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Abstract:

Lighting consumes >10% of the global electricity. White laser lighting, utilizing either direct color mixing
or phosphor-conversion, can potentially boost the efficiency well beyond existing light emitting diodes
(LEDs) especially at high current density. Here we present a compact, universal packaging platform for
both laser lighting schemes, which is simultaneously scalable to wavelength division multiplexing for
visible light communication. Using commercially available laser diodes and optical components, low-
speckle contrast <5% and uniform illumination is achieved by multi-stage scattering and photon recycling
through a mixing rod and static diffusers in a truncated-pyramidal reflective cavity. We demonstrate a high
luminous efficacy of 274 Im/W, for phosphor-converted laser lighting and 150 Im/W, for direct red-green-
blue laser mixing, respectively, in reference to the input optical power. In the former case, the luminous
efficacy achieved for practical lighting is even higher than most of the previous reports measured using
integrating spheres. In the latter case of direct laser color mixing, to our best knowledge, this is the first
time to achieve a luminous efficacy approaching their phosphor-conversion counterparts in a compact
package applicable to practical lighting. With future improvement of blue laser diode efficiency and
development of yellow/amber/orange laser diodes, we envision that this universal white laser package can
potentially achieve a luminous efficacy >275 Im/W.in reference to the input electrical power, ~1.5x higher
than state-of-the-art LED lighting and exceeding the target of 249 Im/W. for 2035.

Key words: laser diode lighting; multiple scattering; speckle contrast; direct color-mixing; phosphor-
converted lighting;
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Introduction

Lighting accounts for >10% of the global electricity consumption in 2022, increasing from 2021."2
The deployment of efficient light-emitting diode (LED) lighting sources reduces the energy
consumption by 75% with 25 times longer lifetime compared to the incandescent lighting, saving
500 TWh of energy per year.? Currently, the luminous efficacy of phosphor-converted LED (PC-
LED) is 185 Im/We. for cool white and 165 Im/W. for warm white in reference to the input electrical
power, and it is projected to reach the practical limit of 250 Im/W. by 2050.2

However, LED efficiency is still limited by efficiency droop at high current densities,
mainly due to the non-radiative Auger processes at high carrier densities in LED active regions.
The droop can be mitigated by utilizing laser diodes (LDs), in which the radiative recombination
rate is greatly boosted once stimulated emission (lasing) becomes dominant, effectively
overcoming Auger processes. Therefore, LDs can potentially offer high luminous flux at high
efficiency. Another important driving force behind LD lighting is visible light communication
(VLC), simultaneously providing lighting and high-speed wireless datalinks at >several Gb/s
without band licensing issues or electromagnetic interference (EMI).*

Similar to LED lighting, the available architectures for LD-based light sources include
phosphor conversion (PC) >®and direct color-mixing (CM). 8 PC-LDs can achieve high color
rendering index (CRI) and reduce the coherence-induced laser speckles by scattering the laser
beam.” ' It has been applied to automobile lamplights, featuring 1000 times brightness with 30%
energy saving compared to their LED counterparts.!! Just as PC-LEDs, the major drawback of PC-
LDs is the energy loss due to the quantum efficiency of phosphors and the inherent Stokes-shift of
the down-conversion, from the high-energy excitation laser photons to the low-energy phosphor-
emitted ones. CM-LD lighting can potentially surpass PC-LD and achieve a high luminous
efficacy of radiation (LER) of 350 Im/W and high color performance (CRI ~ 85) by carefully
choosing the constituent laser line spectra in Blue-Green-Yellow-Orange (BGYO) scheme. 712
Currently, the limited efficiency of green and yellow lasers are the bottleneck. On the other hand,
the advances in high-efficiency lasers (particularly yellow/amber/orange LLDs) and sophisticated
design of optical, electronic and heat-sink systems may speed up the development of CM-LD white
lighting. However, for both schemes there is a lack of thorough evaluation of irradiation
performances to achieve simultaneously speckle suppression, %15 color mixing, '®!7 uniform
illumination,'® high LER, and high CRI in a compact laser luminaire package. Furthermore, the
solid-state lighting community and VLC community focus on different figures of merit, lacking
synergy to achieve both high-performance white lighting and high communication rate. For
example, dichroic mirrors are commonly used in laser mixing for VLC, 81920 yet they are not
directly applicable to lighting due to the large footprint and insufficient speckle removal.

