts in IPA was measured and analyzed
to determine the conductivity at infinite dilution and dissociation constants as shown in Table 3.2.
[30]. The mobility of the ions can be determined with the use of the limiting conductivity and
concentration of ions can be calculated from the dissociation constant [30]. The dissociation
constants are very low and in the concentration range of 10 to 10 M Mg(NO,), typically used
in EPD baths, and MgNO;" was the predominant cation available to charge the phosphor and to

form the binder.



Table 3.2. Limiting conductivities (Ao) and dissociation constants (Kp) of nitrate salts in IPA [30].

Reaction ﬁu[cn'nzf mole-ohm) Kp (M)
NaNO3 — Nat 4 NO; 17 3 x 10‘f
Mg(NO3z); — Mg(NO;)™ + NO; 18 6 1072

Mg(NO3)* — Mg?* + NO3 120 2% 1077

44
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3.2.4. Viscosity of suspension

Especially in the case of casting processes, the main parameter to control EPD is the
viscosity. In general EPD process, the solid loading is very low and the viscosity cannot be used
to evaluate the dispersion state exactly [29]. However, the desired property of the suspension
medium is a low viscosity, as shown in Table 3.1. Low solids loadings are typically chosen also

s0 that the viscosity of the suspension remains low.

3.2.5. Zeta potential

The zeta potential quantifies the electrostatic interactions, and is the most used parameter
to determine particle stability. In fact, the zeta potential represents the potential developed in the
shear plane of the double layer system [31] as shown in Figure 3.2. Thus, the zeta potential is a
guideline of the magnitude of the electrostatic repulsive forces that keep particles distributed and
suspended within the solvent. The zeta potential of particles is a key factor in the electrophoretic
deposition process. It is necessary to achieve a high and uniform surface charge of the suspended
particles. It plays a role in: (i) stabilization of the suspension by determining the intensity of
repulsive interaction between particles, (ii) determining the direction and migration velocity of
particle during EPD, and (iii) determining the green density of the deposit. The overall stability of
a system depends on the interaction between individual particles in the suspension. Two
mechanisms affect this interaction, which are due to electrostatic and van der Waals forces. A
high electrostatic repulsion from high particle charge is required to avoid particle agglomeration.
The particle charge also affects the green density of the deposit. During formation of the deposit,
the particles become closer to each other and with increasing attraction force. If the particle
charge is low, the particles would coagulate even for relative large inter-particle distances,
leading to porous and poor quality of deposits. On the other hand, if the particles have a high

surface charge during deposition, they will repulse each other, occupying positions which will
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lead to high particle packing density [32]. Therefore, it is important to control the solids loading
and concentration of solvents and additives in the EPD suspension in order to reach the highest
possible green density of the deposit. The zeta potential can be controlled by a variety of charging
agents, such as acids, bases and specifically adsorbed ions or polyelectrolytes, to the suspension

[33].
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Figure 3.2. The different planes and potentials at the double layer [31].

3.2.6. Stability of suspension

Electrophoretic deposits are formed from the motion of particles in a suspension by the
aid of an electric field, and the deposition occurs when the distance over which the double layer
charge falls to zero is large compared to the particle size. In this condition, the particles will move

relative to the liquid phase when the electric field is applied. Also, the suspension stability is
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determined by the settling velocity of the particles and tendency to undergo or avoid flocculation.
Therefore, stable suspension means no tendency to flocculate, settle slowly and form dense
deposits at the electrode of the bath [1]. If the particles flocculate, suspensions settle quickly and
form low density, weakly adhered deposits. However, if the suspension is too stable, the repulsive
forces between the particles will not be overcome by the electric field, and then deposition will
not occur. Therefore, it is desirable to find suitable physical/chemical parameters that enable the
sufficient deposition from a suspension. Most useful parameters to determine the stability of EPD
bath are zeta potential or electrophoretic mobility, but these do not guarantee the ability of a
suspension to deposit. That is the particles may move to the substrate by electrophoretic force,

but may not adhere to the substrate.

3.2.7. Deposition time

The deposition rate is constant during the initial time of deposition. But for longer times,
the deposition rate decreases and reaches zero at long time when using a constant voltage during
EPD. Figure 3.3. shows a deposition of ZnO on a copper electrode at different applied potentials
with increasing time [34]. While the potential difference between the electrodes is maintained
constant, the electric field influencing deposition decreases with deposition time because of the
formation of an insulating layer of particles on the electrode surface as shown in Figure 3.4. [35].
But, during the initial period of EPD, there is generally a linear relationship between deposition

mass and time.
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3.2.8. Applied voltage

Generally, the amount of deposit increases in proportion to the applied potential. Basu et
al. [36] found that more uniform films are deposited at moderate applied fields (25-100 V/cm),
while the film quality gets poor if relatively higher applied fields (>100 V/cm) are used. Because
the formation of a film on the electrode is a kinetic phenomenon, the accumulation rate of the
particles influences their packing quality during EPD [36]. For a higher applied field, which may
cause turbulence in the suspension, the deposition may be disturbed by flows in the surrounding
medium. In addition, if the particles move too fast, the particles cannot find enough time to sit in
their positions to form a close-packed layer. Finally, in a high field condition, lateral motion of
the particles once deposited, are restricted on the surface of the already deposited layer, because
higher applied potential exerts more pressure on particle flux and movement. Therefore, the

applied field affects the deposition rate and the structure of the deposit.

3.2.9. Concentration of solids in the bath

The volume fraction of solids in the suspension plays an important role, particularly for
multi-component EPD. Even if each of the particle materials has the same zeta potential, they
could deposit at different rates depending on their volume fraction of solids in the suspension [1].
If the volume fraction of solids is high enough, the powders deposit at an equal rate. However, if
the volume fraction of solids is low, the particles can deposit at rates proportional to their
individual electrophoretic mobility [37]. Once other parameters are fixed, the most dominant
parameters influencing the electrophoretic deposition are the applied voltage, deposition time and
particle concentration in the suspension. Table 3.3. summarizes the range of parameters
influencing successful EPD. Note that the values are a typical range of a specific system and
cannot be applied to the whole system. Parameters need to be optimized corresponding to the

individual EPD bath conditions.



Table 3.3.

Parameters influencing EPD.
EPD parameter Range
Dielectric constant of liquid 12-25
Viscosity of suspension 0.5-3mPa-s
Zeta potential +30-70 mV
Deposition time 5s-1h
Applied voltage 25-100 V/cm

Concentration of solid

<20 vol.%

51
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3.3. EPD applied to solid state lighting

EPD has been used to deposit phosphors for information displays and more recently for
LEDs, both in the conformal and remote configurations. EPD has been used for the preparation of
specialized CRTs since the 1950s [38-40]. More recently, EPD has been used to prepare flat
panel emissive displays [41].

EPD has the ability to coat a uniform, highly packed, conformal phosphor layer on the
LED to control color and efficiency. The commercial technique typically employed for phosphor
deposition on LEDs involves simply painting or dispersing phosphor powders blended in a liquid
polymer onto the LED die, which is then dried or cured. However, a conformal coating improves
the spatial color distribution of LEDs [42].

Several methods for coating YAG:Ce (2.7 pum) particles, such as the slurry method, the
settling method, standard EPD, and a modified EPD were compared for preparing the phosphor
layer on the InGaN chip [43]. For the modified EPD method, post-annealing was not done, but
the deposit was sprayed with a PVA photoresist and UV cured to enhance adhesion [44]. The
intensity and color of white light was dependent on the thickness of the phosphor layer. It was
found that the properties of the phosphor layer, such as packing density, thickness and uniformity,
could be more easily controlled by EPD than by the slurry and settling methods. Furthermore, the
high packing density from EPD allowed a thinner layer to be fabricated.

In other work, YAG:Ce powder (~ 5-10 um) was coated onto two surface mounted
device (SMD) LEDs [45]: one directly and one filled with a thin epoxy layer around the LED
chip in which the thickness was less than that of LED die. These LEDs were compared to the
conventional method of dispersing the phosphor in the epoxy. With the thin epoxy layer, the light
color was more uniform, and the white color value was well controlled; however, the luminous
efficiency was lower than that without the thin epoxy layer. It was found that both EPD LEDs had

a lower efficiency than the dispersed phosphor LED. It was suggested that this was due to larger
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difference in refractive index between the phosphor and GaN compared to the difference between
epoxy and GaN, such that blue light extraction efficiency was decreased. A patent [46] describes
an EPD method for coating phosphor on a chip. An anode is place in the bath with the LED, with
a voltage applied between the anode and the p-side of the LED to be positive with respect to the
p-side and a second voltage applied between the p-side and the n-side to cause the suspended
particles to deposit onto the LED. This allowed control over material deposition on the
semiconductor device improving manufacturing efficiency by reducing material waste and
providing coating only where required. This method is suitable for color-critical application
compared to current phosphor deposition systems.

EPD of Ca-a-SiAION:Eu*" onto an ITO-coated glass was investigated [47]. The light
emission from the deposit surfaces was characterized by comparing the intensities of the excited
yellow light and the transmitted blue light, both which decreased with an increase of the film
thickness. Therefore, deposit thickness greatly affected the color tone that was controllable from
blue-white to yellow-white. Also, EPD of laminated and mixed SiAION phosphor was used to
tune emission colors as shown in Fig 3.5. (a) and (b) [48]. The laminated films were prepared by
sequential EPD using the three types of suspensions. To tune emission colors, the thickness and
the build-up order of the sequentially deposited layers of yellow, green and red phosphor was
altered. The mixed films were prepared by single deposition using the suspensions that contain
two or three types of phosphors. The white light emitting devices prepared by this method

showed broad spectra, comparable to those of fluorescent lamps.
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Emitted light
Laminated Mixed
SiAION phosphor SiAION phosphor
film film
l\ /1
ITO-glass
Irradiated blue light
(a)

(b)

Figure 3.5. (a) Schematic illustration of flat light-emission panels with laminated or mixed SiAION
phosphor. (b) Examples of the multicolor light emitting panels prepared by laminating the three types of
phosphors. [48].
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3.4. Modeling of electrophoretic deposition

EPD is based on the migration and deposition of charged particles in a stable suspension
by the application of an electric field between electrodes. Deposit yields depend on many factors,
such as stability, solid content of the suspension, aggregation and arrangement of the particles on
the electrode surface. Also, suspension properties, such as conductivity, zeta potential, viscosity
are important parameters of the EPD process. The deposit mass can be estimated when the EPD
bath is stable, indicating that the particles have to be dispersed well throughout the suspension
medium, so the particles can move to the electrode independently without agglomerates [49, 50].

The first model of EPD kinetics was proposed by Hamaker in 1940 for electrophoretic
cells with a planar geometry [51], as follows:

m = CuSEt )
where m (g) is the deposited mass, Cs (g cm3) is the suspension concentration, x (cm? V) is
the electrophoretic mobility, E (V cm™?) is the electric field, S (cm?) is the deposition area, and t
(s) is the deposition time,. The Hamaker equation is valid only for short times when C; and the
electric field are assumed to be constant. However, during EPD, the amount of particles removed
from the suspension increases with time, thereby decreasing the concentration in the bath. To
account for this, Sakar and Nicholson [52] expressed the deposited mass as:

m(t) = my(1 —e~t/7) (2)
where mq is the initial mass of powder and 7 is the characteristic time scale given by:

|4
UAGE

T =

©)

where V is the volume of suspension, u is the electrophoretic mobility, A is the deposition area,
and E is the electric field. This equation indicates that the deposition rate is expected to decrease

exponentially as a function of time due to depletion of the bath by particle deposition.
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Biesheuvel et al. [53] have described a model for the growth of the deposit, based on the
theory of sedimentation for planar and cylindrical geometries. This theory describes the bulk
effect of the particle motion on the transport phenomena near the deposition electrode, based on
the expression of the mass balance of the suspension-deposit boundary evolution, resulting in:

as &,

dac- g -4,

4

where v (cm s™) is the electrophoretic rate of particles close to the electrode, ¢ is the volumetric
fraction of the deposit and, ¢ is the volumetric fraction of the suspension. The deposit thickness o

(cm) is defined as follows:

Vd _ m/Cd
s s )

where Vg (cm?) is the deposit volume and Cq (g cm™®) is the deposit concentration. This growth
theory is limited to explain the evolution of the deposit-suspension boundary, and the system was
regarded as a non-stirred and electrically neutral suspension. As a consequence, some phenomena
occurring during the EPD process are neglected, including the decrease of particle concentration,
the movement of particles by diffusion, and the local changes of the charge on the electrodes,
both on the particle surface and its surrounding ionic clouds.

To avoid the effect of the increase of the deposit resistivity in the effective electrical
force acting on particles, Sarkar and Nicholson suggested working under galvanostatic or
constant-current conditions [52]. In that way, the voltage drop across two electrodes increases
with time, but the voltage/unit length in the suspension remains constant. Similarly, Ma and
Cheng [54] determined experimentally the relationship between the kinetics parameter, k, and the
applied current intensity under galvanostatic conditions:

k = ky(et/to —1) (6)
where i (MA cm™®) is the current density, and i; (MA cm?) and k, (s'') are considered as the

reference conditions from which the expression predicts the kinetics constant from different
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values of the applied current, facilitating more effective modeling and control of the process.
However, most of EPD are performed under constant-voltage conditions, and hence substantial
efforts have been made to model the effective electric field applied for each system [55-57].

G. Anné et al. [58] proposed a mathematical description of the kinetics based on the
Hamaker model and the Biesheuvel correction for suspensions with a high solid loading
considering that the suspension conductivity and the current density vary during EPD under
constant voltage conditions. The expression of the electric field as a function of the conductivity

of the suspension is

. I
~ So

()

where the suspension conductivity is oz (S cm™). This model agreed with EPD results obtained
from an alumina suspension prepared with ethanol and different additives as dispersants.

Ferrari et al. [59] proposed a resistivity model for the deposition kinetics considering the
relationship between colloidal parameters such as suspension concentration and resistivity during
the EPD process. This model describes experimental results obtained for longer deposition times
and for suspensions in which resistivity changes significantly during the deposition process.

Recently, alternatives to the standard electrophoretic process have been proposed to
obtain free-standing laminate nanostructures [60] or design prototyping [61] and nanopatterning
films [62], or avoid bubble formation at the electrodes during aqueous EPD, by applying AC
electric fields [63, 64] or a constant current pulse [65]. The kinetics of these processes could be
also approximated by the equations discussed. Table 3.4. summarizes the relevant equations,
corrections and experimental expressions proposed by different authors [31], highlighting the
parameter on which each one is focused. Other parameters listed in this table are defined as
follows: f is the efficiency factor or “sticking parameter”, f <1 (i.e. if all the particles reaching the

electrode take part in the formation of the deposit f = 1). R’ is a constant and given by:
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R =
CsS

(8)

where p, and py (Q cm) are the resistivities of the suspension and the deposit respectively. L (cm)

is the distance between electrodes and | (A) is the current.



