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(57) ABSTRACT

A light source and method for making the same are dis-
closed. The light source includes a plurality of Segmented
LEDs connected 1n parallel to a power bus and a controller.
The power bus accepts a variable number of Segmented
LEDs. The controller receives AC power and provides a
power signal on the power bus. Each Segmented LED 1s
characterized by a driving voltage that 1s greater than 3 times
the driving voltage of a conventional LED fabricated in the
same material system as the Segmented LED. The number
of Segmented LEDs 1n the light source 1s chosen to com-
pensate for variations in the light output of individual
Segmented LEDs introduced by the manufacturing process.
In another aspect of the invention, the number of Segmented
LEDs connected to the power bus can be altered after the
light source 1s assembled.
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LIGHT SOURCES UTILIZING SEGMENTED
LEDS TO COMPENSATE FOR
MANUFACTURING VARIATIONS IN THE
LIGHT OUTPUT OF INDIVIDUAL
SEGMENTED LEDS

BACKGROUND OF THE INVENTION

[0001] Light emitting diodes (LEDs) are an important
class of solid-state devices that convert electric energy to
light. Improvements in these devices have resulted 1n their
use 1n light fixtures designed to replace conventional incan-
descent and fluorescent light sources. The LEDs have sig-
nificantly longer lifetimes and, 1n some cases, significantly
higher efliciency for converting electric energy to light.
[0002] For the purposes of this discussion, an LED can be
viewed as having three layers, the active layer sandwiched
between two other layers. The active layer emits light when
holes and electrons from the outer layers combine 1n the
active layer. The holes and electrons are generated by
passing a current through the LED. The LED 1s powered
through an electrode that overlies the top layer and a contact
that provides an electrical connection to the bottom layer.
[0003] The cost of LEDs and the power conversion efli-
ciency are important factors 1n determining the rate at which
this new technology will replace conventional light sources
and be utilized 1n high power applications. The conversion
elliciency of an LED 1s defined to be the ratio of optical
power emitted by the LED in the desired region of the
optical spectrum to the electrical power dissipated by the
light source. The electrical power that 1s dissipated depends
on the conversion efliciency of the LEDs and the power lost
by the circuitry that converts AC power to a DC source that
can be used to directly power the LED dies. Electrical power
that 1s not converted to light that leaves the LED 1s converted
to heat that raises the temperature of the LED. Heat dissi-
pation often places a limit on the power level at which an
LED operates. In addition, the conversion etliciency of the
LED decreases with increasing current; hence, while
increasing the light output of an LED by increasing the
current increases the total light output, the electrical con-
version efliciency 1s decreased by this strategy. In addition,
the lifetime of the LED 1s also decreased by operation at
high currents.

[0004] Single LED light sources are not capable of gen-
erating suflicient light to replace conventional light sources
for many applications. In general, there 1s a limit to the light
per unit area of LED that can be practically generated at an
acceptable power conversion efliciency. This limit 1s
imposed by the power dissipation and the electrical conver-
sion efliciency of the LED matenal system. Hence, to
provide a higher intensity single LED source, larger area
chips must be utilized; however, there 1s a limit to the size
of a smngle LED chip that 1s imposed by the fabrication
process used to make the LEDs. As the chip size increases,
the yield of chips decreases, and hence, the cost per LED
increases lfaster than the increase in light output once the
chip size increases beyond a predetermined size.