In this paper, we demonstrate low-speckle, high-efficiency white LD lighting via multi-
stage mixing and scattering in a reflective cavity using commercially available optical components
that are highly scalable to practical applications. Using an acrylic mixing rod (light guide) and
diffusers assists the process of color mixing and speckle removal. A truncated-pyramid reflective
cavity recycles a large fraction of the back-scattered photons to enhance the output efficiency and
fold the beam profile several times to improve the irradiance uniformity via superposition. This
way, the adequate de-coherence of laser beams also addresses the eye safety concern. The key
design parameters of LD luminaire performance are systematically investigated. After balancing
these factors, we experimentally demonstrate RGB CM-LD lighting with a light extraction
efficiency > 60%, a correlated color temperature (CCT) of 4500 K, a speckle contrast < 5%, and a
luminous efficacy of 150 Im/W, with respect to the input laser power. To our best knowledge, this
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is the first experimental demonstration of a CM-LD lighting luminous efficacy comparable to their
PC-LD counterparts (100-200 Im/W,) in a compact package applicable to practical lighting. Built
upon CM-LEDs, future development of amber/orange LDs can potentially achieve a high luminous
efficacy >300 Im/W. in reference to the input electrical power. Furthermore, this LD luminaire
package is universal for both CM-LD and PC-LD lighting. A simple replacement of the output
diffuser with a yellow phosphor plate achieved a high PC-LD lighting luminous efficacy up to
~300 Im/W, in referenced to the input laser power and a CRI of ~90 in a practical lighting
configuration, surpassing most of their peers measured using integrating spheres in previous
literature. Future improvement of blue LD efficiency can potentially achieve a luminous
efficacy >275 Im/W. in reference to the input electrical power, ~1.5x higher than state-of-the-art
LED lighting and exceeding the target of 249 Im/W. for 2035. This package is simultaneously
scalable to accommodate multiple LDs for wavelength division multiplexing (WDM) in VLC.

Results
Design and Modeling

Design Overview. The CM-LD lighting prototype consists of three LDs (RGB), an acrylic mixing
rod, and two types of diffusers integrated into a truncated-pyramid reflective cavity, as shown in
Fig. 1a. This configuration is scalable to 4 or more LD mixing for better CRI and/or WDM in VLC,
as will be detailed in the Discussion, thanks to multiple scattering and reflection that effectively
homogenize the output white light irrespective of the positions of the LDs. Details of the LD
parameters are provided in Section 1 of the Supplemental Information.
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Fig. 1 (a) Schematics of the white laser package, comprising RGB laser diodes, a mixing rod, a truncated-
pyramidal reflective cavity, and two types of diffusers (at the end of the mixing rod and the end of the
reflective cavity, respectively). (b)-(f) show the ray-tracing modeling results for a 20 mm long rod inserted
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into the 100-mm-high 8.5° reflective cavity (ideal reflectivity R=100%). The three laser power ratios are
Pre40:Pgs20:Praso=1 W: 0.55 W: 0.2 W. A detection target is located 25 mm away from the output diffuser.
(b) shows the optical path length (OPL) histogram for the complete package as well as other configurations
to elucidate the impact of the components on the OPL distribution. For the completed package, (c) shows
the corresponding irradiance distribution mapping; (d) shows the true color; (e) shows the Commission
Internationale de 1'Elcairage (CIE) color correlated temperature (CCT) distribution mapping, and (f)
indicates that the CCT at the center of (e) is 4229 K.

The mixing rod has a diameter d=20 mm and a length L in the range of 10 ~ 80 mm. A
truncated-pyramid shape is selected for the reflective cavity for good color-mixing and simplicity
of fabrication, which has been investigated for laser projection imaging before. '* To match the
diameter of the mixing rod, the input port is chosen to be 20x20 mm?. A reflective cap (20x20
mm?) is used to secure the three LDs and seal the top of the reflective cavity. The sidewall tilt
angle of the reflective cavity is an important parameter. If the tilting angle is too small (i.e., nearly
vertical sidewall), the laser beams tend to be guided in the rod and trapped inside the cavity. If the
tilt angle is too large, it might be hard to achieve uniform color mixing and white illumination via
multiple reflections. Three types of reflective cavities are investigated to understand the trend, as
listed in Table 1. The interior surfaces of the truncated pyramidal cavity and reflective cap have a
specular reflectivity of either 100% (for modeling perfect mirrors, e.g. high refractive index
contrast distributed Bragg reflectors (DBR)) or 95% (for modeling more commonly used metallic
mirrors). Two 0.5 mm-thick diffusers attached to the bottom of the mixing rod are named rod
diffusers, while the 0.5 mm-thick diffuser sealed at the bottom of the reflective cavity is called
output diffuser. They are modeled after DiffsTEK™ diffusers D6060 and D3030 2! (Fusion Optix,
Inc.) to guide experimental prototyping, as detailed in Materials and Methods.