59

Table 3.4. Summary of different equations, corrections and experimental expressions of the EPD kinetics

[31].
Kinetics equation Characteristic time
Basic equation [55]
m = CyuSEt 0
Quantification of the deposition behavior: the sticking factor [57]
m= fuSEC;t 0
Considering the decrease of solid loading with time [57]

_ g _ Vv
m(t) = mo(l —e™"/7) T = 75E
Considering concentrated suspensions (¢_>0.2) [67]

— da 0

m=C,uSEt py—

Considering solid loading and electric field variation with time [57]

R'm(t) + (R'mo + L)ln("'“%;“]; +EAYt=0 =1 =148
T

Variation of the kinetics parameter vs. applied current [69]

k = ko(e'/™ — 1) k=1= [k
T

Considering suspension resistivity variation with time [108]

_ T v
m(t) =mp(l —e /") T = gprs)

Considering the linear relationship of the suspension resistivity and solid loading. and their
variation with time [109]
I

m(t) = my(l — — -
( } D( [+il‘gh’1‘x—]j

s
e, 00

v
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Chapter 4. Experimental procedure for phosphor synthesis and EPD

4.1. Synthetic methods to prepare phosphor powders

There are many different methods to synthesize inorganic phosphors. The most popular
method is solid state synthesis, but the sol-gel/Pechini, co-precipitation, hydrothermal, spray
pyrolysis and combustion synthesis methods are often used. Less popular but still used methods
include oxidation of metal particles, laser-driven reactions, high energy mechanical milling, self
assembly and the deposition of combinational libraries, which are not covered in this paper. Most
phosphor compositions have greater than four elements, which make fabrication of uniform,
single phase powders difficult. The selection of a synthesis method depends on the requirements
of the end use. Table 4.1. provides a list of popular synthetic methods. If low cost and large
volume production is desired, solid state reactions are favored. However, due to the use of
multiple precursors, several sintering and grinding steps may be required for a full reaction. If
small, dispersed, uniformly shaped with a narrow particle size distribution is the goal, then liquid
or gaseous methods should be employed. The drawbacks to these methods are high cost,
complicated chemical procedures, and small production volume. If evaluation of a large number
of compositions is the goal, then combinatorial synthesis or combustion reactions are preferred [1,
2]. Figure 4.1. (a)-(d) shows the procedures of solution-based methods: sol-gel, co-precipitation,
hydrothermal, and combustion methods, respectively. Outlined below are descriptions of the

common synthesis methods.
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Table 4.1. Summary of synthesis methods in terms of the particle sizes, morphology control, chemical
homogeneity, cost, time, suitable phosphors and limitations.

materials

Synthesis Solid s_tate sol - Co . Hydrothermal | Combustion Spray_
method reaction gel/Pechini precipitation (HT) (CS) pyrolysis
(SS) (SG/P) (CP) (SP)
. . 100 nm-
Particle size >5 um 10nm -2 pum 10 nm-1um 10 nm-1pm 500 nm-2pm 2um
i i N - .
P'artl'cle Stze arrow Narrow Narrow Narrow Medium very
distribution Broad narrow
Morphological Poor - .
Medium Ver
control Good iu y good Good Poor Very good
. Poor — . . . Medium
Purity Very Good Good Medium Medium-good | Medium-good good
Cost Low Medium Medium Medium-high | Low-medium Medium
. Short - . .
Synthesis time Long Medium Medium Very long Short Short
All All All
Suitable All Oxides and compounds | compounds
compounds . All compounds
phosphors compounds - fluorides except except
except nitrides L L
nitrides nitrides
- Requi .
equires a _ - Requires
soluble - Requires a
. . a soluble
precursor - Requires a - Requires a soluble
precursor
soluble soluble precursor
- Extensive | - CPon precursor precursor - Difficult
o grinding contamination - ) ) Carbo_n ) to obtain
Limitations L - Difficultto | - Special contamination L
and milling | _ Difficult to . . nitrides and
required : obtain equipment other non-
obtain nitrides needed - Difficult to id
nitrides, obtain nitrides | °*' e_
sulfides, other materials
non-oxide
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(a) Citric acid,
Precursors (e.g.  Ethylene glycol 2 i Annealing
metal nitrate) Polyethylene glycol AnNealing in air 800-1200°C

500-1000°C In Ho/N,

Water 80’C, 10 hr
(transparent gel)

(b)
Precursors (e.g. \ )
metal nitrate) Annealing
@

800-1200°C
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organic PPT agent: NaOH, NH,OH,
solvent NH4HC03 and (NH4)2CO3
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solvent NH4HCO;, and (NH,),CO5

(d)
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Water

Figure 4.1. Schematic diagram of solution based synthesis (a) sol-gel,
hydrothermal, and (d) combustion synthesis. PPT agent = precipitating agent.
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4.1.1. Solid state reaction (SS)

The solid state synthesis method is the most extensively used technique to prepare
phosphors [2, 3]. Oxides, (oxy)fluorides, (oxy)chlorides and (oxy)nitrides are prepared by this
method, which is straightforward and suitable for mass production. The precursors are usually
single cation ceramic powders, which are mixed together and heated to high temperatures to
promote interdiffusion and the eventual development of a single phase. This method is known to
introduce impurity phases (such as unreacted intermediates between the end members in the
phase diagram), which can reduce the luminous efficacy. To eliminate these intermediate phases,
repeated grinding, milling and high temperature treatments are required [4]. Due to the high
temperatures used during production, nonstoichiometric amounts of precursor materials maybe
required to compensate for losses arising from differences in volatility. This is especially true for
the manufacture of (oxy)fluorides, (oxy)chlorides, compounds containing barium or lithium and
certain nitride phosphors. Furthermore, the average particle size of the phosphors prepared by this
method is often larger than 5 um, making light scattering an issue for integration with a near UV

(nUV) chip.

4.1.2. Sol-gel/Pechini method (SG)

There has been an intense level of research activity on the development of luminescent
materials by the sol-gel method [5, 6]. Figure 4.1.(a) presents the basic production cycle for sol-
gel synthesis. Metal oxides, in the appropriate molar ratios, are dissolved in a nitric acid solution
(which is less costly than buying metal nitrate powders). Citric acid, a chelating agent is then
added along with ethylene glycol and polyethylene glycol (cross-linking agents). The solution is
stirred at temperatures, usually below 100°C, which produces a transparent gel. The gel is
calcined at low temperature (~350°C) to remove organics and residual water, resulting in a

nanocrystalline powder. The particle size and morphology can be controlled by adjusting the
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solvent and heating conditions, or by changing the precursors. A variety of stoichiometric, single
phase materials can be simply prepared by this method, without the need for extensive grinding
and milling. However, the phosphors can become contaminated with carbon due to the use of
organic reagents and thus a pre-annealing step in air may be needed. Also, a reducing atmosphere

may be required to obtain Eu*" and Ce*" activated phosphors.

4.1.3. Co-precipitation method (CP)

This method is widely used to prepare oxide- and (oxy)fluoride-based phosphors [7, 8].
Figure. 4.1.(b) shows the synthetic steps of this method. Precursors (e.g. metal nitrates, acetates
or chlorides) are first dissolved in a solvent (e.g. water, N-N-dimethylformamide (DMF) or
cyclohexane). Precipitating agents are then added and the cations form hydroxide, carbonate or
fluoride compounds. Since the precursors should dissolve and the precipitate should not dissolve
in the solvent, the solubility of both the precipitates and precursors in the solvent should be
confirmed before starting the procedure. The precipitates are separated by filtering or centrifuging
and then heat-treated to decompose the resulting hydroxide or carbonate. The powder is then
annealed at high temperature to crystallize the powders. Because the use of expensive, high-
purity rare-earth fluorides as starting materials are not required (as for SS reaction), this is the
preferred method for producing complex fluorides. Smaller particle sizes and a homogeneous
distribution of the activator ions can be achieved using this technique [7]. In addition, the
particles prepared by this method have a uniform, narrow size distribution, as opposed to powders
prepared by solid-state reaction synthesis. The particle size and morphology are dependent on the
pH, precursor and solvent choice, precipitating agent, stirring rate and the order of addition of the
compounds. The main drawbacks of this method are the difficulty in preparing chloride-based
phosphors, due to the dissolution of precipitates (metal chlorides) in the solvent, and the

additional high temperature annealing step required for the production of oxides.
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4.1.4. Hydrothermal method (HT)

The hydrothermal method is a process that uses high temperature and pressure to
precipitate materials directly from solution. A schematic representation of this method is shown
in Figure 4.1.(c). This method makes use of the increased solubility of almost all inorganic
substances in water at elevated temperatures and pressures and subsequent crystallization of the
dissolved material from the solution [9]. By controlling the selection of the molecular precursor
and other reaction parameters (time and temperature), high purity and homogeneously dispersed
nanoparticles with a very narrow size distribution can be obtained. The main advantage of this
technique is that despite the low synthetic temperatures, crystalline powders are obtained without
the need for further heat-treatment. By changing the pH, precursor selection, and the reaction
temperature, the size, phase, and morphology of the powders can be modified [9]. However, this
method is generally applicable only for producing molybdates, borates and
chloro(fluoro)phosphates, which can be obtained at a relatively low synthetic temperature
(<800°C) [10]. In addition, special sealed vessels, which can be operated at very high temperature
and pressure (usually around 500°C and 340 atm) are required [11]. Furthermore, due to the small

volume of the reaction vessels, mass production of phosphors is difficult.

4.1.5. Combustion method (CS)

Combustion synthesis is a popular method to rapidly produce multiconstituent oxides
[12-14]. The products are generally chemically homogeneous, have fewer impurities, and have
higher surface areas compared to solid state synthesized powders. The method involves igniting
an aqueous solution of dissolved metal nitrates and a fuel (e.g. urea, carbohydrazide, glycine) at a
low temperature (< 500°C) and allowing the highly exothermic, oxidative reaction to occur,
usually with an accompanying flame as shown in Figure 4.1.(d). This produces reaction

temperatures of more than 1200°C and the reaction time is usually less than 10 min [12]. Due to
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the short duration at high temperatures, nanocrystalline powders are produced. However they are
agglomerated into hard, sub-micron sized powders that are not easily separated. In order to
improve purity, homogeneity and crystallinity of complex oxide powders, Garcia et al. [15]
developed a new method using hydrazine as a fuel in a high-pressure reaction vessel. This method
is superior because of: 1) increased personal safety due to the protection by the vessel; 2) total
recuperation of the product; 3) more precise control of reaction parameters as it is possible to
measure the temperature, pressure, and gas flow rates; and 4) a controlled atmosphere (reactive or
inert). By this method, a variety of luminescent materials such as silicates, phosphates, borates,

oxyflurorides, oxychlorides, and aluminates have been simply and expeditiously prepared.

4.1.6. Spray pyrolysis method (SP)

Spray pyrolysis is a technique used to synthesize a wide variety of high-purity,
homogeneous ceramic powders with very uniform size and spherical morphology. The basic
procedure is as follows as shown in Figure 4.2.(a). An aqueous solution with metal nitrate
precursors is atomized into a series of tube furnaces. The aerosol droplets undergo evaporation
and solute condensation within the droplet. They are dried, then thermolysis of the precipitate
particle occurs at higher temperatures to form microporous particles. Finally, each microporous
particle is sintered to form a dense particle. The particle size and morphology of the particles can
be controlled by precursor selection, concentration, droplet size, and the residence time in the
furnace [16]. However, this method possesses problems as hollow and porous particles often
result, which will decrease the luminous intensity. To overcome this problem, a high temperature
diffusion flame can be used. This new process is named flame spray pyrolysis [17, 18]. Figure
4.2.(b) shows a schematic drawing of the flame spray pyrolysis technique. Compared to
conventional spray pyrolysis, flame spray pyrolysis has: 1) a higher operating temperature, 2)

faster heating and cooling rates, and 3) easier introduction of the precursor into the hot reaction
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zone (flame). Higher operating temperatures can potentially solve the problem of the production
of microporous or hollow particles. By operating at a temperature higher than the melting point of
the material, solid particles can be produced and particle homogeneity is improved. However, it is
not always straightforward to produce multicomponent materials with a homogeneous chemical
composition because the vapor pressure (related to reactant concentration), the thermal
decomposition (chemical reaction) rate, the nucleation, and the particle-growing rate are different

in the flame.
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Figure 4.2. Schematic diagram of (a) conventional and (b) flame spray-pyrolysis. Taken from [17].
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4.2. Characterization of luminescent materials

The crystallinity and phase identification of phosphors are analyzed by using powder X-
ray diffraction (XRD). The morphology and particle size of nanophosphors were examined using
field emission-scanning electron microscopy (FE-SEM). Photoluminescence (PL) measurements
were taken using a Jobin-Yvon Triax 180 monochromator and Spectrum One charge-coupled
device detection system, using a 450 W Xe lamp as the excitation source.

The quantum efficiency of the phosphors was measured. The DeMello method [19] was
used to determine the individual quantum efficiencies as shown in Figure 4.3. A 400 nm laser
diode is used as the excitation source, and is aimed through a 10 mm hole drilled in the side of a
12” sphere. The sample powders were dispersed in silicone in an approximately 3 weight percent,
usually about 0.015 g of powder to 0.5 g of silicone. A small, 5 mm by 10 mm, rectangle was cut
from the large piece and suspended in the center of the sphere. Three measurements are taken:
one without the sample in the sphere, one with the sample in the sphere but with indirect
excitation from the laser, and finally with the sample directly excited by the laser. The emission
profiles from the powders are recorded, and the curves are corrected for the response of the
system in photons. The curves generated by the phosphors are separated into the excitation region,
encompassing the laser emission, and the emission region, containing the emission from the
phosphor. These curves are then integrated and the quantum efficiency is calculated using the
method described in [19].

A Janis cryostat (VPF-100) was fit into the sample chamber of the Fluorolog-3 system,
and a pulsed Nano-LED was used as the excitation source. The LED was centered at 365 nm, the
excitation monochromator was set to 380 nm, and the slits were opened to a 10 nm band pass.
The time range was set at 3.2 us and the pulse rate was set at 250 kHz. The emission
monochromator was set at 450 nm to correspond to the peak emission, and the slits were opened

to 8nm band pass. The scan was set to stop, once the peak counts reached 5000. The sample was
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cooled down to 80 K with liquid nitrogen, and the first scan was started. Once the peak height
was reached, the sample temperature was raised to 100 K and the second scan was started. After

100 K, the sample was then raised in 25 K increments to a final temperature of 500 K.
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Figure 4.3. The schematic of measurement for quantum efficiency followed by DeMello method [19].
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4.3. Experimental procedure for electophoretic deposition

The phosphor powders used in this study were Eu**-activated Sr,.,Ca,SisNg, Ba,SiOs,
LiCaP0O,, (Sro7sBag2s),SiO4 and (SrosBags)sSiOs, synthesized by solid state reaction, that emit
red, green, blue, yellow and orange light, respectively, under 380 nm excitation. EPD was carried
out in a bath consisting of the phosphor powders, Mg(NOs),-6H,0, isopropyl alcohol (IPA) and
glycerin. The Mg(NOs),-6H,0 concentration ranged from approximately 10° to 10° M, as
determined by our previous work [20]. To enhance the dispersion of particles and adhesion
strength, 2 vol.% glycerin was added to the bath. The zeta potentials of the powders were
measured in a diluted suspension with various magnesium nitrate concentrations in IPA and 2
vol.% glycerin with a Zeta Plus meter (Brookhaven Instruments Corporation, Holtsville, NY).