[0005] Hence, for many applications, an LED-based light
source must utilize multiple LEDs to provide the desired
light output. For example, to replace a 100-watt incandes-
cent bulb for use in conventional lighting applications,
approximately 25 LEDs having chips of the order of 1 mm?2
are required. This number can vary depending on the color
temperature desired and the exact size of the chips.
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[0006] In addition, the light source typically includes a
power supply that converts either 115V or 240V AC power
to a DC level compatible with drniving the LEDs. The
conversion efliciency of this power supply, often 80% or less
in cost-competitive products, also contributes to the overall
power-to-light conversion efliciency of the light source. To
provide the maximum power delivery efliciency, the output
ol the power supply should be near the peak voltage of the
AC power, and the current that must be delivered across the
various conductors 1n the light source should be minimized
to avold resistive losses 1in the conductors. A typical GaN
LED requires a drive voltage of about 3.2-3.6V. Hence, from
a power conversion eiliciency point of view, the 25 LED
light source described above would be constructed as a
single string of 25 LEDs connected 1n series with an output
voltage level from the power supply of approximately 80
volts.

[0007] However, there are other considerations such as the
cost and reliability of the light source that must be taken into
consideration 1n addition to the power-to-light conversion
elliciency. From a rehability point of view, a single series
connected string of LEDs 1s the poorest option. In general,
LEDs are more likely to fail by forming an open circuit than
a short circuit. For example, a wire-bond that connects a pad
in the LED to external circuitry can fail. Hence, a single
LED failure in the series-connected string leads to the
catastrophic failure of the light source.

[0008] From a reliability point of view, a light source 1n
which all of the LEDs are connected in parallel would
appear to be the best if the predominant failure mechanism
1s LEDs failing by forming open circuits. If a single LED
fails and a constant current source 1s used to drive the
parallel connected LEDs, the current through the other LEDs
will increase slightly, and hence, the other LEDs will par-
tially compensate for the light lost when one of the LEDs
fails. Unfortunately, such an arrangement 1s inetlicient from
the point of view of the power supply elliciency and requires
conductors that can handle very large currents without
introducing significant transmission costs.

[0009] In addition to reliability and power conversion
ciiciency, the designer must provide a design that can
accommodate the variations in the light generation eihi-
ciency among individual LEDs. LEDs are fabricated on
walers that have some degree of non-uniformity across the
waler as well as variations from wafer to water. As a result,
the amount of light generated by commercially available
LEDs has a significant variation from LED to LED. The
allowable variation in the light output of the final light
source 1s determined by the need to have light sources that
all generate the same amount of light and have the same
appearance. In general, the variation 1n light output among
the LEDs 1s too great to meet the needs of the light source
manufacturers without some sorting of the LEDs to provide
LEDs with less varniability. The sorting process adds to the
costs of the light source. In addition, many light sources
cannot utilize LEDs that are not within a range of intensities
that 1s less than the spread in intensities of the LEDs as
manufactured. As a result, there 1s less of a market for LEDs
that are not 1n the range of interest, which increases the cost
of the LEDs 1n the desired range and decreases the cost of
the LEDs that are outside that range.

[0010] The problems inherent in balancing reliability
against power supply efliciency are reduced by constructing
light sources 1n which a plurality of component light sources
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are connected in parallel. Each component light source
consists ol a plurality of LEDs connected 1n series, and
hence, utilizes a significantly higher driving voltage than the
individual LEDs. For example, a typical GaN LED requires
a drive voltage of about 3.2 volts and a current of 0.35 amps.
To provide a light source having approximately 2000
lumens, 25 such LEDs must be driven. The light source can
be constructed by connecting 5 component light sources in
parallel. Each component light source consists of 5 LEDs
connected 1n series. Hence, the driving voltage 1s improved
by a factor of 5 to 16V. If one LED fails by becoming an
open circuit, the remaining 4 component light sources still
function, and hence, the light source continues to function,
albeit at a reduced brightness. However, the remaining LEDs
are overdriven by 20 percent since these LEDs must pass the
current that no longer passes through the open circuited
component light source. As a result, the lifetimes of the
remaining LEDs 1s significantly shortened.

[0011] Unfortunately, this strategy does not eliminate the
need for utilizing only a subset of the production run of
LEDs for any given final light source.

