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Laser lighting systems can take many form factors for applications such as

spotlighting, general illumination, or decorative lighting. The use of lasers

in conjunction with phosphors for white lighting leads to questions about

incorporating  the  various  package  elements.  Some  practical

considerations of  a transmission geometry system implementing a blue

laser  and  a  yellow  Ce:YAG single  crystal  phosphor  are  discussed,  with

specific  focus  on  color  tuning  and  the  optical  efficiency  of  the  single

crystal. A compact emitter is demonstrated with examples of modifications

to increase the system performance and complexity. Moving from a cool

white system to a warm white system has been done through the addition

of  a  red  light  such as  a  red laser  or  red phosphor.  The single  crystal

phosphor component needs to allow light to be coupled in from the laser

and  have  high  extraction  efficiency.  A  wavelength-selective  reflective

coating  has  been  implemented  to  address  these  concerns,  which

increased the luminous efficacy of the system. Engineering the phosphor
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element using this concept may allow for single crystal phosphors to be

viable options for future laser lighting systems.

1. Introduction

1.1. Solid-state lighting

Innovations  in  lighting  technology  have  often  focused  on  increased

efficiency and decreased cost as the primary benchmarks for accepting

new lighting platforms into everyday use. The invention of the blue LED

and the rise of  solid-state lighting has led to enormous energy savings

along with decreased costs for lighting. The United States annual energy

savings from LED adoption increased from $675 million in 2012 to $4.7

billion  in  2016,  with  LEDs  accounting  for  only  12.6%  of  lighting

installations  in  2016 [1,2].  This  trend  continues  to  increase,  with  LEDs

making  up  an  estimated  19% of  lighting  installations  in  2017  and  an

expected 84% of lighting installations by 2035 [3]. LEDs have also brought

about a substantial change in how we use lights. Solid-state lighting has

the  benefit  of  being  much  smaller  and  brighter  than  previous  lighting

platforms,  enabling  new form factors  and applications [4,5].  Along with

LEDs  successfully  replacing  conventional  fixtures  such  as  standard

lightbulbs,  more  decorative  or  futuristic  applications  have  been  made

possible with solid-state lighting. From car logos that light up to wearable

displays  for  augmented  reality  to  the  indicator  light  on  video  game

controllers, LEDs have permeated every aspect of modern life. 

Laser lighting has been a topic of increasing interest for several years,

with the idea being to use a laser diode as the electrically driven solid-

state  light  source.  Whereas  LEDs  struggle  with  decreased  efficiencies
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under high power operation [6], lasers can efficiently output high optical

powers. In the case of white lighting applications, a blue laser can pump a

yellow phosphor such that  the blue and yellow mix together to output

white light. Other color phosphors can be used as a replacement for or in

conjunction  with  the  yellow  phosphor  to  tune  the  color  point  and

temperature.  For  example,  with  a  blue  source  and  a  standard  Ce:YAG

yellow phosphor, only a cool white color temperature above 4000K can be

achieved, with warmer color temperatures achievable with the addition of

a red source such as a red phosphor [7,8]. In addition to different colors of

phosphors being useful, different morphologies of phosphors – including

single crystals,  powders,  and ceramics – can be incorporated into laser

lighting designs [9–12]. 

In this work,  a framing introduction will  be presented in section 1

which provides background to the current state of the field. Section 1.2

serves to contextualize the area of laser lighting within solid-state lighting,

explaining why one may wish to use lasers over LEDs. In section 1.3, a

concise overview of solid-state lighting metrics is presented. Section 1.4

then provides the reasoning for  the emitter  design choices  of  a single

crystal  phosphor  and  transmission  geometry.  Section  1.5  provides  an

overview discussion of heating effects in laser lighting systems. 

1.2. The benefit of lasers

One inherent difference between LEDs and lasers is the radiant power

at  peak  wall-plug  efficiency  (WPE).  LEDs  tend  to  have  the  highest

efficiency at  current  densities  under  10 A/cm2,  whereas  lasers  peak at

current densities on the order of 10000 A/cm2. For good efficiency, high
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power fixtures, an array of LEDs is necessary to achieve the radiant power

of a single laser. Although the peak WPE of record blue lasers, ~45% [13],

is significantly less than that of blue LEDs, there are application specific

advantages of  using lasers  over LEDs.  The difference in  emitting  area,

around  10  mm2 for  LEDs  and  0.1  mm2 for  lasers,  has  financial  and

technological implications. By shrinking the emitting area from that of an

LED system to that of a laser system, less area is necessary in terms of

epitaxial growth and phosphor materials. This has the potential to reduce

the costs of laser-based white lighting systems as the technology matures.

In  terms  of  technological  advancements,  shrinking  the  emitting  area

provides a benefit to the étendue of the system. 

Étendue describes the areal and angular spread of a light source and is

a  property  of  the  light  emitter  that  cannot  be  decreased  without

introducing losses into the system. For any light source, a small solid angle

may be achieved by blocking light emitted at higher solid angles, resulting

in  loss  of  efficiency  and  brightness.  Therefore,  a  source  with  a  small

étendue  should  be  chosen  for  directional  lighting  applications  such  as

spotlights,  decorative/museum  lighting,  and  headlights.  Some  high

brightness,  directional  applications  are not  well  served by LED sources

which do not produce enough radiant power over a small enough angle –

their étendue is too large. In an LED system, the étendue limiting factor is

the die size of the LED, where increasing light power while maintaining

efficiency  involves  increasing  the  die  size  because  of  droop  at  higher

current densities. By shrinking down the emitting area to that of a laser-

based system, an emitter closer to that of a point source can be achieved,
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which can then be directed by lossless or low-loss optics onto a small light

down-converter such as a phosphor. The phosphor used in a white laser

lighting system then becomes the étendue limiting element and must be

as small as possible while considering other constraints such as conversion

under  high  optical  power  density.  Improvements  in  high  brightness,

directional applications replace LED platforms with laser based ones [14–

16], for example in car headlights [17]. 