Table 1. Geometrical dimensions of three types of truncated-pyramid reflective cavities
Name Sidewall Tilt Angle Height of the Cavity Size of the Output Opening
8.5° cavity

8.5 100 mm 50%x50 mm?

19.3° cavity

19.3° 100 mm 90x90 mm?
Extended
Cavity
Top part: 8.5° Top part: 100 mm 2
Bottom part: 19.3° Bottom part: 25 mm WG

Modeling Results. Ray-tracing simulation results of a typical CM-LD configuration are shown in
Fig. 1b-e for an 8.5° reflective cavity (as described in Table 1) with a 20 mm-long mixing rod, two
rod diffusers, and one output diffuser. The specular reflectivity of the interior surfaces is assumed
wavelength-independent at R=100%. The optical power ratio of RGB lasers are
Pre40:P:520:PBaco=1 W: 0.55 W: 0.2 W to best approximate the desired warm white color. A power-
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detection target is located at 25 mm away from the output diffuser. Firstly, the RGB laser beams
are coupled and guided in the short mixing rod. Then the bulk scattering from the rod diffusers
redirect the light to the highly reflective interior surfaces of the truncated-pyramidal cavity.
Multiple internal reflections fold the beam profiles several times, leading to a good
homogenization and color mixing. The output diffuser allows further bulk scattering and forward
transmission of a large fraction of the CM-LD white light. The multi-stage scattering and mixing
within the reflector cavity helps to recycle photons, suppress laser speckles and achieve adequate
color mixing. This is quantitatively detailed by the simulated histograms of optical path length
(OPL) of photons in the cavity (Fig. 1b). With mixing rod alone, the optical path length is increased
slightly beyond 100 mm (cavity height) due to waveguiding in the rod, but the OPL distribution is
too narrow to induce decoherence for speckle removal. Incorporating diffusers can greatly broaden
the distribution of OPL due to multiple scattering and reflection. The data for rod+rod diffuser vs.
rod+output diffuser clearly show a dramatically broadened OPL distribution compared to mixing
rod only. This comparison also indicates that the first resonant feature at OPL ~200 mm is induced
by the rod diffuser, while the second one at OPL~400 mm is induced by the output diffuser. When
both diffusers are integrated with the mixing rod, we achieved a mean OPL of 193 mm (i.e. ~2x
the physical length of the cavity) with a very large standard deviation of 127 mm thanks to the
multiple scattering induced by the diffusers. The large standard deviation of the OPL directly
transfers to a broad distribution of phases for the scattered laser light, effectively leading to
decoherence and speckle pattern removal.

From the irradiance and color mappings in Fig. 1c-f, RGB lasers are mixed well in the
central regime of ~60 x 60 mm?. The irradiance (Fig. 1c), true color (Fig. 1d) and CCT (Fig. le)
all show good uniformity, and the CCT of ~4200 K indicates good approximation of natural light.
The light extraction efficiency is Nex=79%, defined as the ratio of output optical power of 1.38 W
to the input laser power of 1.75 W. The LER and luminous efficacy in reference to the input optical
power (LEQO), as defined in Materials and Methods, are 231 Im/W, and 182 Im/W,, respectively,.

Table 2 Modelled Irradiance, true color, and CIE color temperature maps for different mixing rod and
diffuser configurations. The rod is 20 mm long and the 8.5° cavity is 100 mm high with 100% reflectivity.

