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EXECUTIVE SUMMARY 
 

 This thirty-month project was successful in attaining its ambitious objectives of 

demonstrating a radically novel “remote-phosphor” LED light source that can out-perform conventional 

conformal coated phosphor LED sources.  Numerous technical challenges were met with innovative 

techniques and optical configurations.  This product development program for a new generation of solid-

state light sources has attained unprecedented luminosity (over 1 kilo-lumen) and efficacy (based on the 

criterion lumens per 100mw radiant blue).  LPI has successfully demonstrated its proprietary technology 

for optical synthesis of large uniform sources out of the light output of an array of separated LEDs.  

Numerous multiple blue LEDs illuminate single a phosphor patch.  By separating the LEDs from the 

phosphor, the phosphor and LEDs operate cooler and with higher efficiency over a wide range of 

operating conditions (from startup to steady state).  Other benefits of the system include: better source 

uniformity, more types of phosphor can be used (chemical interaction and high temperatures are no longer 

an issue), and the phosphor can be made up from a pre-manufactured sheet (thereby lowering cost and 

complexity of phosphor deposition).  Several laboratory prototypes were built and operated at the 

expected high performance level.  The project fully explored two types of remote phosphor system: 

transmissive and reflective.  The first was found to be well suited for a replacement for A19 type 

incandescent bulbs, as it was able to replicate the beam pattern of a traditional filament bulb.  The second 

type has the advantages that it is pre-collimate source that has an adjustable color temperature.    

The project was divided in two phases: Phase I explored a transmissive design and Phase II of the 

project developed reflective architectures.  Additionally, in Phase II the design of a spherical emitting 

transmissive remote phosphor bulb was developed that is suitable for replacement of A19 and similar 

light bulbs.   In Phase II several new reflective remote phosphor systems were developed and patents 

applied for.   This research included the development of reflective systems in which the short-pass filter 

operated at a nominal incidence angle of 15°, a major advancement of this technology.    

 Another goal of the project was to show that it is possible to align multiple optics to multiple 

LEDs (spaced apart for better thermal management) to within an accuracy in the z-direction of 10 microns 

or less.  This goal was achieved.  A further goal was to show it is possible to combine and homogenize 

the output from multiple LEDs without any flux loss or significant increase in etendue.  This goal also 

was achieved.    The following color-coded computer drawing of the Phase 2 reflective remote phosphor 

prototype gives an idea of the accuracy challenges encountered in such an assembly.  The actual setup has 

less functional clarity due to the numerous items of auxiliary equipment involved.  Not only did 10 

degrees of freedoms alignment have to be supplied to the LEDs and component prisms as well, but there 



 

were also micro-titrating glue dispensers and vacuum hoses.  The project also utilized a recently 

introduced high-index glass, available in small customized prisms.  This prototype also embodies a 

significant advance in thin-film design, by which an unprecedented 98% single-pass efficiency was 

attained over a 30 degree range of incidence angle (Patents Pending).  Such high efficiency is especially 

important since it applies to the blue light going to the phosphor and then again to the phosphor’s light, so 

that the “system” efficiency associated with short-pass filter was 95.5%.  Other losses have to be kept 

equally small, towards which a new type of ultra-clear injection-moldable acrylic was discovered and 

used to make ultra-transparent CPC optics. 
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Several transmissive remote phosphor prototypes were manufactured that could replace screw-in 

type incandescent bulbs.   The CRI of the white light from these prototypes varied from 55 to 93.  

The system efficiency achieved was between 27 to 29.5 lumens per 100 mw radiant blue.  For 

blue LEDs providing 200mw blue for 1 watt electrical input, these prototypes produced 54 to 59 

lumens per watt.  The latest blue LEDs (from several manufacturers) are more than twice as 

efficient as this.  So in this case the efficiency of the systems (exclusive of driver losses) would 

be minimally 108 to 118 lumens per watt.    So the systems efficiency of the transmissive remote 

phosphor was proven to be equal to or greater than if the same LEDs use conformal coated 

phosphor; with the stated advantages of the remote phosphor system. 



 

 

PROJECT SUMMARY 

 
Conventional white LEDs utilize a blue LED and a phosphor put on top of it.  This 

conventional approach has several problems:  (1)The phosphor generates additional heat the chip 

must get rid of; (2) Over half the phosphor’s output goes back into the chip, much of it getting 

absorbed and heating the chip even more; (3) White LEDs have nonuniform brightness, leading 

to problems when using beam-forming lenses; (4) Chips are limited in size to about 1.2mm, so if 

a larger source is approximated by several adjacent chips, the inevitable gaps between them 

preclude uniformity.  This project produced novel optical designs which overcame all these 

limitations by conveying the light of separate blue chips onto a large remote phosphor, so that all 

components run cooler and therefore more efficiently.  A spectrally selective mirror prevents the 

phosphor’s light from going back to the chips, improving optical efficiency by 15 to 25% and 

thus boosting lumens per Watt (LPW) much higher than would the same blue chips in a 

conventional configuration.  A large uniformly glowing phosphor is much more useful than the 

gap-ridden array of nonuniform white LEDs that conventional technology offers. 

This project developed and prototyped two major concepts for optically combining the 

light of several LEDs to excite a remote phosphor, and then combining its light with blue light to 

produce white.  The project developed a new highly transparent acrylic material and new 

methods of designing thin-film filters.  The Phase I technology was based upon a prior patent 

application, which recently was issued by the USPTO.  The technology developed in Phase II 

resulted in several patent applications that were continuations of this parent patent or new 

applications.  Also, new thin-film spectral-filter technology was the subject of a further patent 

application.  All of these applications acknowledged the US Government rights that were part of 

this contract. 