Laser  lighting  can  further  supplement  the  current  LED  lighting

platforms by opening up applications and allowing exploration of new form

factors for lighting. In the area of visible light communication (VLC), lasers

win over LEDs by having a higher modulation speed, allowing for faster

data transmission [18–20]. The unique ability of lasers to efficiently couple

into  optical  fibers  allows  the  heat-generating,  sensitive  electro-optic

components to be located far away from the illuminated area and for the

laser light to travel efficiently over long distances. Applications such as

horticulture may find this remote-source lighting useful, where the light is

delivered to the plant without exposing the light-emitting component to

heat and humidity [21]. It may also be possible to leverage leaky fibers, in

which the coupled laser light is  leaked along the length of the fiber to

provide light over a large area [22,23]. In this design, the light could be

transmitted as blue laser light through the length of the fiber and then

converted to white light with a phosphor material integrated in or attached

to the leaky fiber. Underwater lighting could become less bulky, as the

laser  coupled  into  the  fiber  would  not  have  to  be  waterproofed.  The
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capability  to separate the emission area and the electrical  components

widely opens the design space for laser-based lighting. 

1.3. Metrics: Efficiency, efficacy, and color 

For laser lighting to become relevant in a given use case, it needs to

match or exceed what can be done with LEDs in terms of achieving high

efficiency performance and high-quality white light while maintaining low

cost. Phosphor converted laser lighting systems have many similarities to

white LED systems based on blue LEDs and yellow phosphors. The same

terminology and metrics apply to white laser lighting as those used for

white  LED  lighting.  An  important  metric  for  both  systems  is  luminous

efficacy, which is a measure of the optical power output of the system for

a given electrical power input, its efficiency, weighted by the human eye

response  function.  Efficacy  is  expressed  in  lumens  per  watt,  whereas

efficiency is reported in percentages and does not consider the perceived

luminosity. For lighting applications, efficacy is a key concept and can be

estimated in the blue laser-yellow phosphor system by Equation 1, where

WPE is the wall plug efficiency of the laser [24,25], OE is optical efficiency,

QY is the quantum yield of the phosphor, SS is the Stokes shift of the blue

to  yellow  conversion  [8,26,27],  and  LER  is  the  luminous  efficacy  of

radiation. 

Efficacy ( lm
W )=WPE x OE xQY x SS x LER( lm

W )     

(1)

The efficacy of any white laser lighting emitter – here defined as the

laser,  phosphor,  and  package  together  without  any  focusing  optical
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components  –  is  impacted  by  metrics  of  all  three  components.

Improvements in epitaxial material quality, growth schemes, and process

development continue to push the WPE of blue lasers towards theoretical

values. Commercial blue laser diodes packaged in TO9 cans were utilized

herein, where the WPE may be measured directly by comparing the input

electrical energy to the output optical energy of the packaged laser. For

systems  discussed  in  this  work,  OE  can  be  separated  into  several

categories,  including  extraction  efficiency,  in-coupling,  and  package

efficiency.  Extraction efficiency refers to the light  successfully  escaping

the phosphor and in-coupling is the laser light that does not get reflected

at the initial  phosphor surface. Extraction efficiency and in-coupling are

both  largely  dictated  by  the  phosphor  plate  design.  Package efficiency

encompasses losses due to other package or optical components and can

vary widely based on choices in package geometry, design, and materials.

While  this  work  focuses  on the emitter,  the OE of  a  complete  lighting

system also  includes  the  luminaire,  such  that  for  a  perfectly  efficient

luminaire,  any  light  coming  from  the  emitter  is  used  productively  as

illumination. A visualization of energy flow through the emitter is given in

Figure 1. 

The phosphor conversion process affects the emitter efficiency and can

be separated into two factors: the QY of the phosphor and the SS of the

conversion. Equation 1 is considered an estimation rather than an exact

calculation due to the simplification made that all the light in the system

undergoes the QY and SS effects. This is not the case, as these factors

relate to the phosphor conversion and some blue light is not converted.
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The QY, also known as quantum efficiency, is the percentage of photons

absorbed  by  the  phosphor  that  are  reemitted  at  a  longer  wavelength

[8,10].  This  accounts  for  absorbed  photons  but  not  photons  that  pass

through the phosphor without undergoing absorption. Phosphor converting

materials have been a target of considerable research efforts and have

reached high QY values of above 95% [28]. The SS is another factor of the

phosphor,  given  as  the  percentage  of  absorbed  photon  energy  that  is

reemitted in a longer wavelength photon. The SS is based off the energies

of  the  absorbed  and  emitted  photons  and  some  degree  of  SS  is

unavoidable  as  a  fundamental  loss  in  blue-to-yellow  conversion  when

using phosphors. 

While efficacy is connected to the color of the light, color is a separately

defined  metric  typically  given  in  terms  of  x  and  y  color  coordinates

corresponding  to  a  defined  CIE  color  diagram [29,30].  By  varying  the

amount of yellow phosphor in the system, the ratio of yellow light to blue

light can be altered which in turn changes the color of the output light. In

addition  to  color  coordinates,  metrics  of  correlated  color  temperature

(CCT) and color rendering index (CRI) are useful when discussing white

lighting for illumination [5,27]. CCT defines the ‘warmness’ or ‘coolness’ of

a white light source in terms of black body radiation, therefore it is in units

of kelvin where values around 5000K correspond to ‘cool’ or blue-ish white

light  and  values  around  2700 K  correspond  to  ‘warm’  or  more  red-ish

white light [31,32]. Reaching a warm white light is considered critical for

the  adoption  of  laser  lighting.  CRI  describes  how  well  an  illumination

source shows the ideal color of objects, defined by a series of standards,
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with  100  being  a  perfect  CRI  [33,34].  Although  color  is  a  separate

measurement system than efficacy, there is a relationship between the

two metrics due to the varying sensitivity of the human eye to different

wavelengths of light. The maximum value of efficacy for a given emission

spectrum is given in units of lumens per watt and is known as LER [16,35].

LER  is  a  measure  of  the  luminous  optical  power  of  a  system per  the

radiant power and has different values for different spectra. Multiplying

the LER of a system by the efficiency, in terms of a percentage or optical

watts per electrical watts, gives the luminous efficacy. 