Irradiance
Map

Real Color

CIE Color
Map




To elucidate the contribution of each component to the color mixing, Table 2 further shows
the modeled color mixing results under different mixing rod and diffuser configurations. With the
mixing rod only, output diffuser only or rod+output diffuser (see the first 3 columns), the mixing
is insufficient such that the output pattern is rectangular since the ellipsoidal far field patterns from
the edge emitting green and blue lasers (see Figs. 2b-c) cannot be fully overcome. With both output
diffuser and rod diffuser but no mixing rod (column 4), the output pattern looks more square in
shape yet the color mixing is still poor. With rod+rod diffuser (column 5), the mixing is almost
satisfactory except for some edge effect that can be seen clearly from the CIE color temperature
map in the last row. This is consistent with the OPL histogram shown in Fig. 1b, indicating that
rod+rod diffuser almost achieves the same OPL distribution as the completed package. Finally,
further adding the output diffuser smoothed out the edges due to further increase in the standard
deviation of OPL.

Interestingly and counterintuitively, when using an 8.5° conical cavity with a circular
cross-section and keeping other setup parameters the same, our simulations reveal discrete color
regions on the detection plane (Supplemental Information Fig. S1). This counterintuitive result is
because conical cavity tends to maintain the original axial distribution of the input LD
configuration. Since the RGB LDs are placed on 3 different locations rather than overlapping each
other in the center, having a perfect rotational axial symmetry actually prevents effective laser
mixing. As demonstrated in Fig. S1, the RGB light spots are separated similar to their LD
configuration inside the conical cavity. Instead, the truncated pyramidal cavity with a square cross-

section reduces the rotational symmetry, which is actually better for homogenizing LD sources at
different locations due to multiple reflection. 4

Table 3 further compares the normalized irradiance distribution mapping and the light
extraction efficiency nex for the 3 types of reflective cavity design and mixing rod lengths. This is
also complemented by Fig. S2 of the Supplemental Information to provide a basic guideline to
select the cavity type, interior specular reflectivity and rod length in order to balance the trade-off
between irradiance uniformity and nex. Overall, the CM-LD light is more uniformly distributed in
the 8.5° cavity. Non-uniformity of irradiance is clearly observed in the 19.3° cavity because some
light rays scattered from the rod bottom diffusers escape the cavity directly without taking part in
multiple reflections off the interior surface. This issue worsens as the rod length exceeds half of
the cavity height. The output light is more concentrated in a circular area similar to the rod cross-
sections for L=60 mm and L=80 mm, indicating that a large percentage of rays only propagates in
the mixing rod without hitting the inner surface of the reflective cavity. Therefore, in order to
balance the light extraction efficiency nex (favoring larger sidewall tilt angle) and mixing
uniformity (favoring smaller sidewall tilt angle), the aforementioned extended cavity integrating
8.5° and 19.3° sections is modeled in the last two rows of Table 3. As expected, it generally
achieves a higher light extraction efficiency than the 8.5° cavity and much better irradiance
uniformity than the 19.3° cavity at the same mixing rod length and interior surface reflectivity.
The light extraction efficiency of the extended cavity reaches nex~82% for R=100% and ~72% for
R=95%, respectively, suggesting that the laser beams reflects off the inner surface 2.54 times on
average in the extended cavity (i.e. (0.95)*>34=0.72/0.82). We also noted that for perfectly reflective
interior surface (R=100%), nex decreases with increasing mixing rod length due to light trapping
inside the rod. For R=95%, on the other hand, increasing mixing rod lengths enhances nex by a few
percent due to longer waveguiding in the mixing rod and less interior surface reflection losses, yet
it also adversely affects the output uniformity. In our future work, we will further optimize the
geometrical pairing of the mixing rod and the reflective cavity to better balance the color mixing



uniformity and light extraction efficiency. For facile experimental verification of the modeling,
though, in this work we will focus on the three types of simple cavity structures shown in Table 1.

Table 3 Normalized irradiance distribution mapping and extraction efficiency vs. mixing rod length in the
reflective pyramidal cavities with different tilt angles and different interior specular reflectivity.