 

 



 

 
PROJECT OBJECTIVES 

 

1. Efficacy 
Build System 1 and System 2 prototypes emitting at least 100 lumens per electrical Watt 

consumed.  As stated in the proposal, this was dependent upon the blue LED chip attaining a 

radiant efficiency of 45% (Watts of light relative to electrical Watts).  Instead, the project 

transmissive remote phosphor prototypes only require less than 40% efficiency (for CRIs above 

75).   These designs achieved 27.5 lumens per 100mw of radiant blue at 350ma per chip at a 

color temperature of 5000 to 6000K.   The reflective remote phosphor prototypes performed 

relatively poorer than the transmissive type achieving only 19 lumens per 100mw of radiant blue 

at 350ma chip.  However, as these are collimated sources there is a factor that should be added 

on to make a direct comparison.  Assuming that a collimator is 80% efficient then to compare the 

two one must multiply the value for the reflective type by 1.25.  In this case that comes to 23.8 

lumens per 100mw of radiant blue.  So for 45% efficiency chip that would be the equivalent of a 

source (with a collimator) having an efficacy of 107 lumens per electrical Watt consumed (not 

including the driver losses).   There is, however, a benefit of the reflective system in that the 

color temperature is tunable.   Also the output for the systems designed and tested were 

rectangular.   

2. Luminosity 
Build System 2 prototypes with luminosity exceeding 1,000 lumens with 16 chips in a 

4x4 array.  This objective was obtained in the Phase 2 prototype using 20 LEDs in four 

manifolds (four of the twenty LEDs were OSTARs operating at 80 to 100ma only. This was 

needed to match optical output of the primary yellow and secondary blue.).  As was stated 

earlier, the output is already collimated so that no external optics are necessary.  In the proposal 

it was assumed that with 45% efficiency chip 16 LEDs (in a 4x4 configuration) were needed 

(operating at 350 ma).   As the module achieved 1 kilo-lumen with 25 to 30% efficiency LEDs 

(OSRAM shorter wavelength blues were used which were more efficient than the LEDs in the 

transmissive systems), one can easily extrapolate that approximately half the number of LEDs 

would be needed if they operated at 45% efficiency.  One must also consider these are collimated 



 

light sources.   So assuming the collimating optics are 80% efficient in a traditional solid state 

light source, the source would need to produce 1.25 kilo-lumens in order to produce a kilo-lumen 

in the beam pattern.    

3. Emitance 
Attain device emitance exceeding 40 lumens per square millimeter.  This was attained by 

the Phase 2 prototypes if one adjusts for the decrease in the solid angle from the LED source to 

the exit aperture of the prototype.   The LED used in the project is a Lambertian source which 

emits into a hemisphere, whereas the beam angle from the prototype is 25 degrees half angle.     

4. Uniformity 
Attain a source-image contrast ratio less than 1.2:1.  The ratio attained was 1.01:1 (based 

on the theoretical model.  This was never measured.) 

5. Cost Analysis 
Through standard techniques of mass-production cost analysis, demonstrate that the 

proposed remote-phosphor technology can attain manufacturing costs no more than 

US$85/Kilolumen by 2008, and an extended life version (50,000 hours) with an efficacy of 

$66/kiloLumen by 2009.  It was determined that the transmissive designs developed for the 

project have a much lower mass-production cost potential than the reflective designs (looked at 

during the project).   Based on current costs and performance of LEDs (many of the LEDs used 

in the project were several years old) the 2008 target stated above is attainable with an updated 

transmissive remote phosphor design based on the principles learned during the project.   These 

designs are suitable for replacement A19 and similar screw-in bulbs.       

 

 
 



 

Project Performance Metrics 
 
The Original Set: 
• Phase 1 – 65 LPW measured from the prototype 
• Phase 2 - 100 LPW – possible with the latest blue LEDs 
• 1 kilolumen white emission into air, accomplished at slightly over 350ma per chip 
• Center to edge contrast 1.2:1 or less., while 1.05 was attained 
• Color-temperature variations under 300°K 
• Color temperature from 3000-6000°K determined by phosphor thickness (Phase 1) or 

electronically (Phase 2).   A 3000°K transmissive remote phosphor light source was made 
having a CRI of 93 but exhibited lower efficacy than the 4000-6000°K modules with a CRI 
of 75 to 90. 

 
Further metrics fulfilled by the Phase II model 
• usefully narrow beam without external optics 



 

 
PROJECT WORK ACCOMPLISHMENTS 

LPI’s work plan centered on the two SSL prototypes, the first embodying LPI’s original 

concept of a high-luminosity remote phosphor via optical manifold and the second a more highly 

developed collimated version developed during the Project.  Project duration was a year longer 

than the eighteen months originally planned, due both to extensions to accommodate 

subcontractor and supplier delays and to expansion of the contract scope to accommodate LPI 

design advances.   

Phase 1 Exploratory Development of KiloLumen LED Lamp   
This opening phase of the project explored design possibilities for the first 

prototype.  The basic idea behind the project is to separate what heretofore had been united in 

white LEDs – namely, the blue LED and the yellow phosphor.  Their separation requires that the 

LED’s light be concentrated upon the phosphor and that the phosphor’s emission back towards 

the LED be intercepted by a blue-passing, yellow-reflecting filter.  The operation of this filter 

requires the collimation of the blue light it transmits and the yellow light it reflects.  Several 

types of collimators were considered, but initial primed candidate, the Compound Parabolic 

Concentrator (CPC), was confirmed as the optic of choice, in injection-moldable acrylic.  This 

project pioneered new bottom-surface configurations for efficient collection of the LED’s light 

by the CPC.  As part of this effort there were extensive simulations of the internal optics of blue 

LEDs and pioneering mathematical derivations in the field of phosphor-scattering optics. 

 
Figure 1:  CPC Profile (left) is circularly swept (center), or doubly linearly swept (right) 

Each of the four blue LED’s used in the Phase I prototype design (2x2) has its 

own dielectric CPC, with the four in parallel shining their collimated blue light through the filter.  