SUMMARY OF THE INVENTION

[0012] The present invention includes a light source and
method for making the same. The light source includes a
plurality of Segmented LEDs connected in parallel to a
power bus and a controller. The power bus accepts a variable
number of Segmented LEDs, the number being chosen to
provide a predetermined light output for the light source.
The controller receives AC power and provides a power
signal on the power bus. In one aspect of the invention, each
Segmented LED 1s characterized by a driving voltage that 1s
greater than 3 times the driving voltage of a conventional
LED {fabricated in the same material system as the Seg-
mented LED. The number of Segmented LEDs 1n the light
source 1s chosen to compensate for variations in the light
output of mdividual Segmented LEDs introduced by the
manufacturing process. In another aspect of the mvention,
the number of Segmented LEDs connected to the power bus
can be altered after the light source 1s assembled.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1 illustrates one embodiment of a light source
according to the present ivention.

[0014] FIG. 2 1s a top view of Segmented LED 60.

[0015] FIG. 3 1s a cross-sectional view of Segmented LED
60 through line 2-2 shown 1n FIG. 2.

[0016] FIG. 4 1satop view of Segmented LED 70 showing
the narrow p- and n-electrodes 1n adjacent segments that are
connected by a set of interconnect electrodes.

[0017] FIG. 5 1s a cross-sectional view of Segmented LED
70 through line 5-5 shown i FIG. 4.

[0018] FIG. 6 1s a top view of a segmented LED 75 that
includes metal electrodes that enhance the current spreading

on the I'TO layer

[0019] FIG. 7 1llustrates one aspect of the present mnven-
tion 1 a light source according to one embodiment of the

present mvention.

[0020] FIG. 8 illustrates a light source according to
another embodiment of the present mnvention.

[0021] FIG. 9 1llustrates an AC light source according to
another embodiment of the present mnvention.
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DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS OF TH.
INVENTION

L1

[0022] The manner i which the present invention pro-
vides 1ts advantages can be more easily understood with
reference to FIG. 1, which illustrates one embodiment of a
light source according to the present invention. Light source
20 1includes a plurality of Segmented LEDs 21 that are
connected 1n parallel to a DC constant current source. The
average current through each Segmented LED 1s set by
controller 22, which includes an AC to DC power converter.

[0023] Segmented LEDs are discussed in detail in co-
pending U.S. patent application Ser. No. 12/208,502, filed
Sep. 11, 2008, which 1s hereby incorporated by reference. A
detailed discussion of a Segmented LED will also be pro-
vided below. For the purposes of the present discussion, 1t 1s
suilicient to note that each Segmented LED 1s defined to be
a single LED die that 1s divided into N segments that are
serially connected to one another, where N>1 and typically
between 2 and 100. Each segment 1s, 1n effect, a small LED.
The area of each Segmented LED 1s N times smaller than the
area of a conventional LED, and hence, each Segmented
LED generates substantially the same amount of light as a
conventional LED but with 1/N times the current 1.e. at the
same areal current density. However, the driving voltage
needed to run a segmented LED 1s substantially equal to N
times the voltage needed to run a conventional LED 1n the
same material system. Note therefore the segmented LED
produces substantially the same amount of light with the
same electrical power mput as a conventional LED chip of
the same size, except the current required 1s N times smaller
but voltage required 1s N times larger. A segmented LED can
be considered to be a replacement for a series-connected
string of N smaller LED chips, each of which being sub-
stantially 1/N times the size of the conventional LED chip.
The Segmented LED, however, generates only 1/N of the
light of a component light source composed of N series-
connected conventional LEDs. As a result, a light source that
required 25 conventional LEDs connected as 5 component
light sources, consisting of 5 series-connected conventional
LEDs, connected 1n parallel, now requires 25 segmented
LEDs connected in parallel. Hence, each segmented LED
accounts for only Y25 of the light output. As a result, the
output of light source 20 can be fine tuned by adding or
removing individual segmented LEDs.

