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PHOSPHOR DEPOSITION METHODS

DESCRIPTION

1. Field of the Invention

The invention relates generally to light emitting devices
and more particularly to electrophoretic methods of forming
phosphor coatings on semiconductor devices.

2. Background of the Invention

Conventional white light sources include such devices as
incandescent and fluorescent lamps. Such devices have
several undesirable characteristics, including size, power
consumption, limited operating life, among others. Alterna-
tive white light sources having improved characteristics are
desired.

Semiconductor devices have been investigated as alter-
native sources of white light with a goal of finding white
light sources that are both power efficient and cost efficient.
Light emitting diodes (LEDs) are compact and emit light of
clear color with high efficiency. Because they are solid-state
elements, LEDs have long operating lifetimes, have good
initial drive characteristics, exhibit good vibration resis-
tance, and withstand repetitive ON/OFF operations. Thus,
they have been widely used in such applications as various
indicators and various light sources. In many applications,
LEDs can provide suitable sources of light with low power
consumption.

Conventional LEDs typically have a narrow emission
spectrum (generate monochromatic light), and thus do not
have a broad emission spectrum necessary to provide white
light. Recently, devices using a combination of LEDs to
provide three light components of red, green, and blue (R, G
and B) have been used to provide white light. Large screen
LED displays using these light emitting diodes have been
put into use. Strategies for diffusing and mixing the light
emitted by the LEDs become important in such devices to
generate white light of the desired tone, luminance and other
factors of the light emission of such devices. Also, combin-
ing three diodes (R, G and B) to provide white light requires
a larger package than a single diode. Recently developed
devices incorporate multiple light-generating active regions
on a single semiconductor chip, where the multiple active
regions each emit in a distinct wavelength region such that
the combination of active regions cover the visible spectrum
to emit white light.

Another typical approach for generating white light com-
bines UV or blue light emitting diodes with luminescent
materials (such as phosphors) that down-convert the LED
emission to longer wavelength light. In such devices, the UV
or blue light emission from an active region of a light
emitting diode activates (excites) a phosphor composition
that is positioned to receive the LED emitted light. In turn,
the excited phosphor composition emits light at a longer
wavelength. The net result is a light emitting device that
emits light having a plurality of wavelengths over the visible
spectrum. An appropriate combination of different wave-
lengths over the visible spectrum can be perceived as white
light by the human eye. The composition of the phosphor is
typically adjusted to change the color balance of the emitted
light. For example, one phosphor successfully used is
yttrium aluminum garnet: cesium doped (YAG:Ce) phos-
phor. YAG:Ce phosphor has the advantage that the cesium
activator strongly absorbs in the blue region and internally
down converts this radiation into a broad yellowish spec-
trum, which combines with the blue light emission from the
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LED to produce a white spectrum. Other potential phosphor
systems can use two activators or be excited in the blue or
UV region.

In some cases, the phosphor composition contains more
than one phosphor, wherein each phosphor emits at a dif-
ferent wavelength. For example, U.S. Pat. Nos. 5,813,753
and 5,998,925 disclose light emitting devices in which a
blue LED disposed in a reflective cup is surrounded by a
phosphor composition. The blue LED emits blue light, a
portion of which excites the phosphors in the phosphor
composition. The phosphors are selected such that they emit
red and green light upon excitation. The device will typically
emit a combination of blue light (unabsorbed emission from
the LED), and red light and green light (from the phosphors).
The combination of wavelengths of light can be perceived
by the human eye as white. The phosphor typically ages over
the lifetime of the device, changing the efficiency with
which the LED emission is converted to higher wavelength.
Thus the output light characteristic of the device changes
over the lifetime of the device, especially where multiple
phosphors are used.

The commercial technique typically employed in phos-
phor deposition on LEDs involves the use of phosphor
powders blended in a liquid polymer system, such as
polypropylene, polycarbonate or, more commonly, epoxy
resin, or silicone. Generally, a small amount of the phos-
phor-impregnated epoxy is simply painted or dispensed on
the LED die, then dried or cured. A clear epoxy lens is then
constructed around the die, although a phosphor-impreg-
nated epoxy can be used to construct the whole LED lens.
Other techniques have also included dusting phosphor pow-
ders or spray painting phosphor powders liquid mixtures
directly on the LED die.