 

Thus the filter must have high blue transmittance.  LPI achieved an unprecedented 98.3% 

transmittance of the LED’s light.  LPI developed a detailed mathematical model of blue-LED 

optics and of the phosphor scattering and implemented it in an intricate spectrum-wide 

spreadsheet for predicting system performance, specifically the flux and spectrum of the white 

output radiating from the remote phosphor, as a function of numerous parameters.  The effects of 

LED structure, dichroic-filter spectrum and angular response, CPC efficiency, and phosphor 

scattering properties were all assessed with the model.  The accuracy of the model was later 

confirmed by full scale ray-trace simulations using the commercial package LightTools.    

 

Figure 2. Two Perspective Views of the initial Phase 1 Configuration, with Large CPC being square.  
Dichroic filter is key to recycling the rearward phosphor emission.  The filter can only work with 
collimated light, which the small CPCs supply for the blue  LEDs and the large CPC  for the remote 
phosphor 

Figure 3 shows photographs of various pieces of Phase I hardware.  A major result of 

early theoretical work was changing the large CPC from square to round, after an original 



 

nonimaging-optics discovery, of the recycling inefficiency inherent in the square configuration.  

It was determined that the output beam of a square-CPC (also known as a cross-CPC) was 

greater than was presented in the technical literature.  So to accept all the radiation for a co-

called 10° square CPC, the receiving concentrating optic had to have an acceptance angle from 

12 to 15°.   Further, since the concentrating optic portion of the system was recycling the light 

many times over, it was also determined that the “recycling optic” could not be a square-CPC (it 

could not “accept” all the light it collimates).  This is apparent now but was not known prior to 

the time it was revealed at the 2005 SPIE conference in San Diego, CA, when the results from 

this project were first announced in two key talks at the nonimaging optics session.  It became 

apparent to the team that the second stage of the transmissive design must have a circular 

symmetric optic which has a larger acceptance angle than the square-CPC.  Therefore, it was 

determined that the square CPC should have a collimation angle of 10°, whereas the circular 

CPC which receives the light have an acceptance angle of 15°.  Thus the round CPC shown in 

Figure 3 required the square mirror that surrounds the filter.   

The fact that acceptance angle of the round CPC was larger than the square CPC meant 

that the etendue of the system had to be increased.  In order to better meet one of the goals of the 

project (high emitance), the Phase II design came up with a different approach where the square 

CPC in the first stage was replaced with a modified square-CPC with facets.  In this system there 

is only one pass in either direction through the faceted square-CPC.  The acceptance angle of the 

square CPC had to still accommodate the output from the first square-CPC so the etendue was 

increased slightly but not as much as in the first Phase designs, 

 LPI’s extensive heat-transfer calculations resulted in a thermally efficient holder of the 

phosphor.  Using the holder it was shown that the remote phosphor can operate just above room 

temperature even when the LEDs are overdriven.   Further, refinements were made to this design 

in Phase II when it was shown that by slightly increasing the area and shape of the remote 

phosphor it was possible to thermal maintain the temperature of the acrylic lens in near the 

phosphor to less than 63°C.  This was shown to be the case even when operating the LEDs at 

500ma each.  This is within the safety margin of PMMA which has a industry wide standard 

operating temperature of approximately 90°C.   

Figure 3 shows some of the components used in the Phase I design.      



 

   
 
Centering Holder of Recycling Optic   Holder of remote phosphor heat-sink 

           
Dielectric mirror surrounding the round short-pass filter  Injection-Molded coupling optics  

(2-pair for 2x2 module) 

Round Yellow-reflecting Short-Pass Filter  Diamond Turned Large Recycling Optic with Phosphor 

Figure 3.Phase I hardware.  Injection molds were made later for the large CPCs. 



 

Phase I Prototype in Operation 
All of the system’s white output is emitted by the phosphor, shown in Figure 3 above.  As 

a light source it is a classical Lambertian emitter, displaying the same brightness in all directions 

and thus generating the usual cosine intensity pattern, shown in Figure 4.  The phosphor light 

shows as yellow to the digital camera in the outer two photos but more whitish in the center.  

These photos also show the minor blue leakage, as expected.  The interim project goal of 60LPW 

was attained, at an LED radiant output that is 31% of its electrical input (operating at 200ma per 

chip).  The original project goal of 100 LPW at 45% LED efficiency (at 350ma per chip) was in 

fact attained given the lower efficiency of the LEDs. 

   
Figure 4. Phosphor illumination pattern, close (left), distant (center), and beam-fan (right). 

Figure 5.  Blue throughput out dome
     Figure 6. Ultra-close-up video cameras for accurate assembly. 

While the original project goal was attained, it remained important to separately measure 

how well blue light is delivered to the phosphor, in order to fully validate the computer models.  

Without the phosphor the majority of the blue light would reflect off the flat end of the large 



 

CPC and be returned.  Figure 5 shows a dome that allows all incident blue light to exit.  This 

configuration achieved 98.4% of the output predicted by LPI’s optical simulation models of ideal 

CPCs.  This shows how high was the quality of the parts LPI produced for this project, as well as 

the accuracy of the alignment set up, shown in Figure 6 with two ultra-close-up digital video 

cameras deployed in perpendicular direction in order to control both directions of relative tilt 

between the various component parts (three cameras were actually employed for Phase II and 

four were used in Phase II).  This experience was vital for the even more complex assembly of 

the Phase II prototype.   

The Phase I assembly required two positioning systems.  The first system held the optics, 

and consisted of Opto-Sigma x,y,z precision stages.  The z-axis could achieve positioning down 

to a tenth of a micron.   The second system consisted of a rotary table which had two 

goniometers mounted on such they were oriented orthogonally to each other.   The LED board 

with the four LEDs (in a 2x2 configuration) was mounted on the top goniometers.  This allowed 

the LED board to be oriented so it was equidistant from all four optics and rotationally in the 

correct orientation.    