[0024] In contrast, the light output of the equivalent light
source utilizing the serial-connected strings of conventional
LEDs cannot be easily tuned by adding or subtracting a
single LED. Changing the number of LEDs 1n one of the
serial connected component strings presents challenges,
since adding or subtracting an LED changes the driving
voltage of that string. Hence, a separate power source would
be needed for each component string, which would increase
the cost of the light source. To avoid this, all of the
component strings would need to be modified, and hence, 5
LEDs would need to be added or removed. Similarly, adding
or removing one entire series-connected string from the
power rails changes the light output by 5 LEDs or 20%.
Hence, designs that utilize component strings consisting of
N serially-connected strings of conventional LEDs are lim-
ited to adding or replacing N LEDs at a time. This limits the
degree to which a design can be tuned by changing the

number of conventional LEDs in the design.
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[0025] In principle, the conventional light source design
could utilize conventional LEDs that are 1/N smaller 1n size
so that adding or removing N LEDs provides the same
degree of tuning as the present invention. However, such a
design has N times more LEDs, which increases the cost of
manufacture.

[0026] The embodiments of the present invention

described above depend on a Segmented LED. Refer now to
FIGS. 2 and 3, which illustrate a segmented LED light

source that could be utilized with the present invention. FIG.
2 1s a top view of Segmented LED 60, and FIG. 3 1s a
cross-sectional view of Segmented LED 60 through line 2-2
shown 1n FIG. 2. Segmented LED 60 includes two segments
64 and 65; however, it will be apparent from the following
discussion that light sources having many more segments
can be constructed from the teachings of the present inven-
tion. Segmented LED 60 i1s constructed from the same
three-layer LED structure in which the layers are grown on
a sapphire substrate 51. The n-layer 52 1s grown on substrate
51, and then the active layer 55 and p-layer 53 are grown
over n-layer 52.

[0027] The segments 64 and 65 are separated by an
1solation trench 66 that extends through layer 52 to substrate
51 thereby electrically 1solating segments 64 and 65. Isola-
tion trench 66 includes a plateau 67 that extends only
partially ito layer 52. The walls of i1solation trench 66 are
covered by an msulating layer 57 that includes an open area
58 for making electrical contact to the portion of layer 52
associated with each segment. Insulating layer 37 can be
constructed from any material that provides an insulating
layer that 1s free of pinhole defects. For example, SiNx,
S10x, or other such dielectric films commonly used 1n
semiconductor device fabrication can be used as the insu-
lating material. Other materials can include polyimide,
BCB, spin-on-glass and materials that are routinely used 1n
the semiconductor industry for device planarization.

[0028] Similar trenches are provided on the ends of Seg-
mented LED 60 as shown at 68 and 69. A serial connection
clectrode 59 1s deposited 1n 1solation trench 66 such that
clectrode 59 makes contact with layer 52 through opening
58 1n 1nsulating layer 57. Electrode 39 also makes electrical
contact with I'TO layer 56 1n the adjacent segment. Hence,
when power 1s provided via electrodes 61 and 62, segments
64 and 65 are connected 1n series. As a result, Segmented
LED 60 operates at twice the voltage and half the current as
a conventional LED.

[0029] In one aspect of the present mmvention, msulating
layer 57 extends under electrodes 59 and 61 as shown at 57qa
in FIG. 3. Since electrode 59 1s opaque, electrode 59 blocks
light generated 1n the portion of active layer 55 immediately
underlying electrode 59. In this regard, 1t should be noted
that the thickness of the layers shown 1n the figures 1s not to
scale. In practice, the thickness of layer 33 1s much smaller
than that of layer 52 and also much smaller than the typical
width of electrodes 59 or 61, and hence, electrode 59 blocks
most of the light that i1s generated under electrode 39.
Accordingly, current that passes through layer 55 under
clectrode 39 1s substantially wasted, since most of the light
generated by that current 1s lost (absorbed by the opaque
metal in multiple reflections). The insulating layer extension
blocks current from flowing through this wasted area of
layer 35, and hence, improves the overall efliciency of the
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light source. A similar 1ssue 1s present under electrode 61,
and hence, the insulating layer 1s extended under that
clectrode as well.