An ITO-coated glass slide (2.5 cm x 5.1 cm x 1.1 mm, 70 ohms/sq., Bayview Optics,
Dover-Foxcroft, ME) was used as the cathode, and an aluminum sheet was used as the anode.
The deposition area was 2.5 cm x 2.5 cm. The electrodes were placed vertically and parallel to
each other in a suspension with 1 cm separation as shown in Figure 4.4. A voltage of 50-100 V
was applied by a power supply for 1 min - 8 min to give a deposit thickness ranging from ~ 10
um - 25 um. The maximum applied voltage was 100V because the deposited film quality was
poor when a higher applied voltage was used [21]. After the deposition process, the deposited

samples were removed from the bath and dried in air.
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Figure 4.4. Schematic diagram of the electrophoretic bath set-up. Phosphor powders are suspended in an
electrolytic solution. The application of a voltage causes the particles to migrate and deposit on the
substrate.



80

For deposition of each phosphor composition, a 5 g/L of powder was dispersed in 100 ml
of IPA with Mg(NOs3),-6H,0 and glycerin. The nitrate concentration was chosen to obtain a zeta
potential of ~30 mV - 40 mV for each phosphor. The zeta potential was negative at a low salt
concentration. As the salt concentration increased to around 10 M, the zeta potential became
positive. In the case of the phosphor blends, a 5 g/L of a mixture of phosphor powders was
ground lightly by a mortar and pestle and then dispersed in 100 ml of IPA. Sonication of the
suspension for 1 h was used to improve the dispersion of the powders in the suspension and
assure the complete dissolution of Mg(NOs3),-6H,0.

The blend compositions were chosen to generate white light. At first, the phosphor blend
was determined by a software simulation for an initial ratio (by OSRAM-Slyvania). This blend
was formulated and the resulting emission spectra of the blend by excitation from a UV LED and
CIE coordinates were used to modify the blend until the formulation met the desired CCT, CRI
and distance from the black body locus. Two different blends were chosen. One was a blend of
three phosphor composition (blue-, yellow- and orange-emitting) and another one was a blend of
four phosphors (blue-, green-, orange- and red-emitting). However, the real compositions of the
blends were determined by experiments due to different deposition rates of phosphor components.

Blended phosphor films were prepared from a single deposition (5 min) using a bath with
a mixture of phosphors. The three phosphor blend contained (by weight) 63 % blue-, 15 %
yellow- and 22 % orange-emitting powders and the four phosphor blend contained 70 % blue-,
13 % green-, 5 % orange- and 12 % red-emitting powders.

The other approach used was sequential deposition using different individual phosphor
suspensions. The light emission of the sequentially-deposited films was changed by altering the
thickness and the order of the sequentially-deposited phosphors. Two sequential depositions were

performed using a bath of a mixture of red- and orange-emitting phosphors and a separate bath of
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green- and blue-emitting phosphors. First, red/orange (1:1 weight ratio) was deposited and then
green/blue (2:3 weight ratio) was deposited. The deposition time in the first bath was for 1-3 min
and the time in second bath was increased to 5-8 min to overcome the decrease of electric field on
the electrode due to the resistance of the first layer.

The deposits were analyzed in terms of their thickness, PL spectra, CCT and CRI. The PL
emission spectra were taken using a Jobin Yvon Triax 180 monochromator, SpectrumOne
charge-coupled device (CCD) detection system and a 380 nm UV as the excitation source. The
CCT and CRI were calculated from the measured PL spectrum of the phosphors using
ColorCalculator software developed by OSRAM SYLVANIA Inc. (downloaded from
https://www.sylvania.com). The thicknesses of the films and average particle sizes were
estimated from micrographs taken by a field emission scanning electron microscope (FEI-XL30,

FEI Company, Hillsboro, OR).
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Chapter 5. Comparison of luminescent properties of Y,0s:Eu** and LaPO,:Ce*,
Th*" phosphors prepared by various synthetic methods

5.1. Abstract

The crystallite and particle sizes, morphology and corresponding photoluminescence (PL)
properties of nanocrystalline phosphors Y,05:Eu®* and LaPO,:Ce*, Tb**, produced by
combustion, co-precipitation, hydrothermal, sol-gel, and spray pyrolysis synthesis protocols, are
compared. For Y,Os:Eu®, the particles made by a sol-gel method showed the highest PL
emission intensity with a 26 nm crystallite size and nearly spherical morphology. Spray-pyrolysis
particles have perfect spherical morphology with ~0.6 um diameter particle size, but produced the
lowest PL emission intensity with a crystallite size of 13 nm. For LaPO,:Ce*, Tb*, the co-
precipitation method produced particles with ~0.3 um diameter with the highest PL emission
intensity with a crystallite size of 33 nm and the synthesized powders possess a similar spherical
morphology to that of Y,03:Eu®" particles produced by the sol-gel method. The PL emission
intensity increased with increasing crystallite size, but was found not to be dependent upon
particle size. In general, phosphors particles with a relatively large crystallite size with a spherical

and agglomerated morphology are favored for emitting the highest PL intensity.

5.2. Introduction

Understanding and enhancing the luminescence of nanophosphors is important for
applications such as displays, sensors and solid-state lighting [1-3]. Among the numerous
phosphors, europium-activated yttrium oxide (Y,O3:Eu**) has been widely used as a red-emitting
phosphor in fluorescent lamps, high resolution projection devices and displays [4-5]. Y,03:Eu®*
phosphors show a strong 611 nm red emission from the °D, —'F, transition and weaker
emissions from the °D, —>7F1,3 transitions of Eu®* [6-7]. Cerium and terbium-activated lanthanum
phosphate (LaPO4:Ce*, Tb*) displays an efficient ~543 nm green emission of Tb** under deep

UV radiation, which are widely used as a green-emitting phosphors in fluorescent lamps [8]. UV
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excitation of Ce®* occurs through a 4f'—4°5d"* transition and then energy transfer from Ce®" to
Th*" arises, resulting in a Tb* emission from the °D,—'F; (J = 0-6) relaxation.

Y,0s5:Eu® and LaPO,:Ce*, Th* have been synthesized through various methods such as
spray pyrolysis [9-10], microemulsion [11-12], combustion [13-14], sol gel [15-16], hydrothermal
[17-18], homogeneous precipitation [19-20], and co-precipitation [21-22]. Among the various
routes to synthesize Y,05:Eu®* and LaPO,Ce*, Tb*, they can be divided into two groups
according to the precursor, which can be a precipitate or a gel. The microstructure and physical
property of particles largely depend on the characteristics of the precursors in the controlled
synthesis and thermal decomposition conditions. These conditions have an effect on the
morphology, crystallite and particle size, and photoluminescence (PL) emission intensity of the
resulting phosphors. A crystallite is the smallest detectable single crystal and its size is usually
estimated from X-ray diffraction line broadening analysis based on the Scherrer’s formula or
from transmission electron microscope studies. A particle consists of multiple crystallites that are
strongly bound together. These sizes are measured by scanning electron microscopy (SEM) or
from light scattering methods. Agglomerates are a number of particles that are weakly or strongly
held together and their size can be measured using SEM or light scattering methods.

There have been studies that report the effects of crystallite and particle size on PL
emission intensity for numerous phosphors each synthesized by a sole method. Han et al. [23]
studied the nano- and sub-micron sized (Bal_XSrX)ZSiozl:Eu2+ prepared by a co-precipitation
method and found that the PL intensity increased with increasing crystallite size, which increased
after annealing at progressively higher temperatures. Jung et al. [24] found a linear increase of
emission intensity of spray pyrolyzed Y,0s:Eu®* with increasing crystallite size (25-60 nm).
Wang et al. [25] prepared submicron Y,05:Eu®* powders of different crystallite and particle sizes
through spray pyrolysis by varying the synthesis temperatures, and also found a linear increase of

PL emission intensity increasing crystallite sizes (9 nm to 55 nm). They also observed an increase
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in PL emission intensity when particle size was increased from 200 to 500 nm with a constant
crystallite size, but PL emission intensity leveled when the particle size was 500 nm and greater.
However, it was concluded that the crystallite size had a more important role in affecting PL
emission intensity than the particle size. Jung et al. [26] studied the effects of particle size and
crystallite size on PL emission intensity for BaMgAl,,O47:Eu®* phosphors prepared by spray
pyrolysis and found that larger crystallite sizes led to higher PL emission intensity. They found
PL emission intensity increasing for particles up to ~3 pm in size and leveled off for particle sizes
of 4 um to 12 um, similar to results of Wang et al. [25], although the leveling off occurred at a
larger particle size. From these reports, it has been demonstrated that as both the crystallite and
particle size increases, the PL emission intensity increases. With smaller crystallites, the
probability for non-radioactive recombination without releasing photons becomes higher due to
the increased number of atoms in grain boundaries and on the surface, lowering the light
generation efficiency compared to larger crystallites. The PL intensity increases up to a certain
particle size and remains constant beyond that size. This is likely due to the increased scattering
of incident light inside particles as the particle size becomes large and particles agglomerate.
There have been studies to compare the effect of different synthesis methods on PL
emission intensity [27-34]. The PL from Srin,0,:Eu®* synthesized by solid state and combustion
reactions was compared and solid state reacted powders had a higher emission intensity, which
was attributed to a larger crystallite size [27]. Y,Os:Eu®" was prepared by solid state and co-
precipitation reactions annealed at different temperatures, and it was found that co-precipitated
powders annealed at high temperature had the highest emission intensity due to those powders
having the largest crystallite size [28]. Sol gel prepared powders of Mg,TiO;Mn*" and
SrMo0,:Eu** had a higher PL emission intensity compared to solid state reacted powders [29-30].
This was attributed to a higher purity and more uniform activator distribution in the sol gel

powders. Li,SrSiO,:Eu*" phosphors prepared by the sol gel route and solid state reaction showed
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that the sol gel powders had a higher emission intensity, which was assigned to defects introduced
by Li volatilization during solid state reaction synthesis [31]. Nano-crystalline Ba;MgSi,Og:Eu”,
Mn?" synthesized by a sol-gel method show higher color rendering and better color temperature
in comparison with the samples prepared by high temperature solid-state reaction method [32].
Y3Als04,:Cr** phosphors prepared by combustion and solid state reactions had similar emission
intensities, but only after high temperature annealing of the combustion powders [33]. Zn3V,04
synthesized by different methods had emission intensities in the order: combustion >
hydrothermal > sol-gel > solid state, which was attributed to the uniform, spherical morphology
of the powders prepared by combustion synthesis [34]. These results demonstrate that the
synthesis method strongly influences the PL emission intensity.

There are no direct comparisons of the luminescence properties of phosphors synthesized
by a large variety of methods and their relationship to the crystallite and particle sizes and
morphology. In this report, a simple oxide, Y,05:Eu®, and a phosphate, LaPO,:Ce*, Th*, were
synthesized by various methods to investigate the effect of powder morphology, crystallite and

particle sizes on the PL emission intensity.

5.3. Experimental

The starting materials were yttrium(lll) nitrate hexahydrate (Y(NO);-6H,O, Sigma
Aldrich), europium(lIl) oxide (Eu,0s, Alfa Aesar), citric acid (C¢HgO;-H,O, EMD Chemicals),
ethylene glycol (C,H¢OH, Fischer Scientific), polyethylene glycol (PEG, (C,H,0),H.0O, Sigma
Aldrich), nitric acid (68 — 70%, EM Science), ammonium hydroxide (NH,OH, Puritan Products),
urea (CH4N,O, Fisher Scientific), terbium (l1l) nitrate hexahydrate (Tb(NO3)s;-6H,0, Sigma-
Aldrich), cerium (IlI) nitrate hexahydrate (Ce(NO3)-6H,0O, Alfa Aesar), and lanthanum (111)
nitrate pentahydrate (La(NO3)s-5H,0, Sigma Aldrich). All materials were used without further

purification. The starting powders for Y,03:Eu®" consisted of Y(NO;);-6H,0 and Eu,0; (molar
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ratio Y/Eu = 0.95/0.05) and LaPO,:Ce*, Th*" consisted of La,0s, Ths0+, Ce(NO3);-6H,0 and
(NH4);HPO, (molar ratio La/Th/Ce/P = 0.9/0.025/0.075/1). Solutions for both compositions were
made with a 1:1 volume ratio of water and nitric acid and stirred for 30 min until a clear solution
was observed. The starting solutions for Y,05:Eu® and LaP0O,:Ce**, Tb** will be named solution

A (Y molar amount = 0.95) and B (La molar amount = 0.9), respectively.

1. Sol-gel/Pechini method

Citric acid (CA) (0.93 g), which acts as chelating agent for the metal ions, and 2.5 g of
polyethylene glycol (PEG), which acts as a cross-linking agent, were added to solution A. To
solution B, 0.90 g of CA and 2.0 g of PEG were added. The solutions were continually stirred for
10 hours at 80 °C to form a transparent gel. The gels were preheated at 350 °C for 1 hr in air to
evaporate residual water until a black powder remained. The powders from solution A was
annealed at 800 °C for 1 hr, and from solution B was annealed at 1000 °C for 1 hr to remove

organic materials, resulting in phosphor powders.

2. Combustion method

Urea was added as fuel in the amount of 0.88 g for solution A and 1.28 g for solution B.
After the addition of urea, the beakers were directly placed inside a preheated furnace at 500 °C
until the mixture started to boil and subsequently produced a flame that was sustained for a few
seconds. The beakers were taken out of the furnace and allowed to cool to room temperature. The
resulting powders were collected and transferred to ceramic crucibles. Powders from solution A
were heated at 800 °C for 1 hr in air, and powders from solution B were heated at 1000 °C for 1

hr in air to produce phosphors.

3. Hydrothermal method
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Solution A was heated at 100 °C for 10 hr until all residual acid was evaporated from the
solution and a transparent solid was obtained. Water (25 ml) was added to the solid under stirring
conditions until all of the solid dissolved. To produce the precipitate, NH,OH was added
dropwise until the pH was ~6. The slurry was then transferred into a closed Teflon pressure
vessel and thermally treated at 130 °C for 24 hours. The resulting solution was then filtered, dried
at room temperature, and annealed at 800°C for 1 hour in air to further crystallize the powders.
For solution B, NH,OH was added dropwise until the pH was 5-6. The slurry was then transferred
to the Teflon pressure vessel and treated at 130 °C for 24 hours. The heated solution was then
filtered, dried at room temperature for 10 hours, and annealed at 1000 °C for 1 hour for further

crystallization of the phosphor powders.

4. Co-precipitation method

To create precipitates for solutions A and B, the same steps were taken up to control the
pH as in the hydrothermal method. Instead of annealing in the pressure vessel, both solutions
were filtered and dried at room temperature for 10 hours. The resulting powders from solution A
were annealed at 800 °C for 1 hour in air, and those from solution B were annealed at 1000 °C for

1 hour in air.