The base of the optics had special void features to insure clearance of the exposed wire 

bonds on the LEDs.   A technique was developed to place exact amount of bonding adhesive at 

the interface of the LEDs and optics (less than 0.2 micro-liters of adhesive).  The goal of the 

project was to align the optics to the LEDs in the vertical direction to 10 microns or better and 

this was achieved.  The optics were slightly oversized to accommodate positional tolerance of 

the LEDs and the tolerances in the size and position of the four optics.   Once the optics were 

deemed to be in the optimal position, the mechanical holder of the optics was bonded to the LED 

board using a very low shrinkage UV curing adhesive.    



 

 
Milestone 1: Remote phosphor and its deposition process 

The remote phosphor has to be deposited onto its optic with uniformly precise thickness, 

be long-lasting, and make an air-tight optical bond with the plastic of its CPC.  This was 

successfully accomplished in the first quarter.  Subsequently, various phosphor thicknesses and 

particle densities were tested in order to calibrate their color temperatures.  The process for 

manufacturing “phosphor film” that is phosphor embedded into a suitable medium was fully 

explored.  The actual phosphor film part for the remote phosphor optic was cut out of a large 

sheet of this hybrid material. LPI pioneered and published new results in phosphor-scattering 

theory, and confirmed them with laboratory measurements. 

By the time of Phase II, the choices had expanded to include a transparent phosphor 

mounted inside a highly reflective white box, and a new conventional phosphor with customized 

micro-scattering to ensure the incident blue light is totally absorbed while the yellow light 

escapes efficiently from the one-sided phosphor.  Prototypes of both types were produced in 

Phase II. 

Milestone 2: Blue band pass reflector and its mounting process 
This key component is the heart of LPI’s remote-phosphor approach.  It must pass the 

blue light of the LED with nearly 100% efficiency while simultaneously reflecting yellow light 

at similar efficiency, so that system efficiency is the product of blue and yellow efficiencies.  At 

nominal normal incidence, a commercially available filter (glass substrate) was selected and 

acquired.  After extensive adhesives investigation, it was successfully bonded between the four 

small CPCs and the large CPC with the remote phosphor. 

The project also included a backup filter program for developing a low-cost holographic 

implementation of the bandpass filter, but the extreme efficiency of the conventional multilayer 

filter is not possible with a holographic version, given current materials limitations.  However, 

even though the holographic short-pass filter did not match the performance of the thin film type, 

the work broke new ground and made significant progress in this hitherto unexplored 

technology.  Future metamaterials with atomic-level control may prompt a revisit to this 

approach. 

 



 

Milestone 3: Design of 2x2 manifold optics 
Bandpass reflectors operate because the different wavelengths have constructive or 

destructive interference that generates transmittance or reflectance.  Key to this project is the fact 

that such filters foreshorten off-axis light, making it equivalent to normally incident light of a 

shorter wavelength.  This will cause off-normal blue light to be reflected instead of transmitted, 

severely impacting efficiency if the hemispheric light of the LED hits the filter without 

collimation.  It is for this reason that the blue light must be collimated, with a ±10º beam being 

equivalent to normal incidence.  Only the compound parabolic concentrator (CPC) has the 

requisite efficiency and effectiveness for the job, hence its selection for this project.  Each blue 

LED has its own ±10 º square CPC, and the four of them are grouped tightly into a square upon 

which the bandpass filter is mounted.   

Although the filter would reflect the phosphor’s yellow light at any incidence angle, it is 

still necessary for the phosphor to be the same size as the four blue LEDs, so that concentration 

of the collimated blue light is necessary.  Thus on the other side of the filter is a single large 

CPC, to concentrate the collimated blue light upon the remote phosphor, while also sending the 

phosphor’s back-emission to the filter so that it is recycled back to the phosphor.  LPI developed 

an extensive mathematical model of the recycling process in order to predict system performance 

from the efficiency of the various components. 

As was stated earlier LPI made a new discovery in non-imaging optics, when it found 

that the large square CPC initially proposed for the remote phosphor exhibited unexpected 

rejection of the yellow light reflected off the filter, considerably impairing the efficiency of 

recycling.  Because the small CPCs of the blue LEDs were ±10º, they produced ±15º along their 

diagonals, forcing the large CPC to be ±15º as well.  Therefore, the large square CPC produced 

±22º on its diagonal.  After reflecting off the filter, most of the 15-22º light was rejected by the 

CPC instead of going back to the phosphor.  These losses were alone great enough to defeat the 

project goal, so LPI changed the large CPC to the round one shown in Figure 3.  Also shown in 

Figure 3 is the mirror that covers the part (21%) of the square filter that the round CPC leaves 

uncovered.  It reflects the collimated blue light back to the LEDs, where about half of it is 

recycled.  Because the Phase II design is non-recycling, it’s large CPCs are square and do not 

have this loss. 



 

Milestone 4: Design of 2x2 LED source 
While metal CPCs can accept all angles of light, the dielectric CPC used in this project 

can only accept upward going light.  The LED source comprises four blue LEDs whose emission 

must be efficiently conveyed to the remote phosphor. Conventional LEDs have considerable 

side-emission that is far more difficult to efficiently capture, so that OSRAM’s top-emitting 

LEDs were crucial to project success.  Several advanced substrates were tested to find the most 

optically efficient configuration.  Also critical was the accurate placement of the blue LEDs on 

the board so that they would match the four CPCs, already designed.  Only 0.1mm of positional 

inaccuracy could be tolerated on the board for these LEDs, else their delicate bonding wires 

would collide with the bottom of the CPC.  Similarly critical is ensuring the board’s thermal 

expansion will match that of the CPCs.  OSRAM designed and fabricated a ceramic board with 

heat sink, and it met the project’s luminosity goals with a sufficiently low operating temperature 

to assure long life.   

Milestone 5:  Design of 2x2 LED lamp 
LPI successfully coupled the CPCs upon the LEDs with a specialty optical fluid (later a 

specialty UV cured adhesive was used which protected the LEDs and its wire bond).  

Comparison of the board’s blue-light output before and after the CPCs were mounted showed 

that their coupling efficiency (the amount of light the is transferred from the LED to the optics) 

was above 100% compared to emission into air, chiefly due to the greater refractive index of the 

fluid. 