1.4. Design choices: Single crystals and transmission 

With  many  form  factors  imaginable,  and  more  yet  unimagined,

varied optical geometries and converting materials need to be explored to

allow for  the largest possible design space for  laser lighting.  For white

lighting  applications  utilizing  a  blue  laser  and  a  yellow  phosphor

converting material, two main geometries exist for the conversion process

– transmission and reflection. Figure 2 depicts the idealized geometries. In

transmission  geometry,  the  laser  light  passes  through  a  converting

phosphor and some of the blue laser light comes through on the other

side,  such  that  white  light  is  produced  on  the  side  of  the  phosphor

opposite  the  laser.  Transmission  geometry  is  similar  to  how  white,

phosphor-converted  LEDs  function.  In  reflection  geometry,  a  laser  is

directed towards a phosphor with some of the light converted to yellow

light  and  some  of  the  laser  light  undergoing  specular  reflection  and

scattering. This geometry takes advantage of the directionality of the laser

light but is not possible for LEDs without some optical element in between.
9



Both transmission and reflection geometries need to be explored in order

to  provide  laser  lighting  fixture  designers  with  the  greatest  number  of

possibilities and considerations for any given application. 

Single crystal phosphors in a transmission geometry will be the focus of

this  work.  Single  crystal  phosphors  have  been  used  as  the  converting

material for LEDs [36]. However, single crystals are more expensive than

other phosphor morphologies and are therefore not cost effective for LEDs

with an omnidirectional emission over a relatively large area. Additionally,

coupling the light from the LED into the single crystal is inefficient without

further optics. Laser emission has a much smaller beam size than that of

LED emission and the directionality of lasers allows better coupling into

the single crystal phosphor. As the phosphor plate used could be relatively

small  in  a  laser  lighting  design,  single  crystals  could  provide  a  cost-

effective option  to replace the silicone encapsulated phosphor  of  white

light LED systems.

This work focused on a simplified transmission geometry laser lighting

design for  white  lighting  applications  which utilized a blue laser  and a

single  crystal  yellow  phosphor  as  the  fundamental  components.  Cost-

saving  and  design-simplifying  methods  were  adopted.  No  lenses  were

utilized to focus the laser and the emitter was not encompassed within a

luminaire. The creation of a luminaire in order to improve uniformity and

further manage the device emission remains  an open question  for  this

geometry and was not explored in the present work as there would be a

strong  interaction  between the  envisioned  luminaire  geometry  and the

emitter design. This compact setup comprised of a TO9 commercial blue
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laser, a copper heat sink, and a machined copper phosphor holder with

prongs to mount a single crystal Ce:YAG phosphor plate for testing. The

phosphor plate plus the compact setup together comprised the compact

emitter. Shown in Figure 3, the compact emitter was the approximate size

of a standard lightbulb when fitted with a simple reflector. Although not

the focus of this work, heating effects can be detrimental to the operation

of  laser  lighting  devices,  therefore  contact  between  the  single  crystal

phosphor and the prongs of  the holder was key,  in addition to contact

between the phosphor  holder  and the laser  heat  sink.  Simulations  and

experimental testing have been conducted on phosphor plate design and

optical elements, with experimental details in section 4. 

1.5. Heating effects 

In the earlier days of white LED solid-state lighting, heating effects were

a concern in  terms of lowering device performances over time [37–39].

While this  has largely  been solved for LEDs, lasers have a significantly

higher  power  density  and lower  efficiency,  both  of  which  contribute  to

more  concerns  with  heating.  For  any  laser  lighting  system,  heat

management is a challenge that needs to be overcome for widespread

adoption.  Heating  effects  in  white  laser  lighting  can  be separated into

laser device heating and phosphor heating. Under high power operation,

lasers produce a significant amount of heat that needs to be dissipated to

prevent  degradation  of  the  device.  Self-heating  in  lasers  can  lead  to

thermal  rollover  and  eventual  device  failure.  For  this  reason,  proper

external heat sinking for the laser is a concern for any laser-based lighting
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system to ensure the stability of the laser. Operating the laser in a pulsed

mode rather  than under  continuous  wave operation  may ultimately  be

another way to reduce these effects. In this work, the copper heat sink in

which  the  TO-9  can  laser  diode  was  mounted  served  to  help  with

extracting the heat away from the laser under operation. This heat sink

was machined in-house rather than being commercially purchased due to

the need to mount the phosphor as close as possible to the output of the

TO-9  can.  It  was  noted  that  under  long-term  continuous  operation  a

secondary external heat sink was also necessary. 

For white lighting at high powers, heating of the phosphor is also a

concern. Phosphor heating stems largely from Stokes shift heating due to

the  energetic  down-conversion  of  light,  given  the  very  high  phosphor

quantum  efficiency.  The  energy  difference  between  the  incoming  and

outgoing light is lost as heat. A quantum yield less than unity will  also

contribute  to  heat  generation,  as  will  any absorption  from encapsulant

materials used. For lower-powered devices such as LEDs, this effect has

been  found  to  be  manageable,  however  for  high-powered  lasers  the

amount  of  heat  generated  scales  significantly.  Standard  silicone

encapsulants used in white LEDs provide insufficient thermal management

for  laser  lighting  purposes [11,40].  Single  crystal  phosphors  have  been

shown to have high quantum efficiency which is not quenched until high

temperatures [41]. Ceramic or single crystal phosphors with low Ce doping

fare  much  better  due  to  their  higher  thermal  conductivity  and  high

thermal quenching resistance [10,42–45]. In the case of the most heavily

used yellow phosphor, Ce:YAG, the solubility limits of Ce permit only very
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low  concentrations  in  single  crystals,  thereby  increasing  quenching

resistance compared to more highly doped systems typical for powders in

silicone [46].  Single-crystal  Ce:YAG  phosphors  with  relatively  low  Ce-

doping (0.2% to 0.3%) were the focus of this work. 