[0030] In the embodiments shown i FIGS. 2 and 3,
clectrode 59 extends over the entire width of Segmented
LED 60. As noted above, the portion of segment 635 that
underlies electrode 59 1s non-productive and optically lossy,
since light generated below electrode 59 1s blocked and
absorbed by electrode 59. This leads to reduced light con-
version efliciency as well as reduced efliciency of utilization
of the die surface, and hence, increased cost for the light
source since additional active die area must be provided to
compensate for this lost area. Refer now to FIGS. 4 and 5,
which 1llustrate another embodiment of a segmented LED
that can be utilized with the present invention. FIG. 4 1s a top
view of Segmented LED 70, and FIG. 3 1s a cross-sectional
view of Segmented LED 70 through line 5-5 shown 1n FIG.
4. The cross-sectional view of Segmented LED 70 through
line 2'-2' shown 1n FIG. 4 1s substantially the same as that
shown 1n FIG. 2 with the exception of electrode 59 which
would be replaced by electrode 78 and the narrow n- and
p-clectrodes 71 and 72 shown in FIG. 4; hence, this cross-
sectional view has been omitted from the drawings.

[0031] Segmented LED 70 differs from Segmented LED
60 1n that the wide interconnect electrode 39 has been
replaced by a plurality of senal electrodes such as electrodes
78 and 79. These electrodes can be only 5-10 microns wide
and spaced approximately 150 microns apart, and thus,
cover a much smaller area on segment 65 than electrode 59.
Accordingly, the loss 1n efliciency discussed above 1s sub-
stantially reduced. In addition, the n-electrode 72 and p-elec-
trode 71 have been replaced by narrow electrodes that
include wider pads 71' and 72' for wire bonding to external
circuitry. In one preferred embodiment, the serial electrodes
are spaced apart by a distance that 1s more than 5 times the
width of the electrodes so that the area covered by the serial
clectrodes 1s significantly less than the width of the segments
that are being connected 1n the Segmented LED.

[0032] The number of serial connection electrodes that are
needed depends on the conductivity of I'TO layer 56. There
must be suflicient serial connection electrodes to assure that
current 1s spread evenly over I'TO layer 56. The width of the
serial connection electrodes 1s set by the amount of current
that must be passed between segments, and hence, depends
on the conductor used, the thickness of the conductor, and
the number of serial connection electrodes. In the regions of
segment 63 that are not covered by a serial connection layer,
the 1solation trench 77 does not require an insulating layer,
and hence, the underlying LED structure receives power and
generates useful light.

[0033] The distribution of current on ITO layer 56 can be
improved by incorporating a number of narrow metal elec-
trodes on the surtace of ITO layer 56. Refer now to FIG. 6,
which 1s a top view of a segmented LED 75 that includes
metal electrodes that enhance the current spreading on the
ITO layer. Electrodes 73 are connected to the p-electrode 71
and to the serial connection electrodes between segments.
The conductivity of the metal electrodes 1s much greater
than that of the ITO layer, and hence, these very thin
clectrodes can provide increased current spreading without
blocking a significant fraction of the light generated in the
underlying structures. In one aspect of the invention, the
area blocked by the electrodes 1s less than 20 percent of the
light emitting area, and preferably less than 10 percent.
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[0034] An optional thin n-electrode 73' can be incorpo-
rated on the exposed n-layer to enhance the spreading of
current on the n-layer. This electrode does not block the
generation of light, and hence, electrode 73' can cover a
larger area than electrodes 73.

[0035] The serial connection electrodes can be constructed
by depositing a layer of any suitable conductor over an
insulating pad that 1s deposited in the 1solation trench that
separates the segments. Such an insulating pad 1s shown at
171. It should be noted that the serial connection electrodes
can be constructed from metals or ITO. I'TO has the advan-
tage ol being more transparent, and hence, less light 1s
blocked by the serial connection electrodes. However, 1TO
1s more resistive, and hence, a larger area may be needed.