In Phase II a new set of blue LEDs with longer wavelength was used, the light of which 

is to be collimated by a single large CPC.  OSRAM had developed multi-chip modules with very 

small spacing between the LEDs, with a 2x2 model developed at 467nm specifically for this 

project (these were used for the so-called secondary LEDs which are used to fine adjust the color 

temperature of the white light).  As before, the optical efficiency was above 100% due to better 

coupling of LED to the optics than into the air.  This validated the requirement of the project that 

the optics be aligned to the LEDs in the z-direction to within 10 microns.   Typical alignment in 

the past in the industry has been on the order of 200 microns, which results in 15% of the light 

from the LEDs leaking into the air.  The 10 micron distance (combined with the slightly 

oversized optic base) reduced this leakage to 3 to 5%.  This was confirmed by measurements.    



 

Milestone 6: Design of Collimating 2x2 LED manifold 
Figure 3 shows how two of the small CPCs are molded as one part.  Two pairs are 

bonded together to make the quad CPC.  This turns out to create an optic with higher transfer 

efficiency than a single square-CPC.  At the receiving end of each CPC is a small cavity that 

encloses the LED while not touching its fragile bonding wire.  The optic is joined to the LED 

board by filling this cavity with an optical coupling gel or adhesive.  Although CPCs had 

previously been used with LEDs, efficiency rarely exceeded 60%, due to loss of LED side 

emission, so the project’s 2x2 lamp was a record-setter.   

Milestone 7: Design of 15° Filter Completed 
This lengthy sub-project utilized the McCleod filter-design software package to sift 

through a huge number of candidate filters.  LPI developed numerous parameter-fixes and 

adjustments, and finally patented the entire design method and several of the final filter designs.  

Especially important was taking care of the 5% of blue and yellow light that first hit the filter at 

grazing incidence, far outside the 5-30 º range of most of the beam once it is reflected onto filter.  

The design program by itself would not work if it was required to consider this grazing light, so a 

post-design fix was implemented by thickening the outer low-index layer so it would totally 

internally reflect all the grazing light.  Without this feature the filter would have fallen short of 

its record-setting ultra-high efficiency.  The filters performed very close to the predicted 

reflectance spectrum. 

Milestone 8: Phase II Collimating Manifold Completed 
The Phase II manifold was much more complex than in Phase I.  In Phase I both the blue 

and yellow portions of the white output are emitted by the remote phosphor (approximately 25 to 

30% of the blue light is designed to pass unchanged through the phosphor as is the case for 

conformal coated phosphors.)  Phase II produced a new design with separately collimated blue 

and yellow outputs that are combined into one beam by the filter (the yellow is activated by the 

primary blue which passes through the filter just once).  In order to have good far-field color-

uniformity these two beams must have nearly identical angular outputs.  The remote phosphor is 

already very uniform, but the 2x2 auxiliary-blue (this size was needed to match the size of the 

remote phosphor) has gaps between its closely spaced chips (on the order of 100 microns in the 



 

OSTAR).  To prevent this nonuniformity from showing up in the collimated output, LPI 

designed a new kind of square CPC, with a profile different from the conventional smooth curve.  

Both the large CPCs shown in Figure 7 have profiles that are chords of the parabola of the usual 

CPC.  Nine chords gave good mixing of the blue light while expanding the beam little beyond its 

15° design value.   

New Configuration for Phase II 

The original proposal was to follow up the Phase I 2x2 prototype with a similar design, 

scaled up to 4x4, but the recycling optic would have to be twice as long, which would entail 

excessive scattering along the longer light paths, hurting efficiency while greatly increasing 

expense, bulk, and cost.  With DOE’s approval, the Phase 2 design was returned to open status, 

and numerous candidates were investigated for prototyping.  Two developments unanticipated at 

the time of the original proposal opened up new possibilities which LPI moved to investigate.  

One was high quantum efficiency in transparent phosphors and the other was OSRAM’s newly 

available high-power versions of longer-wavelength (467nm) blue LEDs, with much higher 

LPW than the 455 to 460nm blue required for phosphor photostimulation.  A transparent 

phosphor makes it possible both to have total absorption of the photostimulating blue light as 

well as to have a collimated yellow output that can be combined with collimated longer-

wavelength blue light.  This makes it possible to produce a white output that is collimated, 

something that in most light sources requires external collimating optics.   

A further advantage of this approach is that the large CPC is not required to recycle light 

in multiple passes, and can thus have the more convenient square shape, rather than the round 

shape of Phase 1.  Also, the expensive high-transparency plastic which LPI invented for the 

Phase 1 prototype is no longer necessary.   

The difficulty with this Phase 2 concept lies in how to combine three beams, which 

requires off-normal filter operation.  A 45° system was initially proposed, but it required the 

filters to have an unattainably broad angular response for efficient operation (there is a problem 

as rays near the Brewster angle for one of the two polarization states).  Even using the most 

advanced technology (such as a rugate filter) the short-pass filter would only operate at 80 to 

85% efficiency for each pass at the nominal 45° incidence angle with a beam spread of 15°.  As 

the primary blue passes through the filter once and the yellow is reflected once, this would limit 



 

the efficiency of the system to less than 72% even if the rest of the optics system was perfect!  

Also, this does not include the fact that there is a phenomenon that was mentioned earlier that 

shifts the transition wavelength of a short-pass filter towards the shorter wavelength as the angle 

of incidence increases.  The shift between one angle of incidence and another is approximately 

proportional to cosines of the angles of incidence.  So the 72% efficiency mentioned earlier is in 

fact optimistic as the angle shift from 35 to 60 degrees (for a 15 degree beam half angle) would 

be enormous.   If the transition wavelength for the blue was 500nm at 35 degree incidence angle 

the transition angle at 60 degrees incidence angle would be approximately 300nm!  This is why 

such 45° combiner system operate typically in air so as to reduce the angle of incidence onto the 

filter.   LPI explored this “air” option but found the system efficiency was still too low to achieve 

the goals of the project.   (3M claims to have the capability of making such short-pass filters 

using thousands of layers of materials of different indices of refraction and birefringence effects.  