To reduce the concern of reaching high phosphor temperatures, heat

sinking of the phosphor remains an important consideration. Depending on

the geometry of the system, this can be particularly challenging. For a

reflection geometry, a phosphor may be mounted directly on a heat sink

that  allows  for  extraction  of  heat  away  from  the  phosphor [11].  In  a

transmission  geometry,  heat  sinking  through  contacting  the  phosphor

involves  the  use  of  materials  with  high  thermal  conductivity  and  high

transparency or reflectivity. The single crystal may be mounted on or held

between two sheets of material or mounted through minimized contact

with another package component such as a reflective metal. For this work,

the single crystal was mounted in a copper holder to allow for enough heat

sinking  to  show  proof  of  concept  designs.  The  contact  between  the

phosphor and the copper holder was critical to extract the heat away from

the  phosphor.  Additionally,  the  copper  phosphor  holder  was  to  be  in

contact  with  the  laser  heat  sink  in  order  to  provide  further  thermal

management. 

2. Discussion

In section 2.1, the color point was tuned by varying the thickness of the

phosphor plate. The implementation of a red laser (section 2.2) or a red

phosphor (section 2.3) for the purpose of obtaining a warm white color
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temperature was explored. In section 2.4, the maximum efficacy of the

system was calculated, considering various laser WPE, and the extraction

efficiency was modeled as a function of  phosphor  plate sidewall  angle.

Advanced  methods  for  improving  the  phosphor  plate  design  were

simulated and experimentally tested in the form of a wavelength selective

reflective coating (section 2.5).

2.1. Color point tuning 

In a transmission geometry with a blue laser and a yellow single

crystal phosphor, the optical path length of the laser through the phosphor

controls  the  color  point.  To  form  a  white  light  output,  there  is  some

phosphor thickness for a given geometry and laser power that will place

the color point on the Planckian locus. A series of single crystal Ce:YAG

phosphors with thicknesses varying from 530 to 1450 μm were fabricated

with equilateral triangle shapes and side lengths on the order of 1 mm per

side. The phosphors side lengths were well controlled due to the dicing

process. The phosphors were mounted within the compact setup with the

laser run at a constant current of 1 A to pump each phosphor. Tests were

conducted to collect all the light leaving each phosphor and determine the

color point of the emitted light integrated over all  directions, plotted in

Figure 4. Varying the thickness of the phosphor tuned the color point as

expected,  becoming  more  yellow  with  increasing  thickness,  and  an

optimal  thickness  of  ~640 μm  was  found  for  these  laser-phosphor

conditions. A one laser, one phosphor system allowed for color points that

created a straight line on the CIE color diagram as in Figure 4, such that

only cool color temperatures of white light could be reached. In order to
14



reach more points on the CIE color diagram and a wider range of color

temperatures, the laser and phosphor components need to be changed or

more components need to be added. Achieving warm white lighting is of

interest for many lighting applications. Red light in the form of either a red

laser or a red phosphor can shift the color point to allow for a warm white

light. 

2.2. Warm white: Using a red laser 

In the case of adding a red laser, the efficiency of the system will

depend on  the  WPE of  the  red  laser  as  well  as  previously  considered

factors. The WPE of high-efficiency AlInGaP red laser diodes at 638 nm is

~45% [47], similar to that of a high-efficiency blue laser diode. The laser

diodes  should  be  separately  controlled  due  to  differences  in  electrical

characteristics,  providing  an  additional  degree  of  freedom  when

controlling the color point of the system. Simulations were conducted to

determine the design space for this two-laser system. The optical power of

the bluer laser was kept fixed at 1 W. The thickness of the single crystal

phosphor was increased from 0.02 to 0.6 mm and the red laser optical

power was switched from 0 to 600 mW. All emitted light was collected in

the simulation as if using an integrating sphere. Figure 5 presents the CIE

diagram of the emission achievable with a system composed of a blue

440 nm laser, a red 640 nm laser, and a Ce:YAG single crystal phosphor.

Each component had a dominant color in the CIE diagram and were at the

edge  of  a  triangle  describing  the  color  theoretically  achievable  by  the

system. The side of triangle between the 440 nm laser and the Ce:YAG

phosphor described the color achievable with the red laser turned off. On
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this line, the phosphor thickness tuned the color point in a similar fashion

to  what  was  experimentally  shown  in  Figure 4,  although  the  phosphor

crystal  geometry  and  laser  power  differed  in  the  simulation  and

experiment.  In  this  system and  with  the  red  laser  off,  a  thickness  of

0.06 mm allowed the achievement of a white emission close the Planckian

locus with a CCT of 6200K and a luminous flux of 215 lm. 

Figure 6 presents the details of the luminous flux, efficacy, CRI, and CCT

of the two laser plus single crystal phosphor system for different phosphor

thickness  and  red  laser  power.  For  a  given  phosphor  thickness,  the

increase  in  red  laser  power  increased  the  luminous  flux  due  to  the

increase in the light entering the system. The efficacy of the system also

increased, however this parameter was largely dependent on the assumed

efficiency of the red laser diode. The CRI of the system increased initially

with the addition of the red laser diode but did not continue to increase as

the  laser  power  was  increased  more.  The  addition  of  a  red  source,

specifically a narrow linewidth red source such as a laser, is consistent

with an improved CRI [8,33,48,49]. The CCT decreased with the addition of

the red laser diode, which was the initial motivation for the second laser.

Increasing  the  power  of  the  red  laser  diode  allowed  warmer  color

temperatures to be reached. A phosphor thickness of 0.20 mm together

with a red laser diode operating around 400 mW showed emission of white

light with a CCT of 3000K and a luminous flux above 300 lm.

A practical concern when using a red laser is the color mixing resulting

in the combination of the additional laser light with the blue laser-yellow

phosphor light. We are proposing herein a design to improve color mixing
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in which a red laser is used in conjunction with a single crystal phosphor

selectively coated with reflective material. As this design requires the use

of two lasers, testing was conducted separately from the compact setup as

a proof of concept. A square single crystal phosphor with side length on

the order of 1 cm and a thickness of 470 μm was partially coated with a

white,  reflective TiO2-based paint.  The side of  the phosphor  facing the

lasers was entirely coated other than a central window to allow the laser

light to pass into the phosphor. The other side of the phosphor was coated

only in the center, opposite where the laser window was left uncoated.