[0036] The Segmented LEDs require less drive current
than conventional LEDs generating the same light, since the
Segmented LEDs operate at higher voltages. As a result, a
switch can be connected 1n series with a Segmented LED
without substantially altering the efliciency of the Seg-
mented LED due to power dissipation in the switch. Refer
now to FIG. 7, which 1llustrates this aspect of the present
invention 1n a light source according to another embodiment
of the present invention. Light source 80 1s constructed from
a plurality of Segmented LEDs 81 that are powered from
controller 82. Each Segmented LED 1s connected to one of
the power rails by a switch 84 that 1s under the control of
controller 82. Controller 82 can utilize the switch to remove
a Segmented LED that fails by forming a short circuit. In
addition, controller 82 can increase or decrease the bright-
ness of light source 80 by actuating one or more of the
switches. Although the switches are shown as mechanical
switches, 1t 1s to be understood that any type of switch
having sufliciently low impedance in the conducting state
could be utilized including transistors or other semiconduc-
tor-based devices that can even be integrated with the
controller as a single driver 1C.

[0037] As noted above, one of the important advantages of
utilizing Segmented LEDs in the present mvention 1s the
ability to provide a light source that operates from a sig-
nificantly higher potential than conventional LEDs while
breaking up the light source into suflicient component light
sources to compensate for the variability in light generation
between the various component light sources.

[0038] Consider a light source that 1s constructed from
individual LEDs that have a manufacturing variation char-
acterized by o. As noted above, this variation arises from
variations across individual waters on which the LEDs are
tabricated and on wafer-to-wafer variations 1 any given
production run. For example, the variation in light output
from LED to LED could be approximated by a Gaussian
distribution having a standard deviation o, although the
precise form of the distribution of LED outputs 1s not critical
in the following discussion.

[0039] In general, the final light source must meet some
design specification related to the variation 1n light output
from light source to light source and the uniformity of light
intensity within each light source. The design tolerance
assures that the light sources are interchangeable. That 1s, the
light outputs of different manufactured light sources are
indistinguishable 1n appearance and intensity to an observer
of the light from the light sources.

[0040] Refer now to FIG. 8, which illustrates a light
source 90 according to another embodiment of the present
invention. Consider the case in which M component light
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sources 91 are connected 1n parallel between two power rails
92 and 93 that can accommodate a variable number of light
sources. M 1s chosen such that, on average, M component
light sources generate the desired light output as specified 1n
the design specification of the light source. Assume that the
average light output of each component light source 1s less
than the variation 1n the light output specified by the design
tolerance. In this case, one could populate the light source
with M component light sources and measure the light
output. If the output 1s too high, one or more component
light sources are removed to bring the output of the light
source within the design specification. If the output 1s too
low, one or more component light sources are added to the
light source.

[0041] In the prior art, the component light sources are
series connected strings of conventional LEDs so that each
component light source can be operated at a potential that
can be etliciently provided. Consider a light source that 1s
designed to provide 2000 lumens of light (about the equiva-
lent of a 100 watt incandescent light). Conventional LEDs
that generate 80 lumens provide a good compromise
between vield and die size. Hence, 25 such LEDs, or 5 series
connected strings are utilized between the power rails.
Hence, each component light source generates about 20
percent of the target light output, and the removal or addition
of one such string would result 1n a 20 percent change in the
light output of the light source, which would exceed the
typical design tolerances allowed for such light sources.
Hence, the LEDs must be matched within each series string
to assure that the light output of each series string has a small
enough variance to assure that precisely 5 strings will
provide the target output to within the design tolerance. The
cost of this type of binning and matching 1s significant for
iexpensive light sources.