Such phosphor deposition methods tend to be inefficient
in production and less than optimum in result. Rather than
selectively coating only the light emitting regions of the
diode, the phosphor is deposited over the whole diode
package. Much of the phosphor is wasted, washing off
during application and requiring retrieval later. The phos-
phor does not make good contact with the diode surface in
the most desired locations for efficient energy transfer from
the diode to the phosphor. In addition, the current phosphor
deposition methods are difficult to translate into mass pro-
duction for coating many single diodes and for coating large
arrays of diodes mounted on circuit or ceramic boards.

Electrophoretic methods have recently been described for
phosphor deposition in the context of coating semiconductor
devices. In U.S. patent application Ser. No. 10/277,285 to
Summers et al., filed on Oct. 22, 2002, methods are taught
for electrophoretically coating a semiconductor device hav-
ing a p side and an n side using a bath containing suspended
particles. A first biasing voltage is applied between the anode
and the p side to hold the anode at a positive voltage with
respect to the p side. A second biasing voltage is applied
between the p side and the n side to cause the suspended
particles to deposit on the semiconductor device. Further
examples of electrophoretic methods for phosphor deposi-
tion are described in U.S. Pat. No. 6,576,488 to Collins, I1I,
et al. (issued Jun. 10, 2003). The methods of the *488 patent
involve coupling a semiconductor device to a submount and
then applying a first bias voltage to the submount and a
second bias voltage to a solution of charged phosphor
particles. The charged phosphor particles deposit on the
conductive surfaces of the semiconductor device.

Previously reported electrophoretic methods have focused
on, for example, the chemical identity of the components in
the electrophesis bath, and on the uniformity of thickness of
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the resulting layer of deposited material on the semiconduc-
tor device. These methods report achieving superior results
compared to previous bulk methods of phosphor deposition,
achieving solid-state lamps with improved color repeatabil-
ity and uniformity, and being more appropriate for color-
critical applications. However, further refinements and
improvements are desirable. It is desirable to have a method
of depositing materials on a semiconductor device to pro-
vide a semiconductor device that is relatively small, light
weight, has a long effective operating life, is power efficient,
and has desirable operating characteristics.

SUMMARY OF THE INVENTION

The invention addresses the aforementioned deficiencies
in the art, and provides an electrophoretic method for
depositing particulate materials onto semiconductor devices.
The invention provides a method for coating a semiconduc-
tor device having a p side and an n side. The method
includes providing a bath containing suspended particles,
wherein the suspended particles include particles of a first
phosphor material and particles of a second phosphor mate-
rial. The particles of the first phosphor material have a mean
particle size in the range from about 1 microns to about 6
microns, and the particles of the second phosphor material
have a mean particle size in the range from about 12 microns
to about 25 microns, such that the particle size distribution
of the phosphor material in the bath is bimodal. In the
method of the invention, an anode is disposed in electrical
contact with the bath, and the semiconductor device is
disposed in the bath in contact with the suspended particles.
A first biasing voltage is applied between the anode and the
p side to hold the anode at a positive voltage with respect to
the p side. A second biasing voltage is applied between the
p side and the n side to cause the suspended particles to
deposit on the semiconductor device.

The relative biasing of the p side and the n side determines
where coating is deposited on the semiconductor device. An
optional pre-coating process may be used to deposit a high
resistivity dielectric material, such as silica, on the semi-
conductor device. The pre-coating can even the electric field
on the surface of the semiconductor device, where local
features such as metal connections or passivation layers
disturb the electric field during phosphor deposition without
pre-coating.

The invention provides a method for coating a light
emitting diode having a p side and an n side. The method
includes providing a bath containing suspended phosphor
particles, wherein the suspended phosphor particles include
particles of a first phosphor material and particles of a
second phosphor material. The particles of the first phosphor
material have a mean particle size in the range from about
1 microns to about 6 microns, and the particles of the second
phosphor material have a mean particle size in the range
from about 12 microns to about 25 microns, such that the
particle size distribution of the phosphor material in the bath
is bimodal. An anode is disposed in the bath with the light
emitting diode. A first biasing voltage is applied between the
anode and the p side to hold the anode at a positive voltage
with respect to the p side. A second biasing voltage is applied
between the p side and the n side to cause the phosphor
particles to deposit on the light emitting diode.