Figure  7a  and  Figure  7b  indicate  the  geometry  of  the  coating  on  the

phosphor plate. The coating used here was not highly reflective but served

only as an initial example of the geometry proposed. A red laser (633 nm)

and a  blue  laser  (441 nm),  both  commercially  purchased as  packaged

devices,  were directed towards the center  opening in  the paint  on the

backside of the phosphor and the light was detected on the opposite side

to determine the color point. The selective coating was studied in order to

improve color uniformity at the output of the device as well as decreasing

the amount of phosphor material necessary. In this design, the laser light

travels  through  the  phosphor  thickness  multiple  times,  increasing  the

effective optical path length through the phosphor approximately threefold

and therefore decreasing the amount of phosphor necessary to reach the

desired color point (Figure 7c). Although the red laser was not being used

for  conversion,  in  this  design the red laser traveled through the single

crystal phosphor in a similar fashion to the blue laser. Additionally,  the

laser light that survives the passes through the phosphor, including the
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red laser light,  would be further spread by the multiple bounces in the

phosphor plate.

The lasers were individually controlled with the optical powers varied

between  0.015  and  0.29 W  for  the  red  laser  and  between  0.085  and

0.486 W for the blue laser. Due to limitations on our measurement setup,

this measurement was not conducted in an integrating sphere and the

color point was instead measured on light emitted from the topside of the

phosphor. A white light with a color temperature of 3000K was obtained at

several different blue and red laser powers. This system had the benefit of

being able to tune each laser individually to have control over the color

point, however integrating both lasers into a package with a small single

crystal phosphor was not achievable using commercially available lasers

and limited optics. With proper packaging and laser driver design, a multi-

laser system could be a path towards warm white laser lighting [33].

2.3. Warm white: Using a red phosphor 

Alternatively, a red phosphor may be incorporated into the system as an

additional down-conversion source with potentially lower cost and simpler

device design. Rather than driving two lasers with different properties, the

addition  of  the  red  phosphor  would  not  change  the  operation  of  the

system after fabrication. Although red phosphors are less efficient and less

studied  quantitatively  in  lighting  systems  than  the  yellow  phosphor

Ce:YAG,  they continue to  improve with  further  research efforts [50,51].

The down-conversion of the blue laser light to red contributes to a higher

Stokes  shift,  reducing  efficiency  in  comparison  to  the  one-phosphor

system or the two-laser system with a high efficiency red laser diode. 
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The choice of red phosphor material has similar considerations to the

yellow phosphor material, with the addition of needing to be controllably

added  to  the  system in  small  amounts.  This  makes  the  use  of  a  red

phosphor  powder  adhered  to  the  yellow  single  crystal  phosphor  an

attractive choice. The use of a sol-gel process to adhere the red phosphor

powder to the single crystal phosphor can allow for varying amounts of red

phosphor to be added to the system. Additionally, the thermal conductivity

of the sol-gel can potentially be high enough to allow for appropriate heat

transfer,  in  comparison  to  other  encapsulants  such  as  silicone [40,52].

Ideally, for optimal heat transfer from the red phosphor, the red phosphor

particles would be in direct contact with the single crystal surface, with the

sol-gel serving as a sticking agent. Red phosphor powder, CaSiAlN3:Eu2+,

was suspended in  a TiO2 sol-gel  (titanium isopropoxide,  ethanol,  acetic

acid) and drop cast onto a single crystal of Ce:YAG (~1 mm square). The

single crystal was baked a 60 °C between drops and then annealed in air

at 300 °C for 30 min. This deposition was shown to shift the color of the

light  towards  red  when tested  in  the  compact  setup,  as  given  by  the

spectrum in Figure 8.  For  this  warm white method, more iterations  are

necessary  to  establish  the  correct  thickness  of  the  single  crystal  and

amount of red phosphor to achieve the desired white point. 

In comparison to the two-laser system, every iteration to determine the

appropriate  amounts  of  red  phosphor  necessitates  fabricating  a  new

phosphor plate instead of changing the power of the red laser. However,

this work demonstrated the ability to introduce red light into a compact

setup without complex packaging – something which was not an option for
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the two-laser design where a compact setup was not achieved here. For an

application in which a single driver was desired or little processing and

packaging was available, the two-phosphor system presents an attractive

choice. However, when the ability to drive multiple lasers and create more

compact packages is not a concern, using two lasers provides a system

that can be further tuned after packaging and appropriately simulated, as

well as potentially providing a higher CRI and efficacy. 

2.4. Single crystal Ce:YAG designs: Improving efficacy  

By considering Equation 1, assumptions can be made to estimate

the upper  limit  to efficacy of  a laser  lighting  system. For  a  cool  white

system using a given blue wavelength and yellow phosphor, the QY and SS

are fixed by the phosphor and the LER is fixed by the white point. The OE

and the WPE are then controllable parameters, where the OE is set by the

single crystal design and package and the WPE is a function of the laser.

Figure 9 presents the simulated efficacy and luminous flux achievable with

a blue laser and yellow phosphor system for different laser WPE, with the

OE fixed at 90%. This OE value was chosen for the calculations in order to

simulate a system with a highly efficient package. As expected, the WPE

drastically  impacts  the  performance  of  the  device.  Reaching  1000 lm

single emitter devices at 160 lm/W, the current state of the art efficiency

for high power single die white LEDs [53], will require the OE to be 90%

and the WPE to be 50%. As the state of the art blue laser diode becomes

more efficient, the efficacy of the system will increase. Equally important

is  reaching  an  OE  of  90%,  which  relies  on  significant  package
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considerations including the processing of an efficient phosphor plate with

high in-coupling of the laser and high extraction efficiency. 

Designs for single crystal phosphors can utilize knowledge gained from

LED  packaging  designs  as  a  starting  point  to  further  optimize  the

extraction  efficiency  and  directionality  of  the  output  light.  Ray  tracing

simulations are a useful tool for modeling such designs. A parallelepiped

phosphor with sidewalls of varying angle was modelled using MCRT with a

point light source, set at the center of the parallelepiped, with a power of

1 W. The extracted light was collected and the ratio of the extracted power

over the emitted power gave the extraction efficiency while the sidewall

angle was changed.  This  simulation  considered the escape of  the light

from the phosphor to the outside of the single crystal, neglecting weak

background absorption of the phosphor single crystal. For straight sides,

the extraction efficiency was around 50%, where a portion of the light was

trapped  within  guided  modes.  Angles  above  4°  allowed  for  100%

theoretical extraction efficiency. This result can be applied to the escape

of the phosphor light as well  as the escape of the laser light from the

single crystal. By deviating from a parallelepiped design in any dimension,

more light could escape. For the experimental work in this study, in-plane

shaping was utilized to improve extraction efficiency, with an equilateral

triangular shape picked to conserve material and for ease of fabrication.