[0042] Altematively, controller 94 could be programmed
for each light source to provide more or less current to the
power rails, and hence, compensate for the variation 1n the
outputs of the individual LEDs. This procedure requires
measuring the light output of each light source and varying
the current to provide the desired result. The controller must
include a variable output current source and storage for a
parameter that specifies the correct current. Such controllers
increase the cost over the simple controller required by a
light source that utilizes 25 Segmented LEDs and 1s adjusted
by adding or subtracting Segmented LEDs from the power
rails.

[0043] The arrangement shown 1n FIG. 8 can also be used
to construct an AC LED light source 1n which the individual
component light sources are powered directly from an AC
power source that has been rectified by a full-wave rectifier
bridge to provide essentially DC voltage that can be applied
across each component light source composed of M series-
connected strings of N-segment segmented LEDs such that
the total number M*N of LED junctions times the typical
operating voltage VI of a conventional LED equals approxi-
mately the peak voltage V , (equal to square-root of two
times the rms voltage) of the rectified-AC voltage. Typically,
M*N*V .1s chosen slightly less than V ; 1n order to over-
drive the LEDs some of the time to compensate for the time
when the LEDs are not turned ON when the voltage is less
than their turn-ON voltage. Alternatively, a large capacitor
(generally needs to be of the electrolytic type to provide the
high capacitance at high voltage necessary for such appli-
cations) can be connected 1n parallel to turn on the LEDs
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during those “OFF times™ by discharging through them. This
concept 1s well known but involves the use of costly and low
life-time capacitors which increases cost and reduces the
lifetime of the light source. Refer now to FIG. 9, which
illustrates an AC light source according to one embodiment
of the present invention. Light source 100 1s similar to light
source 90 discussed above with reference to FIG. 8 1n that
a variable number of component light sources are connected
between power rails 92 and 93, the number of light sources
being chosen to provide the desired llght output to within a
demgn tolerance. Light source 100 differs from light source
90 1n that controller 104 provides an AC output voltage
between the power rails and half the component light
sources, ¢.g. 101, 102 are connected across the power rails
in the opposite orientation. On each half cycle of the AC
power signal, hall of the component light sources will
generate light and the other half will be off. This method
does require twice as many LEDs but saves the cost and
complexity of adding rectifier diodes.

[0044] In one aspect of the present invention, controller
104 includes a transformer having a fixed primary to sec-
ondary ratio. Such embodiments are particularly attractive
from a cost point of view. However, the output voltage signal
applied to the power rails 1s subject to the variability of the
transformer manufacturing process. By varying the number
of component light sources that are connected across the
power rails at the time of manufacture, the light source can
be adjusted to provide a standard output independent of the
variations in controller 104, thus providing a lower cost light
source than sources that require a variable output controller
to compensate for manufacturing variations.

[0045] The above described light sources depend on
adjusting the number of component light sources connected
to the power rails at the time of manufacture to compensate
for differences 1n the light output of the individual compo-
nent light sources or the output of the controller that powers
the component light sources. In one aspect of the present
invention, the number of component light sources 1is
adjusted by starting with a light source that has M compo-
nent light sources, where M 1s chosen such that the light
source will have either the correct number or one or two
additional component light sources that are not needed to
provide the design light output. The light source 1s tested
alter assembly. The light source will either have the correct
light output or an output that 1s too high. I the output is too
high, a link 106 1n one of the power rails 1s interrupted by
laser ablation or a similar process to prevent one of the
component light sources from being powered during normal
operation. The light source could have multiple links of this
type to allow more than one component light source to be
removed.

[0046] This method provides an assembly process that can
be completely automated at the cost of including one or two
additional component light sources. If the component light
sources are Segmented LEDs, the cost i1s essentially the
same as that of an additional LED die or two, which 1s
acceptable 1n many applications.