5. Spray-pyrolysis method

Mists were generated from solution A by a single 2.4 MHz ultrasonic nebulizer (Sonaer
Ultrasonics, Farmingdale, NY) which was then directed into a tube furnace operating at 800 °C
using argon as carrier gas. The flow rate was set to a range of 0.1 - 0.5 Lmin™ to control the
residence time of the mist in the heating zone to 5-10 s. After passing a heat sink, the particles
were collected from a charged plate at the end of the tube. The same process was used for

solution B with the tube furnace operating at 1000 °C.
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6. Characterization

All particles were slightly ground using a mortar and pestle before analysis. The
crystallite sizes were determined from X-ray diffraction (XRD) peak broadening analysis. The
particles were examined using a field emission scanning electron microscope (SEM) (FEI-XL30,
FEI Company, Hillsboro, OR). The particle sizes were determined using the intercept method,
measuring up to 50 particle diameters. PL emission spectra were taken using a Jobin-Yvon Triax
180 monochromator and SpectrumOne charge-coupled device detection system, which was
shared with the PL system that uses a 450 W Xe lamp as the excitation source. An excitation
wavelength of 276 nm was used for LaPO4:Ce*, Tb® and 253 nm for Y,Os:Eu®. These

excitation wavelengths were chosen as they produced the highest PL emission intensity.

5.4. Results and Discussion

Figure 5.1. shows the XRD patterns of the Y,03:Eu®* powders produced using various
methods, each post-annealed at 800°C in air. All the diffraction peaks can be indexed to
Y,05:Eu®* compatible with JCPDS No. 43-1036 for Y,0; with a cubic structure. The peak
positions for all synthetic methods are the same, indicating the same Eu®* content. Eu®*
substitutes for Y** and has a larger ionic radius, which would shift the XRD peaks if the Eu®*
concentration were not the same. Figure 5.2. shows the XRD patterns of the LaPO,:Ce*", Th**
particles prepared by various methods, each post-annealed at 1000°C in air. All five samples
exhibit the characteristic diffraction peaks of the monoclinic structure of LaPO, (JCPDS No. 32-
0493), with the peak positions the same, except for the spray pyrolyzed powders, which appears
to have slightly higher activator content. No traces of impurity phases were observed in the XRD
patterns, indicating a high purity for all the samples. However, it is clear from the XRD patterns
that there are different magnitudes of peak broadening, showing that the crystallite size varied

with each synthesis method.
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Table 5.1. Crystallite and particle sizes and normalized photoluminescence emission intensity for each
synthesis method. PL for Y,0s:Eu®* was normalized to the sol gel (SG) intensity (highest) and
LaPO,:Ce**, Th* was normalized to the co-precipitated (CP) intensity (highest).

Y,05Eu** LaPO,:Ce™ Tb*

Method Crystallite size | Particle size Crystallite size | Particle size
(nm) (Lm) Wse (nm) (Hm) Wcp
Combustion 18.0 1.64 + 0.57 0.87 39.8 2.74 +0.45 0.77
Co-precipitation 28.2 0.3210.15 0.71 32.8 0.33+0.07 1.00
Hydrothermal 23.7 0.95+ 0.08 0.40 22.3 0.31+£0.10 0.93
Sol gel 26.3 2.19+0.54 1.00 41.7 1.56 + 0.52 0.89
Spray-pyrolysis 13.2 0.56 + 0.18 0.32 14.1 0.76 £ 0.05 0.47
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Figure 5.1. XRD of Y,04:Eu®* prepared by co-precipitation (CP), combustion (CS), hydrothermal (HT),
sol-gel (SG), and spray pyrolysis (SP), compared with JCPDS card #43-1036 for cubic Y,0;
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Figure 5.2. XRD patterns of LaPO,:Ce**, Th** prepared by co-precipitation (CP), combustion (CS),

hydrothermal (HT), sol-gel (SG), and spray pyrolysis (SP), compared with JCPDS card #32-0493 for
monoclinic LaPO,
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The crystallite size was calculated using the Scherrer formula:

_ 092
~ Bcosh

where A = 0.154 nm (x-ray wavelength), B is the line broadening at full-width half-
maximum intensity, 6 is the Bragg angle, and D is the mean size of the crystallites. The results
are shown in Table 5.1. The crystallite sizes of Y,03:Eu® particles range from 13.2 nm by spray-
pyrolysis to 28.2 nm by co-precipitation, whereas for LaPO,:Ce**, Th** particles, crystallite sizes
ranged from 14.1 nm by spray-pyrolysis to 41.7 nm by sol-gel.

Each synthesis method produced different particle sizes and morphologies unique to the
method. Figure 5.3.(a) shows a SEM micrograph of Y,Os:Eu®" particles prepared by co-
precipitation, which were agglomerated with particle diameters of ~0.3 um. The morphology is
significantly different for the particles prepared by the hydrothermal method, as shown in Figure
5.3.(b). Most of the particles are not spherical, but exhibit a needle-like morphology of ~ 900 nm
in length and 40-50 nm in width. In Figure 5.3.(c) the sol-gel particles have irregular shape with
an average particle size of ~2.2 um. In Figure 5.3.(d) the particles prepared by combustion
synthesis also have an irregular shape with an average size of ~1.6 um. Figure 5.3.(e) shows the
spray-pyrolysis particles with a spherical morphology with diameters of ranging from 280-640

nm.



(e)

Figure 5.3. SEM micrographs of Y,03:Eu** produced by: (a) co-precipitation; (b) hydrothermal; (c) sol-
gel; (d) combustion; (e) spray pyrolysis. Bar =2 um.
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Figure 5.4. SEM micrographs of LaPO,:Ce**, Tb*" produced by: (a) co-precipitation; (b) hydrothermal; (c)
sol-gel; (d) combustion; (e) spray-pyrolysis. Bar = 2 um.
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Figure 5.5. Photoluminescence emission spectra of Y,04:Eu* produced by different synthesis methods.
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Figure 5.4. shows the SEM images for LaPO,:Ce*", Tb** particles prepared by the various
methods. In Figure 5.4.(a) and (b), co-precipitation and hydrothermal powders, both forming
precipitates under solution, are shown to have nearly spherical morphology, however being
severely agglomerated. The average particle sizes from both hydrothermal and co-precipitation
methods were ~0.3 um. In Figure 5.4.(c), sol-gel particles show a nearly spherical morphology
with less agglomeration compared to the particles by hydrothermal and co-precipitation methods.
These sizes ranged between 1.4-2.3 pm. In Figure 5.4.(d), the combustion-synthesized particles
are shown to have an irregular shape with a particle size in the range of 2.3-3.1 um. As shown in
Figure 5.4.(e), the particle size of spray-pyrolyzed powders averaged ~0.5 um with a spherical
morphology.

Different crystallite sizes and the morphologies can affect the luminescence properties of
the phosphors due to different surface-volume ratio, which is critical component in the quantum
efficiency of the phosphors [35]. Figure 5.5. shows the PL emission spectra of Y,0s:Eu*
powders prepared by the different synthesis methods excited at 253 nm. There are three groups of
emission peaks between 580 and 626 nm, which are from the °D, —'F; (J = 1, 2, 3) transitions of
Eu®*, respectively. The strongest emission peak at 611 nm corresponds to the forced electron
dipole transition of Eu®** from °D, —'F, transition. The powders produced using the sol-gel
method produced the highest emission intensity. This can be attributed to the larger crystallite
size of the sol-gel powders relative to other methods. Sol-gel powders also had the largest particle
size (~2.19 um). Combustion synthesized powders had the second highest emission intensity,
having a small crystallite size (18 nm) and a relatively large average particle size (1.64 um). Co-
precipitation powders produced the largest crystallite size (28.2 nm), but the smallest average
particle size (~0.32 pum) with an intermediate PL emission intensity. Spray pyrolyzed powders
had the smallest crystallite size (13.2 nm), a small average un-agglomerated particle size (~0.56

um) and exhibited the lowest PL emission intensity. Hydrothermal powders showed a higher PL
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emission intensity than spray pyrolysis powders with a larger crystallite size (23.7 nm) and an
intermediate average particle size (~0.95 um).

Figure 5.6. shows the PL emission spectra of LaPO,:Ce*, Tbh®" powders prepared by
various methods excited at 276 nm. The strong yellowish-green emission is related to the
transitions between the excited °D, state and the 'F,; (J = 0-6) grounds states of Th*, which is
excited by the Ce*" emission. The co-precipitated powders produced the highest intensity, which
can be attributed to the relatively large crystallite size (32.8 nm), however the average particle
size was relatively small (~0.33 pm). The second highest emission intensity occurred for
hydrothermal synthesized powders with intermediate crystallite and particle sizes. The lowest
emission intensity occurred for the spray pyrolyzed powders, despite having a slightly higher
activator concentration. These powders had the smallest crystallite size (14.1 nm) and an
intermediate particle size. Combustion and sol-gel synthesized powders have intermediate
normalized intensities, with the largest crystallite and particle sizes.

Figure 5.7. show the influence of the crystallite size on the normalized PL emission
intensity. The Y,03:Eu®" powders were normalized to the sol-gel powder intensity (the highest)
while the LaPO,:Ce*, Tb* intensities were normalized to the co-precipitated powder intensity
(the highest). From this plot, it can be concluded that increasing the crystallite size increases the
emission intensity, in corroboration with Wang et al. [25]. In general, our combustion, co-
precipitation and sol-gel synthesized powders tend to have high PL emission intensity. The spray
pyrolyzed powders exhibit the lowest intensity, which is attributed to the small crystallite size.
The dotted line on Figure 5.7. is a best-fit line between crystallite size and normalized intensity.

The PL intensity does not seem to be as dependent on particle size, compared to the
strong relationship with crystallite size. Figure 5.8. is a plot of the normalized emission intensity
as a function of particle size. Particle sizes ranging from sub-micron to 1 um show normalized

intensities ranging from 0.3 to 1. However, the larger particles (> 1 um) show higher normalized



101

intensities for sol-gel and combustion synthesized powders. The dotted line shows a linear
regression of the mean average sizes, demonstrating that is only a slight correlation. This is in
contrast to reports that find a particle size dependence of emission intensity [24, 25].

For Y,Os:Eu®, sol-gel and combustion reacted powders emit the highest relative PL
intensity while having the same spherical structure and agglomeration as those of relatively high
intensity co-precipitation and hydrothermal. These results corroborate the findings of Wang et al.
[36], who found the highest PL emission intensity for Y,05:Eu** powders having a spherical

morphology compared to rods or flakes.
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Figure 5.7. Normalized Y,05:Eu** (red circles) and LaPO4:Ce®" Tb** (green squares) photoluminescence
emission intensity as a function of crystallite size. Y,05:Eu®" is normalized to the sol gel intensity (highest)

and LaPO,:Ce*, Tb*" is normalized to the co-precipitated intensity (highest).
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5.5. Conclusions

This is the first study comparing the crystallite and particle sizes and morphology with
the respective photoluminescence emission intensity of two phosphor compositions prepared by
five methods. Y,05:Eu®" and LaPO,:Ce*, Th* powders were prepared by combustion reaction,
co-precipitation, hydrothermal, sol-gel, and spray pyrolysis synthesis methods. For Y,0s:Eu®,
the sol-gel method showed the highest PL emission intensity compared to other methods having a
crystallite size of 26 nm and an average particle size of 2.19 um. The spray-pyrolyzed powders
have the lowest intensity with a 13 nm crystallite size and an average particle size of 0.56 um.
For LaPO,:Ce*, Tb*, the co-precipitation method has the highest PL emission intensity with 33
nm crystallite size and an agglomerated morphology. The spray-pyrolysis method produces the
lowest intensity with a crystallite size of 14 nm and a spherical and un-agglomerated morphology.

This study shows that a large crystallite size along with nearly-spherical and
agglomerated particles tend to emit the highest PL intensity. The results show in general
increasing intensity as a function of increasing crystallite size, with the exception of combustion-
synthesized Y,0,:Eu®* particles and co-precipitated LaPO,:Ce** Th** particles, which show high
intensity with a relatively small crystallite size. The characteristic of producing high intensity
with small crystallite size needs to be investigated further in detail. There was a slight increase in

photoluminescence emission intensity with increase in particle size.
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Chapter 6. EPD of phosphors for display and solid state lighting technologies

6.1. Abstract

Electrophoretic deposition (EPD) has been used for phosphor screening for a variety of
emissive information displays and more recently, for solid state lighting. EPD is well suited to
deposit the fine (nanometer to micrometer diameter) phosphor particles needed for high
resolution displays. The fundamentals of the EPD process in an isopropanol (IPA) bath have been
characterized by the dissociation behavior of nitrate salts in IPA, measurement of the effects of
pH and nitrate salt concentration on the zeta potential of the particles, studying of the processing
conditions and modeling of the deposition rates. The electrochemical precipitation reactions form
an adhesive agent for the particles and the adhesion strength can be enhanced by various methods

to meet the requirements of these technologies.

6.2. Introduction

Phosphors are materials that emit visible light when excited by photons (photo-
luminescence), electrons (cathodoluminescence), or electric fields (electroluminescence).
Electrophoretic deposition (EPD) of powder phosphors, from nanometer to micron diameter size,
has been used in the manufacturing of emissive displays, such as cathode ray tubes (CRTSs), field
emission displays (FEDs) and plasma display panels, and particularly for high-resolution screens
[1]. The performance of emissive display screens depends upon the uniformity, density, and
adhesion of the phosphor layer [2].

Light emitting diodes (LEDs) offer the promise of energy efficient, low cost white-
emitting solid state lighting (SSL). One approach for generating white light combines UV or blue
LEDs with phosphors that convert the LED emission to visible light. This results in a device that

emits light with several wavelengths over the visible spectrum which is perceived as white light
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by the human eye. Recently, EPD has been used to deposit phosphors onto LEDs and we are

currently studying EPD for near-UV emitting phosphors for SSL applications.

6.3. Fundamentals of the Process

The fundamental steps of the EPD process are: 1) charging of the particles in suspension,
2) transport of particles under an electric field, and 3) adherence of the particles to the substrate.
The steps were systematically studied in our work with phosphors by investigating the
dissociation of nitrate salts in IPA [3], the effects of suspension medium chemistry on zeta
potential of the particles [3, 4], and the effects of deposition conditions to model the process [5].

The dissociation of 107 to 10? M Mg(NOs), in IPA was studied by measuring molar
conductivity [4]. Then, the mobility of the ions were determined using the limiting conductivity
and the concentration of ions were calculated from the dissociation constant. In liquids of low
dielectric constant such as IPA, dissociation is very small; the first and second dissociation
constants were found to be 6x10®° and 2x10" M, respectively. The limiting conductivities for
Mg(NO3)" and Mg*" in IPA were determined to be 18 and 120 mho-cm?/mole, respectively. In the
concentration range of 10 to 10° M Mg(NO), typically used in our EPD baths, Mg(NO5)* is the
predominant cation available to charge the particles.

The zeta potentials of several oxide, sulfide, and oxysulfide phosphors were measured in
IPA and in IPA containing nitrate salts and water [3, 4]. The zeta potentials of phosphors in pure
IPA were negative. With the addition of 5x10™ M nitrate salt, the zeta potentials of nearly all the
phosphors became positive. The effects of nitrate salt concentrations and pH on the zeta
potentials of Zn,SiO,:Mn (P-1) and ZnS:Ag (P-11) phosphor particles, in particular, were studied
[4]. The zeta potential was negative (~ —45 mV) at nitrate concentrations less than 10”7 M. As the
salt concentration increased, the zeta potential increased and became positive, reaching a

maximum (~50 mV) at 10° M. In IPA or IPA with 10° M Mg(NO,),, the zeta potential was
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positive at pH<6, but became negative for pH>6. At higher salt concentrations of 10 and 10 M,
the zeta potential remained positive for all pH values. Therefore, the zeta potential is dependent
upon both the nitrate salt concentration and pH.