In-plane triangular shaping serves to increase the extraction by breaking

the symmetry in the plane and allowing for more light to escape out of the

sidewalls. 
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Out of plane trapezoidal shaping by angled sidewalls could additionally

increase extraction by directing light  upwards into the extraction cone.

Rather  than  implementing  out  of  plane  shaping  experimentally,  the

extraction could be increased by using roughening of the top surface, a

method used in LED packaging techniques [54]. Instead of directing the

light into the extraction cone by angled sidewalls, the roughened surface

effectively increases the acceptance angle of the escape cone as well as

randomizing the reflections to promote multi-pass extraction. 

2.5. Wavelength-dependent coating to improve efficacy   

Although  methods  to  improve  extraction  efficiency  can be drawn

from LED work, for LEDs the phosphor material typically encases the LED

where adding the encapsulant improves the out-coupling from the GaN

LED.  In  the case of  laser  lighting,  the laser  is  outside of  the phosphor

material. Some sources of loss are depicted in Figure 10(a). One source of

loss is due to the reflection of the laser at the surface of the phosphor. Any

amount of laser light that gets reflected back by the phosphor surface is

lost due to absorption by the laser packaging. Given the index of refraction

of the single crystal (n = 1.82) [55,56], the percentage of incoming light

reflected  at  normal  incidence  for  a  phosphor  with  an optically  smooth

interface  was  calculated  to  be  8.5%.  This  loss  can  be reduced  by  the

addition  of  an antireflective (AR) coating such as a quarter-wavelength

coating tuned for the laser wavelength. While an AR coating would serve

to help with the laser in-coupling efficiency, it may also serve to increase

the amount of yellow light extracted out of the bottom of the phosphor. In

the  transmission  geometry,  yellow  phosphor  light  extracted  in  the
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downwards direction towards the laser would be another source of loss

due to absorption by the package. 

A coating that is reflective in the yellow range and transmissive in the

blue range is therefore desired. As indicated in Figure 10(b), this coating

could  minimize  in-coupling  losses  as  well  as  losses  due  to  downward

reflection  of  yellow  light.  Such  a  coating  could  take  the  form  of  a

distributed Bragg reflector (DBR) or a Fabry-Pérot coating (FP), either of

which would be designed to have wavelength dependent reflectivity over

the visible wavelength range. A DBR with the structure in Figure 11(a) and

a  FP  with  the  structure  in  Figure 11(b)  are  two  examples  of  potential

coatings. In these structures, the optical thicknesses of the thinner layers

were λ/4 thick. The resonant Ta2O5 cavity was λ/2 thick in the FP. The SiO2

side was in contact with the single crystal for both designs. The choice of

dielectric material and periodicity was not unique, as a variety of designs

may achieve varying levels of reflectivity.

Transmission  matrix  simulations  indicating  the  theoretical  reflectivity

spectra for a representative coating of each type are shown in Figure 12.

The  target  wavelength  maximum for  the  DBR  was  570 nm with  three

periods. The target wavelength minimum for FP resonance was 442 nm to

match  the  experimental  wavelength  of  a  laser  initially  tested.  The  FP

coating in Figure 11(b) was deposited on a polished Ce:YAG single crystal

using  ion  beam deposition  (IBD,  Veeco NEXUS).  Layer  thicknesses  and

refractive indices  were calibrated using ellipsometry and the overall  FP

coating was calibrated by iterating on FP depositions and adjusting layer

thicknesses. Using a similar method, the deposition of a DBR coating was
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also attempted.  Whereas the FP coating could  be calibrated to have a

minimum at the laser wavelength, the DBR coating was calibrated with

respect  to  the  wavelength  of  maximum  reflectance.  The  fringes  and

minima were then heavily dependent on precise control of deposition rates

and  refractive  indices,  such  that  a  DBR  with  a  minimum at  the  laser

wavelength  was  difficult  to  achieve  and  not  reported  herein.  Normal

reflectivity  measurements (Filmetrics  F20)  were measured on reference

polished sapphire pieces and on the final FP coated single crystal phosphor

from the backside  of  the  phosphor,  given in  Figure 12.  The theoretical

minimum  reflectivity  was  1.2%,  whereas  the  experimentally  achieved

minimum value was ~3%. In addition, there was significant overlap of the

phosphor emission spectrum and the wavelengths of higher reflectivity. 

A series of phosphors was then tested with and without the presence of

a FP coating, in order to provide an initial demonstration of the coating

technology presented. A FP coated phosphor single crystal was diced into

triangles (~ 1 mm per side, 800 μm thick) and the diced phosphors were

compared to a set of uncoated single crystals (~ 1 mm per side, 850 μm

thick), where all phosphors had the same equilateral triangle shape and

side length. The marginally thicker phosphor was used as the uncoated

sample so that any increase in phosphor extraction provided by the FP

coating  could  be  attributed  to  the  coating  and  not  to  the  thickness

difference. Ten tests were conducted in which the laser was tested alone,

followed by testing of an uncoated sample, followed by a sample with the

FP coating. The compact setup was utilized in each case. For each pair of

uncoated and coated samples, the WPE of the laser was experimentally
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determined  prior  to  each  test  by  measuring  the  laser  alone  in  the

integrating  sphere  and  taking  the  ratio  of  the  optical  power  to  the

electrical  power  as  the  WPE.  The WPE was  tested before  each pair  of

samples in order to consider laser  fluctuations.  The average laser WPE

measured  in  this  fashion  was  2.4%,  considerably  lower  than  the  best

available commercial blue lasers. While these lasers were far from optimal,

they served here to evaluate the wavelength selective coating and were

not expected to reach the high efficacy values calculated in Figure 9. The

relative  optical  efficiency  of  the  emitter  was  estimated  based  on

Equation 2, a rearrangement of Equation 1. The QY and SS were 90% and

78%,  respectively,  for  the  phosphors  used  in  this  work.  The  QY  was

experimentally  verified (see Experimental)  while  the SS was  calculated

given the laser wavelength and the phosphor emission spectrum. Although

Equation 2 does not consider that the QY and SS only apply to the light

being absorbed and converted by the phosphor, respectively, the relative

estimation for optical efficiency should be comparable sample to sample. 