[0047] It should be noted that some binning of the LEDs,
even 1n the case of Segmented LEDs, 1s required to provide
uniformity over the light source. The physical size of a light
source with multiple LEDs 1s sufliciently large to allow a
user to detect local non-umiformities arising from LEDs that
have sufliciently diflerent light output. In general, the varia-
tion 1 light intensities from manufacturing variations 1s
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greater than the maximum variability allowed within a light
source. Such variations in light output occur across a water
or from wafer to water on a production run. Accordingly, the
LEDs must be sorted into bins having similar light output to
assure that all of the LEDs in any given bin are sufliciently
umiform when viewed by an observer.

[0048] Denote the maximum allowable variation of the
Segmented LEDs across a light source by o, . That 1s, the
Segmented LEDs with a light source must have an intensity
within the range of intensities defined by Ixo . In general,
the manufacturing vanation 1s charactenized by o>0, ..
Hence, the Segmented LEDs are divided into non-overlap-
ping groups (“bins”) 1n which each group 1s characterized by
a mean light intensity. Consider a process in which there are
two such groups characterized by mean intensities of I, and
L, respectively. The minimum number of Segmented LLEDs
used to fabricate a light source 1s chosen such that, MI; 1s
equal to (M+1)I, to within the design specification for the
light source. Typically, the varniation within any bin 1is
approximately 10 percent.

[0049] For example, consider the case in which a 2000
lumen light source 1s to be constructed from Segmented
LEDs that are nominally 80 lumens per Segmented LED.
Suppose the Segmented LEDs vary from 70 lumens per
Segmented LED to 90 lumens per Segmented LED across a
lot of waters. The Segmented LEDs are binned into 4 bins,
the first being Segmented LEDs having outputs from 70 to
75 lumens, the second being Segmented LEDs having
outputs from 735 to 80 lumens, the third bin being Segmented
LEDs having outputs from 80 to 85 lumens, and the fourth
bin being Segmented LEDs having outputs from 85 to 90
lumens. The target light source can be constructed by
utilizing 29 Segmented LEDs from the first bin, or 26
Segmented LEDs from the second bin, or 23 Segmented
LEDs from the third bin, or 22 Segmented LEDs from the
fourth bin. Since the power rails accommodate a variable
number of Segmented LEDs, each choice for the light source
can utilize the same circuit carrier and layout and essentially
all of the Segmented LEDs from the manufacturing run can
be utilized. In addition, the light sources do not need to be
measured and trimmed after production to meet the design
specification. However, such measurement and trimming
could be utilized to turther reduce the variability from final
light source to light source.

[0050] As noted above, the preferred component light
source 1s a Segmented LED. In general, to provide eflicient
delivery of power to the component light sources that are
connected 1n parallel, the component light sources must
operate at a voltage that 1s substantially greater than that of
a single junction LED, which 1s typically 3.2 volts for
(GaN-based LEDs. In one embodiment of the present inven-
tion, a Segmented LED with 5 segments 1s utilized to
provide a component light source with a 16V drive voltage.
However, component light sources with a drive voltage of at
least 3 times that of a single junction LED in the material
system 1n question can be advantageously utilized.

[0051] The above-described embodiments of the present
invention have been prowded to 1llustrate various aspects of
the invention. However, 1t 1s to be understood that different
aspects of the present invention that are shown 1n different
specific embodiments can be combined to provide other
embodiments of the present invention. In addition, various
modifications to the present invention will become apparent
from the foregoing description and accompanying drawings.
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Accordingly, the present imnvention 1s to be limited solely by
the scope of the following claims.
1-15. (canceled)
16. A light source comprising:
a substrate having first and second power rails; and
a plurality of segmented LEDs connected in between the
first and second power rails,
wherein each segmented LED 1s configured to generate
light when a power signal 1s applied to the first and
second power rails;
wherein the plurality of segmented LED are provided by
a single LED die that 1s divided into N segments
serially connected to each other, with N being between
2 and 100, and
wherein each segmented LED to requires a driving volt-
age that 1s 3 times greater than a driving voltage of a
signal junction LED 1n order to generate the light at a
predetermined intensity.
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