However, no such product was available at the time.  If it is then it may be possible to 

commercially exploit the 45 degree designs developed and patented by LPI.)  

LPI worked on new configurations that could overcome the aforementioned obstacles.  

LPI designed numerous 30° and 22° configurations, before inventing a 15° system, which 

became the Phase 2 down-select and finally the Phase 2 prototype, as shown in Figure 7.  (All 

these configurations are patent pending.)  The air gap shown in the figure adds complexity 

because it has to be maintained with the two surfaces perfectly parallel.  Figure 8 shows the 

assembly apparatus for microscopically precise alignments of all the various components, in the 

face of 6 degrees of freedom between adjacent parts.  Each of the two modified 5-degree 

freedom Newport positioners have flex stages added on one of their axes to insure that the forces 

on the optical parts during the bonding process do not exceed the compressive strength of the 

materials.  In addition, absolute tip/tilt monitors were developed with a readout capability of 0.01 

degrees.  This insured that the yaw reading (the 6th degree of freedom) was within specifications.  

Finally, several vacuum and mechanical holders were developed to hold one or more 

components onto the top of the two stages.  Finally, a CCD camera with telecentric lens was 

mounted vertically above the two stages.  This setup facilitated the accurate alignment of all the 



 

parts.     

 Figure 7  Phase 2 Configuration is more complex but higher performing, with collimated output. 
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Figure 8.  Assembly apparatus for the numerous components of the Phase 2 prototype.  Flexure apparatus 
prevents breakage-level forces.  Vacuum holder accurately positions milligram-mass prisms. 



 

Figure 9.  Phase 2 prototype:  Upper Left, optical components and holder; Upper Right, with fins attached; 
Lower Left, slant view; Lower right, in operation, emitting blue (left) + yellow (upper) = white (right) 

 



 

Figure 10.  Upper Left, transparent phosphor & Gore-reflector sidewalls; Upper Right, OSRAM thin film 
phosphor ; Lower Right, Transparent YAG Quad Assembly; Lower Right, Project Deliverable OSRAM thin 
film  Phosphor quad assembly with reverse-oriented pairs of light source, for producing square output.

  



 

 
Figure 11.  Slightly trapezoidal output pattern of a single assembly.  Upper left, blue-only.  Upper right, yellow 

only (overexposed at center); Lower, white output, with chromatic uniformity only slightly off at the edges. 



 

Figure12.  Top-- shows square white output of deliverable quad assembly. 
Here the auxiliary blue power was at 23% of that of the main blue. Bottom-
- a typical spectral measurement by LBNL of one unit in the quad
assembly.  The CCT was 7526 with a CRI of 77 for this test.   

Figure 9 shows the 

assembly and operation of the 

remote-phosphor light source.  

The 15° prism causes the 

output pattern to be 

somewhat trapezoidal (Figure 

11), with the illuminance 

rising towards the wide end 

(leftwards).  When one unit is 

turned 180° about the output 

axis and placed next to 

another, their beams combine 

into a fairly uniform square 

(Figure 12 top).  The beam 

half angle is approximately 

25° as measured by LBNL. 

There were two prototype designs, one with a 440nm photostimulative blue with an 

OSRAM powdered phosphor embedded in a film tailored for it.  This phosphor was backed by a 

custom made reflector (OSRAM) to ensure no back losses from absorption.  The other was a 

460nm blue with a transparent YAG.  A typical spectral characteristic of the OSRAM phosphor 

unit is shown in the bottom of Figure 12.  The secondary blue is set to 80ma in this case.   The 

color temperature changes as a function of the ratio of primary to secondary blue.  In this case 

the CCT is 7526.  CCT values as low as 6000°K were measured by LBNL (theoretically 5000°K 

is possible with this proprietary OSRAM green phosphor). 

The Phase II prototypes are the culmination of a long design evolution, due to the 

delicacy and intricacy of the optical components.  There were several delays due to subcontractor 

problems, such as a coating on the wrong side of a prism, and a power failure during a coating 

run. 

An important aspect of this assembly is the adhesives used to hold together the various 

transparent parts.  High material transparency and accurate micro-dispensing were crucial to 



 

project success.  Numerous adhesives were tested before final selection of Dymax UV-cured OP-

21 adhesive, with 1700 PSI strength for optic-to-optic joining.  One UV glue for LED to optic, 

Dymax OP-4-20655, was more rubbery for the sake of the LED bond wires.  A third adhesive, 

with low shrink, was used to bond the entire assembly to the LED circuit boards.  For  the 

commercial released products based on the this technology it is expected that silicone-based gels 

and adhesives would be employed to meet the 50,000 hour requirements for the lamps. 

Also a major sub-project, a nano-liter dispensing system was implemented for the highly 

precise glue layers.  The glue dispensing machine by EFD Corp, Ultra 2400 series, was fed by 

compressed air from a June-Air compressor.  Another glue dispenser by Fishman Corp, LDS 

9000 series dispensed minute programmable volumes of glue.   

Yet another major sub-project was an innovative system of vacuum lines to hold the 

numerous parts during assembly.  In the commercial version, there will be fewer components, 

designed for quick robotic assembly utilizing well-proven automation processes.  For example, 

the most difficult assembly task was joining the two dual-CPC plastics parts into a quad-CPC 

that covers the four LEDs on the circuit board.  This photostimulation-blue quad-CPC was a 

Phase 1 item, used because all that was needed was to mill off the small feet used for mounting 

to the Phase 1 circuit board, but not needed in Phase 2.  In the commercial version the same type 

of four-chip LED and a single CPC will be used as that of the Phase 2 auxiliary blue.   