Rod Length (mm)
Cavity
10 20 40 60 80
8.5%cavity  Mex=79.7% Nex =79.1% Nex =78.1% Nex =77.4% Nex =76.4% 2805
R=100% 2408
i 1.6e-8
.
o
19.3° Tex =81.6 % Mex =81.3 % Mex =81.0% Tex =80.6 % 2_:\;{?:
cavity 248
R=100% 1608
£\ Yy
[}
Extended Nex =81.5% Nex =80.8 % Nex =80.3% Nex =79.4 % i
cavity 2468
R=100%
1.6e-8
i Se-9_—-E
[}
Extended Nex =71.5% Nex =71.1 % Nex =71.5% el
cavity
R=95 % 1.6e-8

Experimental results

Prototype white laser mixing cavities based on the design and modeling in the previous section are
constructed using off-the-shelf commercial products. As examples, photos of the 8.5° cavity and
extended cavity packaging are shown in Fig. S3 and detailed in Section 4 of the Supplemental
Information.

Baseline LD speckle and color mixing characterization. We first characterize the speckles and
color mixing of the bare RGB LDs as a baseline, i.e. without the mixing rod or reflective cavity.
The laser beams shine on a letter-sized print paper screen at a distance of 30 cm. Figs. 2a-d
represent the images of discrete red, green, blue laser beams and RGB mixed light (with the 3 LDs
mounted as shown in Fig. S3a), respectively. The measurement of speckle contrast K is described
in Materials and Methods, and the K values are calculated to be 8.3%, 11.4% and 10.3% for the



red, green and blue LDs in Figs. 2a-c, respectively. Fig. 2d further shows very poor color mixing
without the white laser pacakging.
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Fig.2 Speckle images of (a) the red LD (110 mW at 2=670 nm), K=8.3%; (b) the green LD (17 mW at
A=520 nm, K=11.4% (c) the blue LD (15 mW at A=450 nm), Ks=10.3%; (d) mixed light using bare LDs
shown in (a)-(c). Images of RGB laser beams guided in mixing rods are shown for (e) 10 mm-long mixing
rod with pristine lateral surface, (f) 20 mm-long rod with mechanically roughed lateral surfaces and two
rod diffusers DiffsTEK™ D6060 2!, and (g) 55 mm-long rod with mechanically roughed lateral surface and
two D6060 rod diffusers. The white arrows indicate the images taken through neutral density filters. (h)
Multiple images of the mixing rod formed inside the 8.5° cavity, showing multiple reflections at interior
surfaces of the cavity. (i) Image of the 8.5° cavity with the 20 mm-long mixing rod in (f). (j) An image of
uniformly mixed light coming through the output diffuser D6060 of the 8.5° cavity in (i), with an interior
surface reflectivity of R=95%. Images of the USAF resolution test chart in the transmission mode from the
outupt port of the CM-LD 8.5° cavity are shown for various D6060 diffuser configurations: (k) only one
output diffuser, (1) only one layer of diffuser placed inside the cavity, 20 mm from the end of the mixing
rod, and (m) both rod diffuser and output diffuser. The insets in (I-m) illustrate the diffuser configurations.

The effect of the mixing rod. Figs. 2e-g reveal the guiding and mixing of RGB laser beams by
the acrylic rod and rod diffusers, without the cavity and output diffuser. The lengths and surface
conditions of the mixing rods are given in the captions. The laser beams appear very bright and
white because the intensity is strong enough to saturate the CMOS camera. Neutral density filters
are then used to attenuate the light entering the camera, and the corresponding images are indicated
with white arrows in each figure. The three laser beams are well guided in the mixing rod. The



increase in the rod length and the use of bottom diffusers facilitate the color-mixing, blurring the
three primary colors as shown in Fig. 2f-g, in contrast to Fig. 2e. When the mixing rod is inserted
into the 8.5° reflective cavity, multiple internal reflections from the inner surface of the cavity is
clearly visualized through multiple reflection images of the mixing rod (Fig. 2h).

The impact of diffuser configurations. When an output diffuser is added to the cavity in Fig. 2h,
the strong scattering at the exit port of the cavity (Fig. 2i) further reduces the spatial coherence of
the incident beams, enhancing the color-mixing and speckle suppression, as shown in the image
taken with an angle of 45° from the output diffuser (Fig. 2j). Consistent with our modeling shown
in Fig 1b and Table 2, the position and number of diffusers affect the CM-LD lighting uniformity
and speckle contrast significantly. The insets in Fig. 2k-m illustrate various diffuser configurations.
The emission from the output port of the cavity is directed onto a U.S. Air Force (USAF) resolution
test chart and subsequently imaged onto a CMOS camera. The corresponding images of the USAF
resolution test chart in the transmission mode are shown in Fig. 2k-m. The clearly resolved patterns
indicate that the speckles are effectively suppressed with an output diffuser attached to the end of
the cavity. The Ks values corresponding to Figs. 2k-m are 6.8%, 7.3% and 5.0%, respectively,
showing that the combination of a rod diffuser with an output diffuser delivers lower speckle
contrast and more uniform color mixing, consistent with the modeling shown in Table 2.