OE=

Efficacy ( lm
W )

WPE xQY x SS x LER( lm
W )

       

    (2)

The average efficacy, LER, and OE were all greater in the samples with

the FP coating. The average efficacy increased by 22%, from 2.7 lm/W to

3.3 lm/W, with the addition of the FP coating. While the efficacy numbers

were lower than desired,  this was as expected from the low measured

WPE of the laser. For each trial, the sample with the wavelength selective
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coating showed a higher efficacy than the sample without  the coating.

Figure 13(a) compares the OE of each sample over the order of testing the

samples, showing that effects from any deviations in the laser power were

mitigated. The average relative OE was 45% and 52% for the samples

without and with the FP coating, respectively. The improvement in OE with

the addition of the FP coating was attributed to better in-coupling of the

laser as well as better extraction of the phosphor light. Figure 13(b) shows

a comparison in the maximum of the phosphor peak and the maximum of

the  laser  peak.  The  phosphors  with  the  coating  had  more  phosphor

emission for a given laser peak height. This led to the increase in LER with

the introduction of the FP coating, as the yellow phosphor light overlaps

more with the eye response function than the blue laser light. The average

LER  without  the  coating  was  364 lm/W  and  with  the  FP  coating  was

385 lm/W. The increase in LER also suggests that the use of a FP coating

can allow for less phosphor material to be used in order to achieve the

desired white point. The increase in LER with the increase in OE together

form  the  basis  for  the  reported  increase  in  luminous  efficacy  in  the

emitter. 

3. Conclusion

We  have  demonstrated  variations  of  laser  based  white  lighting

systems using a phosphor single  crystal  in a transmission geometry.  A

compact  emitter  design  was  presented  and  ways  to  optimize  optical

efficiency, decrease the amount of phosphor material, and tune the color

temperature were discussed. Adding a red laser to the system achieved a

white light of ~3000K. Simulations with two lasers showed the ability to
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retain good efficiency,  although the system would require custom laser

packaging and additional  laser driver  electronics.  The addition of  a red

phosphor  powder  also  provided  a  red  light  for  warm  white  light  and

allowed for a design with minimal packaging requirements but was less

optimal for efficiency. A wavelength selective reflective coating improved

efficacy 22% by increasing in-coupling efficiency and decreasing phosphor

light  emitted backwards while  also decreasing the amount of  phosphor

material necessary. Ultimately, widespread adoption of laser lighting will

necessitate research on high collection  efficiency luminaires  as  well  as

commercially  available  lasers  with  wall-plug efficiency of  at  least  50%.

However,  the methods described herein may be applied to future laser

lighting systems where a  transmission  geometry would  be more  viable

than a reflection geometry, including broad area illumination using fiber

systems. 

4. Experimental Section 

Simulations

Optical  simulations  were  carried  out  using  the  commercial  software

LightTools™, based on the Monte Carlo Ray Tracing (MCRT) method. Based

on the law of geometrical optics, MCRT allows modeling of both the optical

package and of the phosphor plate. The blue and red laser diode spectra,

the emission, absorption, and excitation spectra as well as the QY of the

phosphor  used  in  this  study  were  experimentally  measured  and

implemented  in  the  simulation.  To  test  our  modeling,  a  Ce:YAG single

crystal was shaped into a 5x1x0.2 cm rectangular cuboid and excited with

a  440 nm blue  laser  diode.  The  spectral  density  function  (SDF)  of  the
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system was  measured  in  an  integrating  sphere.  The  system was  then

simulated with the MCRT method. Figure 14 presents the simulated and

measured  SDF  for  the  blue  laser  and  single  crystal  phosphor  system,

where  there  was  excellent  agreement  between the  simulation  and the

experiment. In the case of single crystal phosphors, the optical modeling

by ray tracing does not increase in complexity greatly with the addition of

the phosphor, in the sense that simulations of single crystal phosphors are

well  achieved  and  very  reproducible.  In  comparison,  simulations  on

powder and ceramic phosphor compounds have to be adjusted manually

to  fit  the  experimental  data [57].  These  simulations  assume  that  the

particles are spherical, are mono disperse in size and position [58],  and

that Mie theory can be applied [57,59,60].  In  particular,  the mean free

path is  a complex quantity  to measure and difficult  to implement in a

simulation [61]. For these reasons, single crystal phosphors may be finely

tuned into optical systems more exactly through precise modeling. 

Phosphor plate fabrication and testing 

Ce:YAG single crystal yellow phosphors were used in this work, with 0.2%

to 0.3% Ce content (atomic percent). The phosphors were synthesized by

Saint-Gobain and found to have a QY of 90%, based on measurements

conducted in an integrating sphere on a phosphor piece with polished and

parallel sides. The SS was calculated to be 78%, considering the energy

difference  between  the  laser  wavelength  and  phosphor  emission

spectrum. The crystals were polished and had various sizes and shapes or

were cut to the desired shape and size. In order to control  the sample

thickness, larger pieces of single crystal were cut into slices using a wire
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saw.  Chemical  mechanical  polishing  was conducted to further  thin and

polish  the  phosphor  plates.  Roughness  was measured via  atomic  force

microscopy  (AFM).  Rough  surfaces  were  prepared  using  a  diamond

polishing pad for as received or polished facets, with as-cut sample facets

being sufficiently rough. To obtain small pieces of single crystals, a dicing

saw was used with the ability to dice phosphors into squares or triangles

on  the  order  of  1 mm per  side.  An  example  of  a  diced  Ce:YAG single

crystal is shown in Figure 15, along with atomic force micrographs of the

crystal  before  and  after  chemical  mechanical  polishing.  The  RMS

roughness before polishing was 421 nm and was reduced to 9 nm after

polishing. As cut and prior to polishing, the surface was sufficiently rough

to improve topside light extraction from the phosphor. After polishing, the

backside surface was smooth to allow for coupling of the laser into the

phosphor without light scattering. This smooth surface was also necessary

for subsequent layer deposition described later. 