During EPD, electrolysis of the water present in the IPA creates a basic environment at
the cathode. Thus, Mg(NO,)" reacts with the hydroxide ions to produce Mg(OH), [4, 5]. By
carefully controlling the amount of water in the IPA bath, it was determined that alkoxide,
Mg(CsH-;0),, formation can also occur [6]. When the water concentration in the EPD bath is low
(<1 vol%), the alkoxide predominately forms, whereas at high water content (>5 vol%), the
hydroxide forms. At intermediate water concentrations, a mixture of the two materials forms.
Note, however, that hydrogen evolution can become a problem for EPD at the cathode with a
high concentration of water in solution. The dissociation of nitrate salts and thus, conductivity of
the solution also increases with increased amounts of water. Thus, the role of the Mg(NOs3); in the
EPD bath is to charge the particles positively, to maintain the positive zeta potential at a high pH
at the cathode, and to form the adhesive material.

The amounts of deposited particles and magnesium hydroxide binder were simply
modeled by integrating the flux of material over time [4, 6]. The deposition rates of both the
phosphor and Mg(OH), predicted from this simple model agreed with experimental results
provided that the Mg(NO3), concentration was greater than ~10* M [5]. This minimum
concentration maintains a positive zeta potential near the cathode and provides the necessary

amount of binder to adhere the particles.

6.4. EPD for Information Displays
With a basic understanding of the EPD process for phosphors, our research focused on its
application for emissive information displays. Phosphor screens must meet a number of

requirements for use in an information display [2]. The deposit thickness must be optimized to
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ensure pin-hole free coverage, yet not reduce light emission. The packing density should be
optimized for the best light output. The screen must be uniform to ensure consistent optical
performance. The amount of non-luminescent material needs to be minimized. Finally, the
deposit must have sufficient adhesion strength to withstand handling during manufacturing, as
well as during use. Sluzky and Hesse [7] studied the EPD of phosphor screens and concluded that
the screen can demonstrate brightness equal to coatings made by standard settling methods and
are capable of very high resolution.

To meet the requirements for display screens, we studied the adhesion of EPD phosphor
particles and techniques to enhance the adhesion strength [6]. The single greatest effect on the
adhesion strength was the added 2 vol.% glycerin to the deposition bath. Adhesion has been also
significantly enhanced by spray coating a photoresist layer on top of the EPD phosphor film [8].
The optical performance of phosphor screens was found not to be affected by the process itself
nor by the conditions that enhance phosphor adhesion under 1-4 kV excitation voltage applicable
to FEDs [9]. Additionally, two new screening methods were developed, one for color displays by
combining EPD and photolithography [10, 11]. Our phosphor screening process was developed to
deposit triads of phosphor stripes onto an indium-tin-oxide (ITO)-covered glass substrate with a

line resolution of 100 triads of 75 um stripes per inch [11].

6.5. EPD for Solid State Lighting

White light has been obtained by mixing blue light from the emission of GaN and yellow
light of a Y3Als04,:Ce (YAG:Ce) phosphor. A uniform coating and an optimized thickness of
phosphor on a GaN chip are necessary for achieving an efficient white LED. Philips Limileds
Lighting Company used EPD to produce a conformal phosphor coating on an LED for a uniform

white light without colored rings [12].
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Near UV-emitting (380-400 nm) InGaN-based diodes have comparable efficiency to
blue-emitting InGaN diodes. However, they display less binning and are more efficient at higher
current densities. In addition, there is the flexibility for color blending using red-, green- and
blue-emitting phosphors. We are in the process of developing these phosphors for near-UV
excitation. The final configuration of the light-emitting device will involve phosphors applied in a
remote configuration mode with diffuse reflector-cup walls, as shown in Fig. 6.1. The LED chip
in a SSL design strongly absorbs any UV light reflected back from the phosphor layer and any
visible radiation emanating from the phosphor layer isotropically after down-conversion (Fig.
6.1.(a)). Thus, increasing the efficiency of light escape entails reducing back scattering of UV
radiation and also reducing visible photons arriving at the chip. Both factors may be achieved by
a remote phosphor configuration approach [13]. We will investigate two methods to couple the
phosphor with the diode: EPD of powders onto the diode directly (Fig. 6.1.(b)) and EPD of the
powders onto a transparent substrate for the remote phosphor configuration (Fig. 6.1.(c)).

Using the spectral power distribution of red, green and blue phosphors selected on the
basis of fluorescence measurement, phosphor blends may achieve the desired color coordinates
and color temperatures compatible with high efficacy. We have been using EPD to deposit
mixtures of phosphors to obtain white light as shown in Fig. 6.2., which shows deposits of the

individual phosphors (Fig. 6.2.(a)) and then a mixture of four phosphors (Fig. 6.2.(b)).
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Figure 6.1. Schematic diagrams of phosphors in an encapsulant in white-emitting LEDs of (a) uniform
distribution of phosphor powders dispersed above the LED, (b) conformal distribution and (c) remote
phosphor distribution.
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LiCaPO,EU?*  Sro,cBag,sSiOLEUZ*  (Srg,sBag,s)sSi0sEU2*  BaSiO:Eu?* (SrCa),SigNg:Euz*
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4 0758302533105 a 2215Ng

Figure 6.2. Comparison of the deposits of (a) individual phosphors compositions and (b) mixture of four
phosphor compositions under 365 nm excitation.
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6.6. Summary

In order to electrophoretically deposit a wide variety of phosphors, the fundamentals of
the process in an IPA bath were studied. By investigation of the dissociation behavior of nitrate
salts in IPA, measurement of the effects of pH and nitrate salt concentration on the zeta potential
of the particles, and by studying the EPD process conditions and modeling the deposition rates,
the fundamentals of this EPD process have been well-characterized.

These fundamentals of the EPD process were applied to preparing screens for
information displays and for solid state lighting. It was found that the color and brightness of
screens made were unchanged by the processing conditions. EPD phosphor screens also only
outgas H2, CO, CO2 and low level hydrocarbons under electron bombardment in FED tests [14],
which make them attractive for use. Several methods that combine EPD and photolithography
were developed to produce screens with a high resolution of triads of red-green-blue phosphor
stripes to fabricate full-color screens. Even higher resolution could be achieved with a higher
resolution mask and smaller sized phosphor particles.

A new application of EDP of phosphors is white solid state lighting which uses similar
processing conditions as those for information displays. The ability to coat a uniformly thin,
highly packed conformal or a remote layer phosphor layer on the LED has been the advantage of

EPD for controlling color and efficiency.
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Chapter 7. Electrophoretic deposition of phosphors for white solid state lighting
using near UV-emitting LEDs

7.1. Abstract

Electrophoretic deposition (EPD) is a method to deposit particles dispersed in a liquid
onto a substrate under the force of an applied electric field, and has been applied for depositing
phosphors for application in solid state lighting. The objective is to deposit phosphors in a
“remote phosphor” configuration for a UV-LED-based light source for improved white light
extraction efficiency. It is demonstrated that EPD can be used to deposit red-, green-, blue-,
yellow- and orange-emitting phosphors to generate white light using a near UV-emitting LED by

either depositing a phosphor blend or sequentially individual phosphor compositions.

7.2. Introduction

Electrophoretic deposition (EPD) is a method in which charged particles dispersed in a
liquid are deposited onto a substrate using an applied electric field. The layer thickness is
controlled by the applied voltage and the deposition time. As this process is simple, easy to use
and often cost-effective, EPD of phosphor powders has been used in the manufacturing of
emissive displays for some time [1, 2]. More recently, EPD was used to deposit Y3Als0;,:Ce**
(YAG:Ce®") phosphors on a flexible indium tin oxide (ITO)-coated polyethylene terephthalate
substrate on top of a blue-emitting light emitting diode (LED) to achieve white light [3]. EPD was
used to deposit both layered and blended phosphor films, as shown in Fig. 7.1, using three types
of SiIAION phosphors, Eu-activated Ca-a-SiAION, B-SiAION and CaAlISiN; (yellow-, green- and
red-emitting, respectively) for color tuning with a blue-emitting LED [4]. The films were made
from an ethanol bath with phosphate ester and polyethylenimine as dispersants and polyvinyl
butyral as a binder. White light emission was observed from EPD films of blend of red-, yellow-

and green-emitting phosphor, although the blend of yellow- and green-emitting phosphor with 6:4
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ratio showed the best results. A higher proportion of the yellow phosphor was needed as the
deposition rate of the yellow phosphor was less than for the green phosphor. When green and
yellow phosphors were deposited sequentially as the first and the second layer (40 um green + 15
um yellow) with respect to the blue LED, the emission color was blue-white (5000 K). When the
sequence was reversed (50 um yellow + 50 um green), a warm white (3000 K) was obtained.
This was explained by stating the blue emission from the LED was mostly absorbed by the first
layer regardless of the sequence of deposition.

EPD consists of three major processes: 1) charging the particles in suspension, 2)
transport of the particles to an electrode under an electric field, and 3) adherence of the particles
onto the substrate. Each process step was systematically investigated in previous work with EPD
of phosphors in isopropyl alcohol (IPA) with nitrate salts [5], by studying the effects of the
suspension medium chemistry on the zeta potential of the particles and the formation of adhesive
agents [5-7] and by measuring the deposition rates of the phosphor [8]. Among the fundamentals
of EPD process, the zeta potential is a key factor as it indicates the stability of the suspension and
determines the direction and rate of migration of the particles during deposition. The role of
nitrate salt in the bath is to charge the phosphor particle positively and to form a hydroxide binder,

which acts as the adhesive material at the cathode.
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Figure 7.1. Schematic picture of electrophoretic deposition with sequentially deposited or blended
phosphors (adapted from [5]).
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For uniform deposition with a specified thickness, controlling the deposition process
during EPD needs to be understood. Two basic but competing factors must be evaluated.
Phosphors move horizontally when the electric field is applied, but they also move vertically due
to the settling. The electrophoretic velocity is the product of the mobility (u) and the electric field
strength (E) [9]:

Vepa = UE = (Se/W)E 1
For the phosphor particles, the mobility is determined from the measured zeta potential (&) using
the Smoluchowski equation, u = &e /u, where ¢ is the permittivity and g is the viscosity of
solvent. The electrophoretic deposition rate, R, can be estimated using the Hamaker equation
[10]:

R = aCAvgpyy (2)
where C is the concentration of particles in solution, A is the area of the substrate and « is the
fraction of particles adhered to the substrate (taken as 1). Thus, the rate is linearly proportional to
the concentration of particles when other factors are same. On the other hand, large size phosphor
powders tend to settle before smaller ones. The settling velocity, vs, for spherical particles as
given by the Stokes’ law, is:

_2Wp=pp) 5
= 9—/1 gr

®)

Vs

where p, is the density of the particle, o is the density of fluid, g is the gravitational acceleration,
and r is the radius of spherical particles. Two competing velocities, vepq and v, play a major role
in manipulating the real deposition rate during deposition.

Commercially available white-emitting LEDs are achieved with a combination of a blue-
emitting InGaN LED and a yellow-emitting phosphor, YAG:Ce* [11]. Currently, a small amount
of red-emitting phosphor is added for color correction. The physical location of phosphors plays

an important role in the efficiency of white-emitting LEDs [12, 13]. Fig. 7.2(a) shows a schematic
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diagram of the conventional white-emitting LED configuration, phosphor-in-cup. The phosphor is
dispersed within an epoxy dome that surrounds the LED. Another conformal distribution is
schematically shown in Fig. 7.2(b). EPD has been used to deposit YAG:Ce** phosphor
conformally onto an InGaN LED [14]. Lastly, a remote phosphor configuration has been
proposed [15], as shown in Figure 7.2.(c). The phosphor is located on the transparent substrate
where is far away from the LED chip. The phosphor-in-cup (Fig. 7.2(a)) and conformal
distribution (Fig. 7.2(b)) limit the efficiency due to the reabsorption of wavelength-converted
light by the LED chip. This issue is critical in the conformal configuration due to the close
proximity of the phosphor to the LED chip. The remote configuration (Fig. 7.2(c)) can reduce the
reabsorption of backscattered and emitted visible radiation from both the LED and the phosphor.
Also, thermal stability of the phosphor is expected to be improved since it is placed away from
the LED chip.

White-emitting LEDs are evaluated by their correlated color temperature (CCT) and
color rendering index (CRI). These are two major factors affecting the color quality of solid state
lighting. Besides improving the phosphor configuration, white light produced from LEDs can be
tuned from warm to cold (2,500 K to 6,500 K) depending on the composition of the phosphor
blend. CCT is given in absolute temperature (K) and refers to the location of the light on the
black body curve. The CRI represents the ability of a light source to reproduce colors of an object
and is given on a scale of 0 to 100, the extent to which a series of standardized color samples
differ in appearance when illuminated under a given light source, compared to a reference light
source of a similar color temperature. The average shift in these color samples is expressed as
CRI. The ratio of each phosphor in a blend needed to be in the white region near the black body
locus on the CIE (Commission Internationale de I’Eclairage) chromaticity diagram, which can be

estimated by use of their photoluminescence (PL) spectra.
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Figure 7.2. Schematic diagrams of phosphors in white-emitting LEDs: (a) uniform distribution of phosphor
powders, (b) conformal distribution and (c) remote phosphor distribution.
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In this work, EPD of various UV-excited phosphors and their blends was investigated
with the ultimate goal of achieving white-light emission in a remote phosphor configuration. Both

sequentially-deposited and blended phosphor films were fabricated.

7.3. Experimental

The phosphor powders used in this study were Eu?*-activated Sr,..Ca,SisNg, Ba,SiO,,
LiCaPOy, (Sro7sBag2s)2SiO4 and (SrosBags)sSiOs, synthesized by solid state reaction, that emit
red, green, blue, yellow and orange light, respectively, under 380 nm excitation. Individual
phosphor compositions, average particle size, theoretical density and peak emission wavelength
are shown in Table 7.1. EPD was carried out in a bath consisting of the phosphor powders,
Mg(NOs),-6H,0, isopropyl alcohol (IPA) and glycerin. The Mg(NOs),-6H,O concentration
ranged from approximately 10®° to 10° M, as determined by our previous work [5]. To enhance
the dispersion of particles and adhesion strength, 2 vol.% glycerin was added to the bath. The zeta
potentials of the powders were measured in a diluted suspension with various magnesium nitrate
concentrations in IPA and 2 vol.% glycerin with a Zeta Plus meter (Brookhaven Instruments
Corporation, Holtsville, NY).

An ITO-coated glass slide (2.5 cm x 5.1 cm x 1.1 mm, 70 ohms/sq., Bayview Optics,
Dover-Foxcroft, ME) was used as the cathode, and an aluminum sheet was used as the anode.
The deposition area was 2.5 cm x 2.5 cm. The electrodes were placed vertically and parallel to
each other in a suspension with 1 cm separation as shown in Fig. 7.3. A voltage of 50-100 V was
applied by a power supply for 1 min - 8 min to give a deposit thickness ranging from ~ 10 pum -
25 um. The maximum applied voltage was 100V because the deposited film quality was poor
when a higher applied voltage was used [16]. After the deposition process, the deposited samples

were removed from the bath and dried in air.