The auxiliary blue is currently 467 nm, the longest wavelength available, but for 

commercial production a longer wavelength blue, or a mix of up to four long-blue wavelengths, 

provided they are well-transmitted by the filter, will be used.  The steeper is the spectral cliff of 

the Phase 2 dichroic mirror’s transmittance curve, the smaller will be the 500 nm gap in the 

white-output spectrum.  Also, a mix of four wavelengths, evenly spaced between the 440 nm 

blue and the 500 nm filter, will give a better CRI for only a modestly reduced efficacy.  Thus the 

current 467nm would be augmented by 475, 485, and 495nm, all four on the same quad chip for 

good mixing by its faceted CPC. 

The Phase 2 dichroic mirror was the result of an extensive research effort into thin-film 

design.  The Phase 1 filter operates nominally at normal incidence, a standard condition, one at 

which any filter has minimal vulnerability to changes in the direction of incident light.  This 

cosine effect is a fundamental feature of the operation of any filter, and becomes more and more 



 

serious as incident light is more off-normal.  The Phase 2 filter operates at incidence angles from 

5-30°, yet maintains ultra-high efficiency (98.3% one-way, 95.4% two-way, unprecedentedly 

high).  New computerized design methods were developed (patents pending) to generate the 

filter specifications.  After delays due to the California fires, the filter was successfully built by 

an LPI subcontractor, and performed closely to the computer model.  Several nationally 

prominent filter designers commented that it had set several new records in filter effectiveness. 

Unfortunately, during coating of the main prism with the filter, the holder covered the 

very edge of the prism, resulting in bluish strips at the edge of the pattern that lack the yellow 

light that was supposed to be reflected into the beam.  The production prisms will have 

customized holding features on their sides to preclude this problem. 

Similarly, the air gap between the two transition prisms had to be maintained by four 

small globs of high-viscosity glue at the corners of the gap.  After a few seconds of UV cure, the 

spacer was pulled out.  Some practice units were tried first to ensure success with the actual parts 

(one of which has the all-important dichroic coating). 

The program produced two different remote phosphors, one with an OSRAM powder 

responding to 440nm blue LEDs, and one with a transparent phosphor from Baikowski that 

responded to the 460nm blue LEDs.  Both were used in successful prototypes. 

The OSRAM module is a phosphor & silicone mix that was hard to bond to the small end 

of its acrylic CPC.  Nye Optical Primer #449 was used for priming the optics before bonding the 

phosphor and silicone mix onto the CPC.  Nusil Elastomer LS-6946, a two-component silicone 

system that cures in 24 hrs at room temperature, was used as the bonding agent.   

The transparent phosphor (Figure 10) is a YAG crystal that was roughened on back and 

then bonded to a protected silver reflector backed by an aluminum heat sink, both designed and 

built by LPI.  The sides of YAG have Gore material (Figure 10), with an air gap, that is bonded 

to the aluminum heat sink, not to the YAG.  Gaps were filled with the highly reflective white 

material BaSO4.   

Originally there was also BaSO4 on the rear of the YAG crystal, but the material is such 

an excellent insulator that the YAG got too hot (over 80°C, crazing the acrylic CPC).  The heat 

generated by the YAG crystal is about 0.13W, but over such a small area (15mm2) that the heat 

flux is seven times that of sunlight.  When the aluminum heat sink is used, the crystal 



 

equilibrates at only 40°C.  These before and after temperatures are in accord with heat-transfer 

calculations for convective cooling of the device by ambient 20°C air. 

Unfortunately, both types of phosphor were bigger (3.85mm sq) than CPC tip 

(3.58x3.58mm).  Attempts were made to put BaSO4 on the excess trim, but it touches the CPC, 

so losses can be seen escaping, somewhat reducing overall performance.  An integrating sphere 

measurement was carried out by LBNL and showed the leakage from the sides was between 6 to 

13% depending on which module was measured.    

 

Commercial Applications of Technology -- Spherically Emitting Remote Phosphor 

A commercial customer requested LPI to design an LED substitute for incandescent 

lamps used in chandeliers, with a requirement for nearly spherical emission.  (LEDs alone, of 

course, only emit hemispherically, with fully intensity only face-on to the chip.)  LPI 

successfully fulfilled this requirement for spherical emission with an adaptation of the Phase 1 

remote phosphor system, as shown in Figure 13. 

Figure 13.  Spherically emitting remote phosphor system, a modification of the Phase 1 design. 
.  Left, optical  schematic similar to Figure 2.  Center, side view of holder and protruding phosphor ball; 
Right, slanted view of top/  



 

The phosphor ball (phosphor surrounds a small glass partial sphere) is mounted to the 

small end of the round CPC shown in Figure 13, left.  Not only does this give a predominantly 

spherical emission, unlike the hemispheric emission of the Phase 1 prototype, but also it reduces 

the need for the filter, because only part of the phosphor emission escapes back into the large 

CPC.  Most of the interior phosphor emission merely re-illuminates the phosphor, assuring 

uniformity of luminance against any illumination artifacts of the blue light entering. . As shown 

in Figure 14, radius r subtends the angle θ from the center of the phosphor ball, of radius R, so 

that r = R sin θ, and the output area of the concentrator is AO = πr2.  Thus the glowing phosphor 

on the surface of the ball will have the same intensity from the on-axis direction, represented by 

the vertical pair of rays, to the off-axis angle β=90-θ.  At greater off-axis angles intensity falls off 

very slowly, and only until nearly downward angles does it go under half.   The uniformity is 

close to the emission of a conventional light bulb, enabling reasonable functional substitution. A 

raytrace of the system gives an intensity pattern shown in figure 15.  

The fraction of the 

phosphor light that goes back into 

the CPC aperture equals the ratio 

of exit area AO to phosphor 

sphere area AS, as given by 
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Figure 14.  Phosphor ball of radius R has full intensity over ± β.  The 
intensity is given by the amount of phosphor surface visible from a 
given direction, giving a very wide range of viewing angles. 
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In Figure 14, this fraction 

is only 11%, considerably less 

than the 50% fraction 

characteristic of a hemispheric 

phosphor ball. 