Testing  of  phosphors  was  conducted  using  commercial  laser  diodes

packaged in TO9 cans with emission wavelengths between 440 nm and

445 nm. The TO9 cans were mounted in machined copper heat sinks such

that the base of  the TO9 can sits in the heat sink and the top portion

extends above the heat sink. Small phosphors were mounted in machined

copper mounts with prongs holding the single crystal directly above the

output of the laser with the roughened surface of the phosphors pointing

away from the laser and the smooth side facing the laser.  The copper

phosphor  mounts  were  machined  for  both  triangular  and  square

phosphors, and the style of the mount was modified somewhat for various
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experiments. The copper phosphor mount was in contact with the copper

laser heat sink and was secured to the TO9 cans using set screws to adjust

the phosphor position in front of the laser beam. A labeled image of the

compact emitter is shown in Figure 3. The setup was tested to check for

potential quenching of the phosphor due to high temperatures, and it was

noted that sufficient contact between the prongs of the holder and the

phosphor  itself  was  required  to  prevent  quenching.  All  measurements

were conducted within a regime where phosphor quenching effects did not

occur. 

Measurements were conducted in an integrating sphere coupled to a

spectrometer unless otherwise stated. The laser diodes were run under

continuous-wave  operation.  Various  laser  diodes  were  used  across

different experiments as the laser diodes were seen to degrade across

multiple  tests.  Measurements  were  corrected  for  every  laser  used.  A

neutral density filter was used and results include approximate corrections

for the filter. 
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Figure 1. Flow of energy through a generalized blue laser plus yellow 
phosphor system with components such as the laser, phosphor, and 
package indicated along with important sources of loss. 

Figure 2. Two main laser/phosphor geometries: (a) transmission and (b) 
reflection.
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Figure 3. Labeled photograph of compact laser lighting emitter in a 
transmission geometry with a mounted triangular single crystal phosphor. 

Figure 4. CIE color diagram with points plotted for laser-phosphor emitter 
with triangular single crystal Ce:YAG phosphors of varying thicknesses.
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Figure 5. CIE Diagram for a 1 W 440 nm laser, Ce:YAG single crystal 
phosphor, and 640 nm laser system. The triangle, with corners that are 
the dominant wavelengths of the three parts, describes the color range 
achievable. Different phosphor thicknesses were reported (in blue). The 
blue laser power was kept fixed at 1 W and the power of the red laser 
diode ranged from 0 to 600 mW.

Figure 6. (a) Luminous flux, (b) efficacy, (c) color rendering index (CRI), 
and (d) correlated color temperature (CCT) of the 1W 440 nm laser + 
Ce:YAG single crystal phosphor + 640 nm laser system as a function of 
phosphor thickness for different red laser powers. The shaded regions 
show the range of single crystal phosphor thicknesses where the emission 
falls close enough to the Planckian locus to be considered white light.
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Figure 7. Schematic of two-laser experimental setup with partially coated
phosphor plate shown from (a) the topside and (b) the backside; (c) 
simplified depiction of light inside and escaping the phosphor plate due to 
reflections at the coated phosphor surfaces with indications of multiple 
bounces through the phosphor.  

Figure 8. Normalized emission spectra from two laser-phosphor systems, 
one with single crystal Ce:YAG and one with single crystal Ce:YAG plus red 
phosphor, CaSiAlN3:Eu2+. Laser peak maxima were normalized to 1 for both
spectra.
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Figure 9. Simulated luminous flux and efficacy achievable with a blue 
laser + single crystal phosphor system at different electrical power for 
several laser WPE with the other sources of losses kept constant.

Figure 10. Optical losses in laser-single crystal phosphor emitter (a) 
without any coating and (b) with a wavelength selective reflective coating 
represented as alternating green stripes. Sources of losses enclosed in the
dashed area in (a) are minimized with the addition of the coating in (b). 

Figure 11. Structures for wavelength-selective reflective coating showing 
(a) a distributed Bragg reflector (DBR) with λ/4 thick layers and a variable 
number of periods and (b) a Fabry-Pérot (FP) structure with one layer 
being λ/2 thick and the rest being λ/4 thick. For the DBR structure, λ is the 
maximum reflectivity and for the FP structure, λ is the minimum 
reflectivity. 
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Figure 12. Transmission matrix simulations for wavelength-selective 
coatings indicating laser wavelength (442 nm), Ce:YAG phosphor emission,
simulated normal reflectivity for a distributed Bragg reflector (DBR, 3-
period centered at 570 nm), simulated normal reflectivity for the Fabry-
Pérot (FP) structure, and experimental reflectivity for the FP. 

Figure 13. Comparisons between single crystal Ce:YAG phosphors 
without and with Fabry-Pérot coatings indicating (a) the OE as a function 
of test number and (b) the maximum phosphor intensity versus the 
maximum laser intensity. 

Figure 14. Measured and simulated spectral density function (SDF) of a 
blue laser diode and a single crystal Ce:YAG phosphor. Single crystal: 
sample thickness 2 mm, absorption 12 cm-1, laser power 3.5 W.

Figure 15. Ce:YAG phosphor single crystal (a) optical microscope image 
showing triangular shaped phosphor crystal. Atomic force micrographs of 
Ce:YAG phosphor (b) before chemical mechanical polishing with scale 0 to 
3.75 μm and (c) after chemical mechanical polishing with scale 0 to 
172 nm. AFM scale designated at right. 
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Transmission geometry laser lighting with a compact emitter 

A  compact  emitter  for  a  laser  lighting  system  was  created  using  a
commercial nitride laser diode, a small  single crystal phosphor,  and in-
house machined parts.  Variations  to  improve color  and efficiency were
considered via experiment and simulation, including the addition of a red
laser, a red phosphor, or a wavelength-selective coating. 
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