Table 7.1. Individual phosphor compositions used for electrophoretic deposition.
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Composition Emission Average Density Peak emission
color particle size (g/cm®) wavelength
LiCaPO4:Eu”" Blue 10+ 4 2.9 471
(SI’o,z5Bao,75)28iO4ZEUZ+ Green 5£3 55 521
(Sro,75Bao,25)28iO4:EU2+ Yellow 8+4 4.7 559
(Sro.5Bag.5)sSiOs:Eu”™* Orange 12+5 5.2 607
SrpxCaySisNg:Eu”* Red 7+3 3.9 652
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Figure 7.3. Schematic diagram of the electrophoretic bath set-up.
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For deposition of each phosphor composition, a 5 g/L of powder was dispersed in 100 ml
of IPA with Mg(NOs),-6H,0 and glycerin. The nitrate concentration was chosen to obtain a zeta
potential of ~30 mV - 40 mV for each phosphor. The zeta potential was negative at a low salt
concentration. As the salt concentration increased to around 10 M, the zeta potential became
positive. Magnesium nitrate concentrations and zeta potential values for each phosphor are shown
in Table 7.2. In the case of the phosphor blends, a 5 g/L of a mixture of phosphor powders was
ground lightly by a mortar and pestle and then dispersed in 100 ml of IPA. Sonication of the
suspension for 1 hr was used to improve the dispersion of the powders in the suspension and
assure the complete dissolution of Mg(NOs3),-6H,0.

The blend compositions were chosen to generate white light. At first, the phosphor blend
was determined by a software simulation for an initial ratio. This blend was formulated and the
resulting emission spectra of the blend by excitation from a UV LED and CIE coordinates were
used to modify the blend until the formulation met the desired CCT, CRI and distance from the
black body locus. Two different blends were chosen. One was a blend of three phosphor
composition (blue-, yellow- and orange-emitting) and another one was a blend of four phosphors
(blue-, green-, orange- and red-emitting). However, the real compositions of the blends were
determined by experiments due to different deposition rates of phosphor components.

Blended phosphor films were prepared from a single deposition (5 min) using a bath with
a mixture of phosphors. The three phosphor blend contained (by weight) 63 % blue-, 15 %
yellow- and 22 % orange-emitting powders and the four phosphor blend contained 70 % blue-,

13 % green-, 5 % orange- and 12 % red-emitting powders.



Table 7.2. Magnesium nitrate concentrations and zeta potential values for each phosphor.

Phosphor composition

Mg(NO3), concentration (M)

Zeta Potential (mV)

LiCaPO4:Eu** 1.2x107° 36+ 3
(Sro.25Bag75)2Si04:Eu* 1.0x10° 37+3
(Sro.75Bag.25)2Si04:Eu”" 1.0x10° 33+3

(SrosBags)sSiOs:Eu”" 1.2x10° 36+4
SryCaySisNg:Eu®" 1.0x10° 36+ 2
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The other approach used was sequential deposition using different individual phosphor
suspensions. The light emission of the sequentially-deposited films was changed by altering the
thickness and the order of the sequentially-deposited phosphors. Two sequential depositions were
performed using a bath of a mixture of red- and orange-emitting phosphors and a separate bath of
green- and blue-emitting phosphors. First, red/orange (1:1 weight ratio) was deposited and then
green/blue (2:3 weight ratio) was deposited. The deposition time in the first bath was for 1-3 min
and the time in second bath was increased to 5-8 min to overcome the decrease of electric field on
the electrode due to the resistance of the first layer.

The deposits were analyzed in terms of their thickness, PL spectra, CCT and CRI. The PL
emission spectra were taken using a Jobin Yvon Triax 180 monochromator, SpectrumOne
charge-coupled device (CCD) detection system and a 380 nm UV as the excitation source. The
CCT and CRI were calculated from the measured PL spectrum of the phosphors using
ColorCalculator software developed by OSRAM SYLVANIA Inc. (downloaded from
https://www.sylvania.com). The thicknesses of the films and average particle sizes were
estimated from micrographs taken by a field emission scanning electron microscope (FEI-XL30,

FEI Company, Hillsboro, OR).

7.4. Results and discussion

For the EPD of individual phosphors, the deposit weight as a function of time is shown in
Fig. 7.4.(a) and was converted to thickness as a function of time using the theoretical density of
the composition and assuming a packing density of 56 % [17] in Fig. 7.4.(b). The deposition rate
was ~1 um/min for green-, yellow-, and orange-emitting phosphors and ~5 pm/min for red-
emitting phosphor, estimated from the thickness of the films in Fig. 7.4. To minimize the settling
of ~5-10 um phosphor particles, the deposition time was limited to 8 min. After 8 min,

stratification of the particles in the bath was clearly observed. The settling velocities estimated
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from the Stokes’ law in Eq. (3) ranged from 1x10™ m/s - 7x10™ m/s. Using the electrophoretic
velocities of 1x10®° m/s - 3x10®° m/s estimated from Eq. (1), the deposition rates agree well with
those calculated from Eq. (2), except for the nitride phosphor [9]. The nitride (red) phosphor film
was thicker compared to the silicate or phosphate phosphor films. It was observed that this
phosphor remained in suspension longer compared to the other phosphors thereby increasing the
concentration or particles in solution during the deposition. In accordance with Eq. (2), this
resulted in a thicker deposit for the same deposition time, but the reason of different state of
suspension with the nitride phosphor is not understood. Fig. 7.5. shows photographs of deposits
of the individual phosphor films excited by 365 nm showing the individual colors and
demonstrating that a uniform coverage was achieved. The microstructure of the surface of each

individual film is shown in Fig. 7.6, which also shows the range of particle sizes of the phosphor.
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Figure 7.4. (a) Deposit weight (per 6.45 cm?) and (b) thickness of individual phosphors as a function of
time. Eu®*-activated Sr,.,Ca,SisNg (red — squares), Ba,SiO, (green — triangles), LiCaPO, (blue — diamonds),
(Sro.75Bag 25),Si04 (dark yellow — inverted triangles) and (SrsBag5)3SiOs (orange — circles).
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(@) (b) (©) (d) ()

Figure 7.5. Photographs of individual phosphor deposits (2.5 x 2.5 cm® ITO coated substrates) excited by
365 nm, Eu®*-activated (a) Sr,..CaSisNg, (b) Ba,SiOs, () LiCaPO,, (d) (SrozsBap2s),Si0s and (e)
(Sro5Bag5)3SiOs.
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Figure 7.6. SEM micrographs of individual phosphor film surfaces, Eu**-activated (a) Sr,..Ca.SisNg, (b)
Ba,SiO,, (c) LiCaPOy, (d) (Sro.75Bag 25),Si04 and (&) (SrosBags)3SiOs.
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EPD was used to deposit phosphor layers either as a full blend or as a sequential
deposition, as shown schematically in Fig. 7.1. with the goal of obtaining white light with a CCT
of ~3000K and a high CRI (>80). Generally, the deposition rate is linear initially, as shown in
Fig. 7.4.(a), but as deposition time increased over 8 min, the rate decreased due to the settling of
the particles and the decrease of the electric field on the electrode due to the resistance of the
film. Specifically, this effect is severe during the deposition of the second layer, since the first
layer reduces the electric field strength [18]. Therefore, the range of deposition time was kept
between 1 min to 8 min. Cross-sectional SEMs in Fig. 7.7. show the thicknesses (~20 um) of (a)
a four phosphor blend (5 min deposition) and (b) a layered film (the bottom layer is red/orange
and the top layer is green/blue).

Fig. 7.8. shows the emission results on a CIE chromaticity diagram calculated from PL
spectra of a film deposited with two different phosphor blends. The deposition rate of ~3-4
um/min, estimated from the thickness of cross-sectional SEM micrographs of the films, was
higher than that of the green-, yellow-, and orange-emitting phosphors (~1 um/min) and lower
than the red-emitting phosphor (~5 pum/min). Unlike the deposition of a single phosphor, the
deposition of three or four phosphors from the same suspension is somewhat complicated. It was
difficult to meet the desired color coordinates with the simulated formulation due to different
deposition rates of individual phosphors. Also, it was observed that the phosphor blend remained
in suspension longer than the green-, yellow-, and orange-emitting phosphors, which may then
yield a thicker deposition for the same time, in accordance with Eq. (2). Fig. 7.8.(a) shows the
results of a three phosphor blend (blue-, yellow- and orange-emitting) with a CCT of 3202 K and
CRI of 75. Fig. 7.8.(b) shows the results of a four phosphor blend (blue-, green-, orange- and red-
emitting) with a CCT of 3346 K and CRI of 94. The insets show photographs of the generated

white light emitted by 365 nm excitation. Both white-emissions are well-situated near the black
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body locus in the chromaticity diagram. A higher CRI was attained by blending four phosphors as
expected, because of the addition of a red-emitting phosphor.

However, reabsorption of emission colors occurs among the phosphors [4, 19]. It has
been shown that the luminous efficiency is improved by 8% by having a separate green-emitting
layer on top of a red-emitting layer on a blue LED chip, due to a decrease of reabsorption of
green light by the red-emitting phosphor [20]. In other work [21], it was found that a separate
yellow-emitting phosphor on top of a red-emitting layer, with respect to the blue LED, led to an
18% increase in luminous flux compared to the blended yellow and red phosphor film. The
enhanced efficiency was attributed to the reduced reabsorption of yellow light by the red-emitting
phosphor [21]. Therefore, layered films were investigated and compared to the blended films to

evaluate this concept.
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(@) (b)

Figure 7.7. Cross-sectional SEM micrographs of (a) four phosphor blend (5 min deposition) and (b)
layered film (the bottom layer is red/orange and the top layer is green/blue).
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Figure 7.8. CIE coordinates and photographs of electrophoretically deposited phosphor blend films (Ley =
380 nm). (a) Three phosphor blend: mixture contains blue, 63 wt.%, yellow, 15 wt.% and orange, 22 wt.%.
CCT = 3202 K, CRI = 75. (b) Four phosphor blend: mixture contains blue, 70 wt.%, green, 13 wt.%,
orange, 5 wt.% and red, 12 wt.%. CCT = 3346 K, CRI = 94. (c) The insets show photographs of the

generated white light emitted by 2¢,=365 nm.



138

Fig. 7.9.(a) shows the results of a red/orange mixture (1 min deposition time) as the first
layer and a green/blue mixture (8 min deposition time) as the second layer made by sequential
deposition on a CIE chromaticity diagram with a CCT of 3156 K and CRI of 90. The layered film
was flipped over and illuminated, which showed approximately the same luminescence
characteristics (Fig. 7.9.(b): CCT of 3159 K and CRI of 90). A film with the opposite order,
green/blue as the first layer (3 min) and a red/orange as the second layer (5 min), was also
fabricated by sequential deposition. The deposition times were modified in order to more closely
match the ratio of the four phosphors blend described previously. The CIE chromaticity diagram
in Fig. 7.10.(a) shows a CCT of 2721 K and CRI of 90. The layered film was flipped over and
illuminated and was found to have the same luminescence characteristics (Fig. 7.10.(b): CCT of
2719 K and CRI of 90). Thus, two different orders of sequential deposition generated white light.
Direct comparison between the layered films with the different deposition order was difficult
because the thicknesses of the first and second layers of each film was different and were changed
to meet the color coordinates on the black body locus.

Because the efficiency was improved by placing the red-emitting layer first with respect
to the blue LED chip [20, 21], it was thought that the layering order in Fig. 7.9.(a) and Fig.
7.10.(b) with the green/blue layer farther away from UV light source may be better configuration
for sequential deposition in terms of efficiency. However, the layered films showed
approximately the same chromaticity coordinates, CRI and CCT when the film was flipped over
and illuminated in this orientation, indicating no change in the ratio of the reabsorption occurred
regardless of the order of the layers. Nevertheless, it should be noted that CRI and CCT could
remain the same even when the lumen output or the photon flux changes, indicating there may be

a difference in efficiency.
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Figure 7.9. Four phosphor blend deposited by sequential electrophoretic deposition. First layer contains
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CCT = 2719 K, CRI = 90 (kex = 380 nm).
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In other work on EPD for both blended and layered phosphor films [4], it was found that
the deposition rates were higher (~55-160 pum/min) than the rates found in this work (~1-5
um/min). This could be due to the higher concentration of particles (10 g/L) and higher zeta
potential of the phosphor particles in an ethanol bath. In [4], both three-phosphor blends (red-,
green- and yellow-emitting) and two-phosphor blends (green- and yellow-emitting) produced
white light, which is the same result as in this work. The sequential deposition of the green and
yellow phosphors showed different color temperatures according to the order of deposition.
However, the first layer thickness (40 — 50 wm) was very thick, which prevented excitation of the
second layer by the light from the LED. In the present work, the first layer thickness (5 — 15 um)
was thin enough so that the second layer was excited by the light from the LED. Thus, it is
extremely important to deposit the appropriate thickness of each layer, when the sequential
deposition method is employed so that the layers are efficiently excited by the light from the

LED.

7.5. Conclusions

Individual and phosphor blend coatings were prepared by electrophoretic deposition
(EPD) of red-, green-, blue-, yellow- and orange-emitting phosphors. The phosphor coverage was
excellent, demonstrating that EPD is a viable method to produce phosphor layers for the “remote
phosphor” white light design. The deposition rates were the same for the silicate and phosphate
phosphor films but highest for the nitride phosphor film. The blend depositions, composed of
both three and four phosphor compositions, emit white light located on or near the black body
line on the CIE chromaticity diagram. Phosphor films were also prepared by sequential deposition
of red/orange and green/blue compositions to generate white light. The layered films were flipped
over and illuminated in this orientation, which showed approximately the same luminescence

characteristics. No change in the ratio of the reabsorption of green/blue emission by the
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red/orange phosphor was found regardless of the deposited order of the layered films. The blend
deposition is better method due to easier emission color tuning. The applications of EPD of
phosphors for white solid state lighting is a promising and effective method due to easy tuning of

emissive color by varying the phosphor blend compositions.
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Chapter 8. Electrophoretic deposition of nano- and micron-sized Ba,SiO4:Eu®*
phosphor particles

8.1. Abstract

Electrophoretic deposition (EPD) is a technique to deposit charged particles from a stable
suspension under the force of an applied electric field. Although nanoparticles of a variety of
materials have been coated by EPD, there have been few direct comparisons of EPD of nano- and
micron-sized particles of the same material. The objective of this study is to compare EPD of
nano-, nano core/SiO, shell and micron-sized (Bagg7EU003),SiO4 phosphor particles for
application in a near-UV LED-based light source. EPD from an amyl alcohol bath was able to
produce uniform films for all particle sizes, whereas uniform films were produced only of micron-
sized particles in an isopropyl alcohol bath. A new equation was developed for predicting the
deposited mass, considering the change in concentration of particles in the bath from both settling

and deposition, showed good agreement with the experimental values.

8.2. Introduction

Electrophoretic deposition (EPD) is a useful method to fabricate particulate films [1]. The
process is simple, scalable and often cost-effective. First, the particles are charged in a suspension,
subsequently they are transported to an electrode under an electric field, and finally the particles
adhere to the substrate. Each step has been systematically investigated in previous work in a bath
of isopropyl alcohol (IPA) with nitrate salts, by studying the effects of the suspension medium
chemistry on the zeta potential of the particles and the formation of the adhesive agents [2-4].