The phosphor ball was 

produced by LPI’s subcontractor, 

Teledyne Electronics.  Two 

different phosphor formulations 

were utilized to get 4000°K and 



 

5500°K.  The phosphor coating is deposited on the ball as a slurry that is UV cured in place.  

Total thickness is built up of multiple applications of the layer, curing each layer in a few 

seconds. 

 
Figure 15.  Intensity pattern for the system shown in figure 14. 

 

 

Figure 16 shows one of the prototypes made (using parts from the DOE I prototype) in 

direct comparison with a standard 25W bulb.  The bulb and LED sources were mounted inside a 

wall sconce.  Measurements were taken from a variety of directions using an illuminance meter.  

There was little difference in the output other than the fact that the LED source had a higher 

color temperature 4000°K.  In figure 16 the 5W remote phosphor source is shown on the right 

with the 25W incandescent on the left.   The difference in color temperature is evident in the 

photos but in fact the response to by the luminaire manufacturer toward the cooler LED source 

was very favorable.   

 



 

Figure 16.  Comparison of 25W incandescent bulb vs. 5W prototype-- both placed in a standard wall-sconce, 
showing their spherical emission.  Left, the warm-white 25W, right, the 4000°K LED prototype. 

 

KEY FINDINGS and OBSERVATIONS for PROJECT 
 

• Measurements showed that typical phosphors used in conformal coating LEDs “send 

back” 45% of the light, primarily yellow (blue reflectance is on the order of 10%) 

• There are two types of Remote Phosphor Systems that are possible: transmissive and 

reflective.  The advantages and disadvantages can be summarized as follows: 

o Transmissive – can be used to combine multiple LEDs, high efficacy easier to achieve, 

may be used to emulate beam pattern of incandescent bulb (using spherical RP). 

o Reflective – Also can combine many LEDs, better for adjusting white balance (secondary 

blue), better for direct collimation but high efficacy harder to achieve.  

• The Phase I type transmissive prototypes was able to achieve from 27.5 to 29.5 lumens 

per 100mw of radiant blue (for a blue LED that produces 400mw for 1 watt electrical 



 

input, the efficiency is nearly 120 lumen per watt).  This is a higher performance than 

conformal coating LEDs using the same type of LED (OSRAM thin film), even after all 

the optical losses are taken into account. (measurements by LBNL and Teledyne) 

• The Phase II type reflective prototype achieved 17 to 18 lumens per 100mw of radiant 

blue.  As this is a collimated source the numbers have to be increased somewhat (25%) to 

make a direct comparison with a Lambertian LED source.   The performance was below 

the expected values.  The reasons for the drop in performance can be summarized as 

follows: 

o Transparent YAG and OSRAM Green phosphors were too large allowing leakage at 

edge.  Leakage losses as much as 13% were measured by LBNL 

o The short-pass filter coating on the prisms only partially covered the active area.  Losses 

on the order of 5% could be expected. 

o The reflectance to transmittance transition zone for the short-pass filter came out too high 

(15nm) due to production issues.  Losses on the order of 5 to 10%. 

o The heat sinks did not have sufficient surface area.  Performance at 350ma per chip was 

compromised.  (Based on measurements from LBNL and comparing the performance to 

the type I module.) 

o Distance of secondary blue optics from exit aperture was set slightly too large, making 

the blue beam wider than the yellow.      

o The coater mistakenly put an anti-reflective coating on optics which were in contact with 

prisms made of the same material resulting in 15% reflectance at multiple interfaces.  

Additional coatings to remediate this problem were employed but only partially 

eliminated increased Fresnel reflections.   (This resulted in losses of 5 to 10% .) 

o The reflectance of the back reflectors behind the phosphor could have been higher.  (A 

loss on the order of 5%.) 

• High transmittance plastics are needed for the recycling optic of the Phase I prototype.  

LPI and its subcontractors were able to develop very high transmittance cast and injection 

molded PMMA suitable for this application.   

• Design of the heat management systems for remote phosphor must be considered due to 

Stoke shift losses.  It is easier to design heat sinks for the reflective type systems.  For 

transmissive systems the operating temperature of a plastic such as PMMA would not be 



 

exceeded if a sufficiently large phosphor “dome” is used.  Temperatures of the phosphor 

and the plastic nearby did not exceed 60C for a 5 watt system.  This was confirmed by 

actual contact temperature measurements and COSMOS simulations. 

• The Phase II quad assembly produced 1 kilo-lumen at 350ma per primary blue chip and 

80ma secondary chip (measurement by LBNL).  The wattage for the unit was 5.69 with 

an efficacy of approximately 43 lumens per watt.  This is for a collimated source.   

• The maximum efficacy achieved for the spherical remote phosphor modules was 85.5 

lumens per watt (low CRI).  An efficacy of 80 lumens per watt was achieved with a CRI 

60 and 74 lumens per watt for a CRI of 70 200ma per chip.  (Measurements from 

Teledyne).  Increasing the CRI decreases the efficacy based on the phosphors used by 

Teledyne (Intematix phosphors). 

• The beam pattern for the spherical transmissive modules was unaffected by how many of 

the four LEDs were turned on.  Any combination resulted in the same beam pattern. 

• Remote Phosphor systems are much less susceptible to changes in color temperature than 

conformal coated LEDs over a wide range of conditions (startup vs. 30 minute soak).  

This was confirmed by tests made by OSRAM.  

• Short and long pass filters operating in dielectric at a nominal angle of 45 degrees are 

inefficient and not practical at this time (unless the light is highly collimated). 

• Holographic short and long pass filters, although possible, do not meet the standards of 

modern day thin film technologies. 

• It is possible to align multiple optics to multiple LEDs with a tolerance of 10 microns or 

less in the vertical direction. 

• Remote Phosphor film is a practical and economically viable alternative to conformally 

coated phosphor on chip.        
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