The relative biasing of the p side and the n side determines
where coating is deposited on the light emitting diode. An
optional pre-coating process may be used to deposit a high
resistivity dielectric material, such as silica, on the light
emitting diode. The pre-coating can even the electric field on
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the surface of the light emitting diode, where local features
such as metal connections or passivation layers disturb the
electric field during phosphor deposition without pre-coat-
ing.

Additional objects, advantages, and novel features of this
invention are set forth in part in the descriptions and
examples that follow and in part will become apparent to
those skilled in the art upon examination of the following
specifications or may be learned by the practice of the
invention. The objects and advantages of the invention may
be realized and attained by means of the instruments,
combinations, compositions and methods particularly
pointed out in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features of the invention will be under-
stood from the description of representative embodiments of
the method herein and the disclosure of illustrative apparatus
for carrying out the method, taken together with the Figures,
wherein

FIG. 1 shows a schematic diagram of a typical flat LED
mounted in a reflective cup.

FIG. 2 shows a flow chart of a method for selectively
depositing materials on a semiconductor device of the
present invention.

FIG. 3A and FIG. 3B depict an apparatus and potential
plot, respectively, for a method for selectively depositing
materials on a semiconductor device according to the
present invention.

To facilitate understanding, identical reference numerals
have been used, where practical, to designate corresponding
elements that are common to the Figures. Figure compo-
nents are not drawn to scale.

DETAILED DESCRIPTION AND EXEMPLARY
EMBODIMENTS

Before the invention is described in detail, it is to be
understood that unless otherwise indicated this invention is
not limited to particular materials, reagents, reaction mate-
rials, manufacturing processes, or the like, as such may vary.
It is also to be understood that the terminology used herein
is for purposes of describing particular embodiments only,
and is not intended to be limiting. It is also possible in the
present invention that steps may be executed in different
sequence where this is logically possible. However, the
sequence described below is preferred.

It must be noted that, as used in the specification and the
appended claims, the singular forms “a,” “an” and “the”
include plural referents unless the context clearly dictates
otherwise. Thus, for example, reference to “a phosphor
particle” includes a plurality of phosphor particles. In this
specification and in the claims that follow, reference will be
made to a number of terms that shall be defined to have the
following meanings unless a contrary intention is apparent.

The following description is put forth so as to provide
those of ordinary skill in the art with a complete disclosure
and description of how to perform the methods and use the
compositions disclosed and claimed herein. Efforts have
been made to ensure accuracy with respect to numbers (e.g.,
amounts, temperature, etc.) but some errors and deviations
should be accounted for. Unless indicated otherwise, parts
are parts by weight, temperature is in ° C. and pressure is at
or near atmospheric. Standard temperature and pressure are
defined as 20° C. and 1 atmosphere. The practice of the
present invention will employ, unless otherwise indicated,
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conventional techniques of semiconductor manufacture,
packaging, coating, materials synthesis, and the like, which
are within the skill of the art. Such techniques are explained
fully in the literature.

As used herein, “LED” or “light emitting diode” refers to
a device having stack of semiconductor layers (a “chip”),
including an active region which emits light when biased to
produce an electrical current flow through the device, and
contacts attached to the stack. “Phosphor” refers to any
luminescent materials which absorb light of one wavelength
and emit light of a different wavelength. “Light emitting
device” refers to a device that includes an LED and a
phosphor composition, wherein the phosphor composition is
adapted to receive excitation light from the LED and emit
light having a longer wavelength than the excitation light.
“Excitation” refers to the process whereby the phosphor
composition receives light. “White light emitting device”
refers to a light emitting device that is capable of producing
white light. “White light” refers to light that is perceived as
white by a typical human observer; particular embodiments
of white light include light that has a ‘correlated color
temperature’ (CCT) in the range of about 3000 K to about
6500 K and has a color rend more typical embodiments, the
CCT is in the range of about 4800 to about 6500 K. In this
regard, CCT is defined as the absolute temperature (ex-
pressed in degrees Kelvin) of a theoretical black body whose
chromaticity most nearly resembles that of the light source.
CRI is an indication of a light source’s ability to show
individual colors relative to a standard; the CRI value is
derived from a comparison of the lamp’s spectral distribu-
tion compared to a standard (typically a black body) at the
same correlated color temperature. Both CCT and CRI are as
known and used in the industry.