For producing white solid-state lighting devices, EPD has been used to deposit micron-
sized phosphors placed above an LED. Y3Als01,:Ce*" phosphor was deposited onto a flexible
indium tin oxide (ITO)-coated polymer substrate on top of blue light-emitting diodes (LEDs) [5].
In other work, both layered and blended phosphor films using Eu-activated Ca-a-SiAION, -

SIiAION and CaAlSiN; (yellow-, green- and red-emitting, respectively) were deposited on an
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ITO-coated substrate that was placed on top of a blue-emitting LED [6]. Recently, EPD was used
to deposit both layered and blended phosphor films that generated white light using Eu®*-
activated Sr,,Ca,SisNg, Ba,SiO,, LiCaPO,, (Sro75Bag2s5),Si0, and (SrqsBags)sSiOs (red-, green-,
blue-, yellow- and orange-emitting, respectively) with near-UV LEDs [7, 8]. The phosphor films
must be ~10 to 40 um thick for full conversion of the UV emission from the LED. Also the film
thickness must be very uniform. It was determined that the deposited film quality was poor when
a higher applied voltage was used [9]. This has led to the development of the EPD processes
using lower voltages (~80 V) and longer deposition times up to 30 min [7, 8] than previous EPD
processes [1-4].

Typically, micron-sized phosphors are being used in solid-state lighting. However, the
micron-sized phosphors have higher optical scattering losses due to an increased optical path
length and increased number of reflections or transmissions at interfaces [10]. The nano-
phosphors (< 300 nm) with comparable quantum efficiency to typical micron-sized phosphors
may be a mean to reduce the losses and improve efficiency of the white UV-based LEDs [11].
But it is well known that the emission intensity of the phosphor decreases as the crystallite size
decreases [12]. This has been attributed to surface defect states that trap the emitted photons and
thus quench the emission intensity. To alleviate the impact of surface defects in nanocrystalline
powders, core/shell structured nanoparticles have been used to stabilize the surface of the
nanoparticles [13, 14]. It was found that the luminescence intensity, chemical stability and
thermal stability are improved by these inert shells [15-18].

(Ba,Sr),Si04:Eu*" phosphors are suitable for near-UV LED application due to their broad
excitation band near 380 nm and intense green emission centered around 512 nm [19]. Han et al.
[19] found that quantum efficiency of micron-sized phosphor powders was ~95% and showed
good thermal stability up to 150°C. The most common method to prepare these phosphors is by a

high temperature solid-state reaction, which results in larger (several microns) particle sizes [20-
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22]. (Ba,Sr),SiO,:Eu** has been synthesized by sol-gel [23], combustion [24], spray pyrolysis
[25] and hydrothermal processing [26]. However, the particles were usually micron-sized with an
irregular morphology. Recently, a co-precipitation method was reported, producing nano-sized
nearly spherical particles of ~100-500 nm diameter with a narrow size distribution [27]. The
guantum efficiency of nano-sized powders was ~82—84%.

The EPD of nanoparticle dispersions and the effect of related parameters on the
deposition kinetics have been studied [28]. In principle, kinetic random motion dominates the
behavior of small particles, which will not settle, but stay as a stable dispersion. However, these
small particles can collide due to their Kinetic energy. Therefore, if there are strong attractive
forces, the collisions might cause the growth of aggregates and the dispersion becomes unstable
and settling occurs. When particle size increases, the attractive van der Waals forces and tendency
for sedimentation increase. Deposition of nano-sized and sub-micron particles of SiC have been
compared [29]. While a thick, dense deposit was prepared with submicron (500 nm) powders,
nano-sized powders (50 nm) were not deposited under the same conditions; no explanation was
given [29].

In this work, (Bagg7EU¢03),SiO4 was prepared by two methods, yielding either micron-
(~5 um) or nano-sized (~320 nm) particles. EPD was performed in isopropyl or amyl alcohol
baths. This study directly compares EPD of nano- and micron-sized particles with the same
composition. Additionally, EPD of core/shell nano-sized particles was compared with nano-sized

and micron-sized particles to investigate the effect of the shell.

8.3. Experimental
(Bapg7EU003)2Si04 powders were synthesized by both a solid state reaction to make
micron-size particles [20-22] and a co-precipitation method to produce nano-sized particles [27].

For the solid state reaction, the starting materials, BaCOj3; (99.99%, Alfa Aesar), SiO, (Sigma
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Aldrich), and Eu,0; (99.999%, Alfa Aesar), were stoichiometrically weighed and mixed
thoroughly in an agate mortar, then heated to 1300 °C for 6 h in a slightly reducing atmosphere (5%
H, and 95% N,), followed by additional grinding. For the co-precipitation method, 1 ml tetraethyl
orthosilicate (TEQS, 99.9%, Sigma Aldrich) was added to 10 ml ethanol with a few drops of
nitric acid (70%, EM Science). The resultant solution was stirred for 30 min. Next, Ba(NO3),
(99.999%, Alfa Aesar) and Eu,0Os3 (99.999%, Alfa Aesar) in a 2 ml dilute nitric acid solution of
the desired molar ratios was dissolved in a 100 ml N,N-dimethylformamide (DMF) solution
(99.9% EM Science) for 4 h at 90°C. After the solution became transparent, it was cooled to 25°C.
Then the required amount of silica sol was added slowly (~2 ml/min) to the mixture while stirring.
Next, a solution of 0.8 g NaOH in 8 ml water and 40 ml ethanol, used as a precipitating agent,
was added slowly (~1 ml/min) to the mixture (molar ratio of Ba/Si/NaOH = 2:1:4.6) while
stirring. After continuous stirring for another 10 min, the resulting precipitate was filtered and
washed three times with ethanol. The powders were then dried at 80°C for 4 h. Finally, the
powders were heated to 1000°C for 1 h in a slightly reducing atmosphere (5% H, and 95% N,) at
a rate of 5 °C/min and then cooled at a rate of 15°C/min.

Silica was coated onto the nano-sized particles by the Stober process [30], as outlined in
[18]. The silica shells were prepared by hydrolysis of TEOS in an alcohol suspension medium in
the presence of water and ammonia. First, 0.05 g of the core particles was added into 50 ml
ethanol. The mixture was agitated using ultrasonification for 1 h to disperse the particles. Then
1 ml of deionized water and 0.5 ml NH,OH were added into the solution followed by an addition
of 0.15ml TEOS. The ratio between the concentrations of core particles and reagents (H.O,
NH,OH and TEOS) was chosen to avoid self-nucleation of silica. In order to prevent heating of
the solution and to better disperse the nanoparticles, ice was frequently added into

ultrasonification bath to keep the bath temperature at 20°C. After 3 h in the bath to form the SiO,
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shell, the core/shell particles were centrifugally separated from the suspension and rinsed with
ethanol.

EPD was carried out in a bath consisting of the phosphor powders, Mg(NQOs),-6H,0, and
either amyl alcohol (viscosity, 77 = 3.7 mPa-s, density, p = 0.810 g/cm®) or IPA (7= 2.0 mPa-s, p
= 0.786 g/cm®). Practically, one may not want to use amyl alcohol since it has a strong and
penetrating smell, however it is only slightly soluble in water (28 g/L) compared to IPA (miscible)
[31]. The Mg(NOs),-6H,O concentration ranged from approximately 10®° to 10° M, as
determined by previous work [2]. The zeta potentials of the powders were measured in a diluted
suspension with various magnesium nitrate concentrations in amyl alcohol or IPA with a Zeta
Plus meter (Brookhaven Instruments Corporation, Holtsville, NY).

A 1.1 mm thick ITO-coated glass slide (2.5 cm x 5.1 cm, 70 ohms/sq., Bayview Optics,
Dover-Foxcroft, ME) was used as the cathode, and an aluminum sheet was used as the anode.
The deposition area was 2.5 cm x 2.5 cm. The electrodes were placed vertically and parallel to
each other in a suspension with 1 cm separation.

For EPD, a concentration of 5 g/L of powder was dispersed in 60 ml of alcohol with
Mg(NOs),-6H,0. The nitrate concentration was chosen to obtain the maximum positive zeta
potential. The zeta potential has a negative value in the pure alcohols and then increases with
magnesium nitrate concentration to a maximum positive value and then decreases. The
suspension was sonicated for 1 hr prior to deposition to improve the dispersion of the powders
and assure the complete dissolution of Mg(NOs),-6H,0. A voltage of 80 V was applied by a
power supply for 30 s - 1800 s to give a deposit thickness ranging from ~ 10 um to 40 um.

After the deposition process, the deposited samples were removed from the bath and
dried in air. The deposits were analyzed in terms of their deposit weight, thickness and

photoluminescence (PL) emission spectra. The spectra were taken using a Jobin Yvon Triax 180
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monochromator, SpectrumOne charge-coupled device detection system with a 380 nm UV as the
excitation source. The thicknesses of the films and average particle sizes were estimated from
micrographs taken by a field emission scanning electron microscope (FEI-XL30, FEI Company,
Hillsboro, OR). The thickness of film was calculated from cross-sectional SEM micrographs by

averaging 20 places on the micrograph across the film.

8.4. Results and discussion

Fig. 8.1. shows SEM images of the phosphor particles. From an average of 10 particles,
the size of micron-, nano- and core/shell nano-particles were determined to be 5 + 3 um, 320 +
200 nm and 360 + 170 nm, respectively. The thickness of the silica shells was 40 + 15 nm.
Magnesium nitrate concentrations and maximum zeta potential values for each phosphor in the
EPD baths are shown in Table 8.1. In amyl alcohol, a higher concentration of nitrate salt was
needed to obtain the maximum zeta potential value compared to the IPA bath and an even higher
concentration of nitrate salt was necessary for the nano- and core/shell nano-particles compared
to micron particles due to the difference in the viscosity of suspension medium and larger surface

area of the nanoparticles.
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Figure 8.1. SEM micrographs of individual phosphor, Eu®*-activated Ba,SiO,, (a) micron-sized particle
(~5 pm) (b) nano-sized particle (~320 nm) and (c) core/shell nano-sized particle (~360 nm).



Table 8.1. Magnesium nitrate concentrations and maximum zeta potential values for each EPD bath.

152

Particle size Suspension Mg(NOs), concentration | Zeta Potential
medium (M) (mV)
Micron IPA 1.0x10° 35+3
Nano IPA 5.0x10™ 34+2
Micron Amyl alcohol 1.0x10™ 22+3
Nano Amyl alcohol 5.0x10™ 21+ 3
Nano (core/shell) | Amyl alcohol 1.0x10° 22+ 3
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In our previous work, micron-sized particles were deposited by EPD from a bath of IPA
with 10° M Mg(NOs), which resulted in uniform films [8]. However, when a suspension of nano-
sized particles in this bath was used, a non-uniform and porous film resulted, as shown in Fig.
8.2. The poor quality of the deposit is attributed to excessive hydrogen evolution during
deposition. The increased surface area of nano-sized particle can adsorb a larger quantity of water
than for micron-sized particles [32]. With that additional water in the bath, more hydrogen
evolution can occur at the cathode due to water electrolysis. Thus, careful control of the amount
of water in the bath is needed to prevent excessive hydrogen evolution during EPD of nano-sized
phosphors. Therefore, amyl alcohol, which has low water solubility, was used as the EPD
suspension medium instead of IPA.

The deposit weight and thickness deposits of nano- and micron-sized particles from a
bath of amyl alcohol as a function of time are shown in Fig. 8.3. For short times (< 10 min), the
deposit weight and thickness increased linearly with time. The deposit thickness for the micron-
sized particle leveled to 26 um at 15 min, whereas the deposit thickness of nano-sized particle
plateaued at 33 pm at ~30 min. However, the thickness of core/shell nano-sized particles kept
increasing to 30 min. Fig. 8.4. shows cross-sectional SEM micrographs of the deposits as a
function of deposition time. The packing fraction of particles, 77, in an EPD film can be

calculated using the following equation [33]:
n=— (1)

where M is the weight of the deposited film per area of the sample, h is the thickness of the
deposit, and p, is the material density of Ba,SiO, (5500 kg/m®). Table 8.2. lists the measurements
used to calculate the packing fraction after 10 min deposition time. The packing fraction was

determined to be ~0.43-0.45 for films of all particles.
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Figure 8.2. A comparison of film quality of micron-sized and nano-sized powders deposited for 10 min
from an IPA bath. Photographs of phosphor deposits (2.5 x 2.5 cm? excited by 365 nm) of (a) micron- and
(b) nano-sized particles. Cross-sectional SEM micrographs of (c) micron- (d) nano-sized particles.
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Figure 8.3. (a) Deposit weight (per 6.25 cm?) and (b) thickness taken from SEM measurement of

individual phosphors as a function of deposition time.
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300 sec 600 sec 900 sec 1200 sec

Figure 8.4. Cross-sectional SEM micrographs showing the thickness as a function of deposition time: (a)
micron-, (b) nano-sized and (c) core/shell nano-sized particles.
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Table 8.2. Deposit areal density and thickness from weight and SEM measurements used to estimate the

packing fraction, /7 (Eqgn. (1)) for 10 min deposition in amyl alcohol.

Particle Deposit Density, M (mg/cm?) Thickness, h (um)
nano 26+0.1 11+6
micron 42+0.2 17+4
core/shell nano 40+0.1 16+3
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The deposited mass, m can be estimated by the Hamaker equation [34]:

m = Csv,Agt 2
where Cs is the suspension concentration, v, is the electrophoretic velocity, As is the deposition
area, and t is the deposition time. The Hamaker equation is valid only for short times when C; and
the electric field are assumed to be constant.

However, during EPD, the amount of particles removed from the suspension increases
with time, thereby decreasing the concentration in the bath. To account for this, Sakar and
Nicholson [35, 36] expressed the deposited mass as:

m(t) = my(1 —e~V/7), 3)
where my is the initial mass of powder and 7z is the characteristic time scale given by:

%4
UAE '’

(4)

T =

where V is the volume of suspension, s is the electrophoretic mobility, and E is the electric field.
This equation indicates that the deposition rate is expected to decrease exponentially as a function
of time due to depletion of the bath by particle deposition.

In reality, the variablesC_ and v, change with time because of loss of material from the
suspension and deposition of a dielectric layer on the electrode, respectively. In order to

incorporate the time dependence of C, and v, , one has to assume that Eq. (2) is valid for a short

time, At only when changes in both the parameters could be assumed to be infinitesimally small.
Eq. (2) can then be expressed as:
Am(t) = Cs(t)ve () AsAt ()
In the limit as At — 0, Eq. (5) can be expressed as:

dm(t)
dt

= C5(t)v, () A (6)
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If the time dependence of C_ and v, is known, Eq. (6) could be integrated to obtain the
deposited material, m(t) as a function of time.
The electrophoretic velocity equals the product of the electrophoretic mobility, 4, and the

electric field, E. The electrophoretic mobility can be estimated from the Smoluchowski equation

[1]:

y=fj%) ™)

where &is the measured zeta potential, & is the relative permittivity of the suspension medium, &
is the vacuum permittivity and 7 is the viscosity of suspension medium. Note that the
electrophoretic velocity is not dependent on particle size and does not change with time. But, the

electrophoretic velocity, v, in Eq. (2) is given by

b= HE ®

Since the electric field will decrease as the thickness of deposit increases, this will

eventually retard and even limit the deposition process. In the present formulation, it is assumed
that this effect is negligible compared to change in concentration.