A schematic diagram of a typical flat LED mounted in a
reflective cup is shown in FIG. 1. The LED chip 80, having
a top 81 and sides 82, comprises a p side 84, an active region
85, and an n side 86. A first leadframe 88 and second
leadframe 90 can provide electrical connections between the
LED chip 80 and a circuit board (not shown). The LED chip
80 is disposed in a reflective cup 92 in the first leadframe 88
to reflect light generated by the LED chip 80. The first
leadframe 88 can be electrically connected to the n side 86
directly by contact or wirebonded. The second leadframe 90
can be electrically connected to the p side 84 by gold wire
94 at the top or side of the LED chip 80.

Rather than the flat LED chip illustrated in FIG. 1, the
LED chip can have an inverted trapezoidal geometry, with
the large face of the trapezoid on the top, so that the light
generated within the p side reflects internally and passes
upwards from the LED chip. The inverted trapezoidal geom-
etry has the disadvantage of requiring extra diode material to
achieve the proper reflection angle. The trapezoidal, or any
other externally shaped LED chip, can be used with or
without a reflective cup.

To achieve light emission, the LED chip 80 is typically
forward biased by 2 to 4 Volts, equivalent to the band gap
energy of the semiconductor, i.e., the p side 84 is held at a
positive 2 to 4 Volts over the n side 86. In general, light
emission occurs from the p side 84 of the LED chip 80 and
is emitted most intensely from the sides 82 of the LED chip
80, and less intensely from the top 81 of the p side 84.

In devices that have a phosphor coating on the LED chip,
the light emitted from the LED chip passes through the
phosphor coating, and phosphor particles in the phosphor
coating absorb a portion of the light (the ‘excitation light’)
emitted from the LED chip. The absorption of the excitation
light by the phosphor particles results in down-conversion
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(conversion to longer wavelength) of the excitation light,
thus producing light having a wavelength longer than the
excitation light. The light emitted from the phosphor-coated
LED device thus has a plurality of wavelength components,
due to (a) light emitted from the LED chip that passes
(unabsorbed) through the phosphor coating, and (b) light
emitted from the phosphor coating resulting from down-
conversion of phosphor-absorbed, LED-emitted light.

Accordingly, the present invention provides methods of
depositing particulate materials onto semiconductor devices.
A method in accordance with the present invention provides
for coating a semiconductor device having a p side and an
n side. The method includes providing a bath containing
suspended particles, wherein the suspended particles include
particles of a first phosphor material and particles of a
second phosphor material. The particles of the first phosphor
material have a mean particle size in the range from about
1 microns to about 6 microns, and the particles of the second
phosphor material have a mean particle size in the range
from about 12 microns to about 25 microns, such that the
particle size distribution of the phosphor material in the bath
is bimodal.

In the method of the invention, an anode is disposed in
electrical contact with the bath, and the semiconductor
device is disposed in the bath where it may contact the
suspended particles. A first biasing voltage is applied
between the anode and the p side to hold the anode at a
positive voltage with respect to the p side. A second biasing
voltage is applied between the p side and the n side to cause
the suspended particles to deposit on the semiconductor
device.

The relative biasing of the p side and the n side determines
where coating is deposited on the semiconductor device. An
optional pre-coating process may be used to deposit a high
resistivity dielectric material, such as silica, on the semi-
conductor device. The pre-coating can even the electric field
on the surface of the semiconductor device, where local
features such as metal connections or passivation layers
disturb the electric field during phosphor deposition without
pre-coating.

The invention provides a method for coating a light
emitting diode having a p side and an n side. The method
includes providing a bath containing suspended phosphor
particles, wherein the suspended phosphor particles include
particles of a first phosphor material and particles of a
second phosphor material. The particles of the first phosphor
material have a mean particle size in the range from about
1 microns to about 6 microns, and the particles of the second
phosphor material have a mean particle size in the range
from about 12 microns to about 25 microns, such that the
particle size distribution of the phosphor material in the bath
is bimodal.

An anode is disposed in electrical contact with the bath,
and the light emitting diode is disposed in the bath where it
may contact the suspended particles. A first biasing voltage
is applied between the anode and the p side to hold the anode
at a positive voltage with respect to the p side. A second
biasing voltage is applied between the p side and the n side
to cause the phosphor particles to deposit on the light
emitting diode.

The relative biasing of the p side and the n side determines
where coating is deposited on the light emitting diode. An
optional pre-coating process may be used to deposit a high
resistivity dielectric material, such as silica, on the light
emitting diode. The pre-coating can even the electric field on
the surface of the light emitting diode, where local features
