The settling velocity vs, can be estimated by Stokes’ law:

2 (Py,—Pp)
v = 5k L gr?, 9)

where px is the density of fluid, g is the gravitational acceleration, and r is the radius of a spherical
particle. Note that the settling velocity will depend on size of the particles. The nanosized
particles will settle more slowly than the micron size particles.

The concentration in the suspension may change due to both deposition and settling.
From a mass balance, the change in suspension concentration, Cs, due to settling and deposition

can be written as:
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where A is the cross-section area of the bath and V is the volume of the bath. However, the loss of
concentration associated with the deposition can be considered minimal (~0.001 g/L) compared
to the initial bath concentration (5 g/L) in our experiments, so the second term in Eqn. (10) can be

neglected. After integrating Eq. (10), the time-dependent concentration is:

Cs = Cspexp (—#t) (11)
where Cs = initial bath concentration.

The parameters used to calculate v, and vs are given in Table 8.3. The electrophoretic
velocity was determined to be v, = 5.9 x 10° m/s from Eqn. (8). The settling velocities for a
micron-size particle (~5 pm) and nano-size particle (~320 nm) were estimated to be 1.7 x 10°
m/s and 7.0 x 10® m/s, respectively, from Eqn. (9). The settling velocity for micron-sized
particles is about 3 times greater than the electrophoretic velocity, whereas for nano-sized it is
~100 times smaller. Larger micron-sized particles can readily settle from solution, decreasing
their concentration, whereas the suspension with nano-sized particles is more stable, maintaining
a nearly constant concentration for a longer time.

Using C(t) from Eqgn. (11) in Egn. (6), one obtains

dm VA
T Cs 0 Asveexp (— 57 t). (12)

Integrating Eq. (12) yields the mass deposited as a function of time:

CsoAsv,V v,A
m(t) = —— [1 —exp (——t)]. (13)
v,A %4



Table 8.3. Parameters used for calculations of the electrophoretic velocity (ve), settling velocity (vs) and

mass deposited (m) in Eqgns. (2)-(13).

Parameter Symbol Value
Material density (Ba,SiOJ) 2o 5500 kg/m®
Density of amyl alcohol D 810 kg/m®
Density of isopropyl alcohol o 786 kg/m®
Viscosity of amyl alcohol n 3.7 mPa-s
Viscosity of isopropyl alcohol n 2.0 mPa-s
Standard acceleration of gravity g 9.81 m/s*
Relative permittivity of amyl alcohol & 13.9
Relative permittivity of isopropyl alcohol & 18.3
Vacuum permittivity & 8.85 x 10" F/m
Zeta potential in amyl alcohol £ 22 mV
Zeta potential in isopropyl alcohol £ 35 mV
Electric field E 8000 V/m
Initial bath concentration Cso 5 kg/m®
Cross-sectional area of the bath A 1.26 x 10° m*
Avrea of the deposit A 6.25 x 10 m*
Volume of bath v 6x10°m°
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The mass deposited from Eg. (13) considers both the change in concentration of particles
in the bath from settling and deposition. The experimental and theoretical values of deposited
mass versus time from Eqns. (2), (3) and (13) are plotted in Fig. 8.5. (a) for nano-sized particles
in the amyl alcohol bath. The experimental values for nano- and core/shell nano-sized particles
are in good agreement with the predictions from Eqg. (13).

However, there is a discrepancy between the measurements and theory for the micron-
sized particles, as shown in Fig. 8.5. (b). The experimental deposited mass is higher than the
theoretical values. One possible explanation is the presence of vertical concentration gradients in
the bath due to Rayleigh-Taylor (R-T) instability. If particles settle through a stratified bath,
instabilities may develop and the particle concentration can change locally [37]. This condition
occurs when a denser higher particle concentration region is on top of a less dense, lower particle
concentration. The local concentration has been found to increase up to a factor of four due to
instabilities [37]. During the deposition process, the particle concentration at the bottom of the
bath can be lowered locally because particles are removed by the deposition, resulting in a higher
particle concentration at the top of the bath. If the suspension concentration were higher by a
factor of three, the deposit weight data would agree with the Hamaker equation (Eq. (2)) for short

deposition times.
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Figure 8.5. Plot of experimental and predicted deposit weight as a function of deposition time. (a) nano-
sized particles in amyl alcohol bath, (b) micron-sized particles in amyl alcohol bath, (c) micron-sized
particles in isopropyl alcohol bath. Eqgn. (2) line is the Hamaker equation [34], Eqn. (3) is from Sakar and
Nicholson [35] and Eqn. (13) is from the new equation considering the change in concentration of particles
in the bath from both settling and deposition.
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The R-T instability of the suspension may occur under a special set of conditions [37].
First the particle Reynolds number (Re, = 2v,p,r/7) must be very small (Re, <<1). For the 5 um
diameter particles, Re, = ~ 2 x 10°. Note that as the volume fraction of the particles (¢ = Cd/p,) is
~107, settling can be assumed to unhindered. The Atwood number is a dimensionless density

ratio used in the study of hydrodynamic instabilities in density-stratified flows defined as:

S (14)
Pn TP

where p and p, are the density at the lower and higher concentrations, respectively [38]. For A

close to 0, RT instability flows take the form of symmetric fingers of fluid; for A close to 1, the

much lighter fluid beneath the heavier fluid takes the form of larger bubble-like plumes [39].
The suspension density ps can be estimated by a simple rule of mixtures relationship:
ps=¢p, + (1= Pp; (15)
For amyl alcohol, the maximum p,=0.814 g/cm3, which leads to a maximum A = ~0.003.
If both particle and fluid Reynolds numbers are low as in this study, convection will
dominate if [37]:

v, Apl?
e __»1 (16)
vs 4oy —pp)r

where v, is the fluid convective velocity, Ap = p, - p and | is the height of the unstable region
(4.8 cm). For convective instability to occur in our experiments, Ap need only to be greater than
~107. The convective instability also would increase the particle concentration at the substrate,
which will increase the deposited weight from that predicted from the Hamaker equation (Eqn.
(2)). Therefore, the conditions of R-T instability are met in our experiment.

The RT instabilities should not occur if the suspension is well-mixed. Therefore, EPD
was performed with gentle stirring of the bath by a small magnetic stirrer placed in the bottom of

the bath under the same deposition conditions. With stirring, the experimental values showed
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agreement with the Hamaker equation (Eqgn. (2)) up to 5 min, and then agree with the Eqn. (13)
for longer times when settling becomes significant.

To investigate if the suspension medium has an influence, the micron-sized particles were
deposited without stirring in the more commonly used suspension medium, IPA. The
experimental mass of the deposits and the predicted ones from Eqgns. (2), (3) and (13) are shown
in Fig. 8.5. (c). The predicted values from Egns. (2) and (3) were significantly larger than the
experimental values at longer deposition times. However, the experimental values fit well to the
predicted ones from Egn. (13), regardless of deposition time. No additional particles were
deposited after ~10 min most likely due to decrease of the electric field on the electrode due to
the resistance of the film [8]. Thus, the electric field contribution needs to be taken into account
to accurately predict the deposited mass at longer deposition times.

Fig. 8.6. shows SEM micrographs and PL emission spectra of phosphors with similar
thickness (~30 um) for EPD deposits of (a) micron-, (b) nano-sized and (c) core/shell nano-sized
particles. The PL intensity of the deposit of nano-sized particles was 40% of the deposit of
micron-sized particles as observed in previous study [27]. The emission intensity of the film of
the core/shell particles is ~20% higher than the deposit of bare core particles. This indicates that
the inert shells play a significant role in reducing the surface defects that cause luminescence
guenching in sub-micron sized particles, which has also been observed with other core/shell

phosphor compositions [13-18].
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Figure 8.6. Cross-sectional SEM micrographs and PL emission spectra of EPD films with ~30 um
thickness for (a) micron-, (b) nano-sized and (c) core/shell nano-sized particles.
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8.5. Conclusions

Nano-, nano core/SiO, shell and micron-sized (Bagg7EU003)2Si04 phosphors were
successfully deposited by electrophoretic deposition in an amyl alcohol bath for times up to 30
min. A new equation (Egn. (13)) was developed that accounts for the change in concentration of
particles in the bath from both settling and deposition, which better predicts the deposited mass.
The experimental values for deposited mass as a function of time for nano- and core/shell nano-
sized particles showed good agreement with this equation, however not for the micron-sized
particles. This was attributed to vertical particle concentration gradients in the bath. To eliminate
these possible gradients, the bath of micron-sized particles was stirred gently, which gave deposit
weights in excellent agreement with the predicted ones from Eqgn. (13), verifying that instabilities
occurred in the amyl alcohol bath. The deposited mass for micron-sized particles from an
isopropyl alcohol bath that was not stirred showed good agreement with the theoretical values
from Eqn. (13), indicating that the concentration gradients did not develop in this bath. Nano-
sized particles were coated with a SiO, shell improved the photoluminescence emission intensity
of deposited films compared to bare core particles, but both were less than films of the micron-

sized particles.
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Chapter 9. Conclusions and recommendations for future work

The main objectives of this research focused on depositing phosphors by electrophoretic
deposition in a “remote phosphor” configuration for a UV-LED-based light source for improved
white light extraction efficiency. It was demonstrated that electrophoretic deposition (EPD) can
be used to deposit red-, green-, blue-, yellow- and orange-emitting phosphors to generate white
light using a near UV-emitting LED by either depositing a phosphor blend or sequentially
individual phosphor compositions.

o For uniform deposition with a specified thickness, controlling the deposition process

during EPD needs to be understood. Two basic but competing factors must be evaluated.

Phosphors move horizontally when the electric field is applied, but they also move

vertically due to the settling.

o The EPD blend deposits, composed of both three and four phosphor compositions, emit

white light located on or near the black body line on the CIE chromaticity diagram which

attained the DOE goal of obtaining white light with a CCT of ~3000K and a high CRI

(>80).

e Phosphor films were prepared by sequential deposition of red/orange and green/blue

compositions to generate white light. The layered films were flipped over and illuminated

in this orientation, which showed approximately the same luminescence characteristics.

No change in the ratio of the reabsorption of green/blue emission by the red/orange

phosphor was found regardless of the deposited order of the layered films. Therefore, the

order of phosphor deposition was found to be not important.

o The blend deposition is a better method of EPD than the sequential deposition as due to

easier emission color tuning for the application of EPD of phosphors for white solid state

lighting.
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Although nanoparticles of a variety of materials have been coated by EPD, there have
been few direct comparisons of EPD of nano- and micron-sized particles of the same material.
The objective of another study was to compare EPD of nano-, nano core/SiO, shell and micron-
sized (Bagg7EU003).Si0,4 phosphor particles for application in a near-UV LED-based light source.
(Bag.g7EUq 03)2Si04 Was prepared by two methods, yielding either micron- or nano-sized particles.
EPD was performed in isopropyl or amyl alcohol baths. This study directly compares EPD of
nano- and micron-sized particles with the same composition. Additionally, EPD of core/shell
nano-sized particles was compared with nano-sized and micron-sized particles to investigate the
effect of the shell.

¢ When a suspension of nano-sized particles in IPA bath was used, a non-uniform and

porous film resulted. The poor quality of the deposit was due to excessive hydrogen

evolution during deposition. The increased surface area of nano-sized particle can adsorb

a larger quantity of water than for micron-sized particles. Therefore, more hydrogen

evolution can occur at the cathode by water electrolysis. Thus, careful control of the

amount of water in the bath is needed to prevent excessive hydrogen evolution during

EPD of nano-sized phosphors.

e EPD from an amyl alcohol bath, which has low water solubility, was able to produce

uniform films for all particle sizes, whereas uniform films were produced only of micron-

sized particles in an isopropyl alcohol bath.

o A new equation was developed for predicting the deposited mass, considering the

change in concentration of particles in the bath from both settling and deposition, showed

good agreement with the experimental values.

e The experimental values for deposited mass as a function of time for nano- and

core/shell nano-sized particles showed good agreement with a new equation, however not
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for the micron-sized particles. This was attributed to vertical particle concentration
gradients in the bath.
o To eliminate these possible gradients, the bath of micron-sized particles was stirred
gently, which gave deposit weights in excellent agreement with the predicted ones from a
new equation, verifying that instabilities occurred in the amyl alcohol bath. The deposited
mass for micron-sized particles from an isopropyl alcohol bath that was not stirred
showed good agreement with the theoretical values from a new equation, indicating that
the concentration gradients did not develop in this bath.
o Nano-sized particles were coated with a SiO, shell improved the photoluminescence
emission intensity of deposited films compared to bare core particles. The emission
intensity of the film of the core/shell particles is ~20% higher than the deposit of bare
core particles. This indicates that the inert shells play a significant role in reducing the
surface defects that cause luminescence quenching in sub-micron sized particles, which
has also been observed with other core/shell phosphor compositions, but the PL
intensities were less than films of the micron-sized particles.

Future work for this research is as follows. First, micron-sized phosphors are typically
being used in solid-state lighting. However, the micron-sized phosphors have higher optical
scattering losses due to an increased optical path length and increased number of reflections or
transmissions at interfaces as discussed in Chapters 4 and 8. The nano-sized phosphors with
comparable quantum efficiency to typical micron-sized phosphors may be a mean to reduce the
losses and improve efficiency of the white UV-based LEDs. However, the emission intensity of
the phosphor decreases as the crystallite size decreases due to surface defect states that trap the
emitted photons and thus quench the emission intensity. Therefore, core/shell structured

nanoparticles have been used to stabilize the surface of the nanoparticles. Other promising
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nanophosphors EPD besides (Bagg7EU003)>,Si0O4 needs to be further studied to understand the
effects of nano-sized phoshors.

Second, the influence of the emission wavelength of the excitation source can be
diminished in full conversion devices, where the entire emission power of the LED is converted
to visible light. Efficient full-conversion devices can be built using high efficiency near-UV
emitting LEDs and UV-excited phosphors. Therefore, EPD of thicker phosphor layer was
desirable to obtain full conversion. In the case of micron-sized phosphors, it is hard to get a thick
layer sometimes due to the fast settling of powders at a short time. It still remains an open
challenge to optimize the EPD parameters and electrode to obtain thicker layer to be used for the
scale-up EPD and high efficiency LEDs product in industry. Also, studies of the packing and
ways to decrease the phosphor layer thickness for full conversion are needed.

Third, the deposition rates of micron-sized phosphors agreed well with those calculated
from the Hamaker equation, except for the nitride phosphor. The nitride (red) phosphor film was
thicker compared to the silicate or phosphate phosphor films. It was observed that this phosphor
remained in suspension longer compared to the other phosphors during the deposition. This
resulted in a thicker deposit for the same deposition time, but the reason of this different state of
suspension with the nitride phosphor is not understood. Therefore, more fundamental study on the
different deposition rate of the phosphors with individual chemical composition would be
necessary. It is desirable to search for the physical/chemical parameters such as chemical
environment and particle surface topography that characterize the properties of EPD process with

individual phosphors.