Performance of Extended Cavities compared to 8.5° cavities. Since our modeling indicates that
the extended cavity offers a good balance between color/irradiance uniformity and light extraction
efficiency (Table 3), it is interesting to compare the performance of extended cavities structures
with their 8.5° counterparts experimentally.

Hllumination uniformity. The experimental measurement of illumination uniformity is decribed in
Materials and Methods, where the average deviation (AD) of luminous intensity (lux) across 48
regions on a letter-sized paper is used to quantity the nonuniformity. A lower AD is preferred for
more uniform lighting. Our target is reaching similar or lower AD values than LED lighting, i.e.
in the range of 10%~18%. ** Fig. 3 summarize the AD values measured for the 8.5° cavity vs. the
extended cavity, with different mixing rod lengths and surface conditions as well as diffuser types
and configurations. Two type of DiffsSTEK™ diffusers ' are compared: D6060 with transmittance
of 80% and angular distibution of 60°, and D3030 with transmittance of 90% and an angular
distribution of 30°. Their transmittance spectra can be found later in Fig. 5c. For the 8.5° cavity
packaing with a 55 mm long rod (Fig. 3a), the lowest AD of 6.0% is achieved when using two rod
diffusers D6060, one output diffuser D6060 (abbreviated as D6060(2)/D6060) and a surface-
roughened rod. It represents 45% reduction in AD compared to the case of D6060(2)/D6060 and
a smooth rod in Fig. 3(a). More scattering from the roughened rod surface is beneficial to
homegenization'* and color-mixing, in agreement with observations in Fig. 2e-g. On the other
hand, there is a trade-off between the light extraction efficiency nex and irradiance uniformity for
different diffusers. When utilizing D3030 diffusers with strong forward scattering and high
transmittance, Mex is enhanced (shown later in Fig. 4a) at the cost of the uniformity. The
combination of two D3030 rod diffusers and one output diffusers (D3030(2)/D3030) has an AD
of ~13.5%, larger than that of D6060(2)/D3030 (8.7%) and D6060(2)/D6060 (6.0%) in a 8.5°
cavity. That said, this AD value is still desirably comparable to that of LED lighting.

Among the mixing rod lengths investigated for the extended cavity, the case of L=55 mm
offers the minium AD of 12.5% and 15.5% for the diffuser combinations of D6060(2)/D3030 and
D3030(2)/D3030, respectivly (Fig. 3b). These AD values are comparably to that of LED lighting.
The extended cavity configuration introduces an additional 2-4 % in AD as compared with the 8.5°
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cavity for the same mixing rod length, which is consistent with the irradiance mappings in Table
3. This is a trade-off in enhancing light extraction efficiency nex, as mentioned earlier.

o . 71 D6060(2)/D3030
20 _(a) [ 8.5° Cavity, 55 mm rod length 20 _(b) I D3030(2)/D3030
Extended Cavity,
' i e N roughened mixing rod
15+ LED Lighting 15}
AD Range

S ) S ey NP (N _ _EEE

Average Uniformity Deviation (AD) (%)
Average Uniformity Deviation (AD) (%)
)

D6060(1) D6060(2)  D6060(2) D6060(2) D3030(2) D6060(2) 20 40 55 75
/D6060 /D6060 /D6060 /D3030 /D3030 /CL-827

smooth smooth roughened roughened roughened roughened Rod Length (mm)

rod rod rod rod rod rod

Fig. 3 Average uniformity deviation measured in two different cavity configurations, (a) 8.5° cavity, 55
mm long rod with different rod lateral surfaces and diffuser combinations, (b) extended cavity, different
rod lengths and diffuser combinations.

It is also interesting to note that the commercial yellow phosphor plate CL-827 acts as an
output diffuser to get a similar uniformity. An AD value of 10.8% is achieved for D6060(2)/CL-
827 in Fig. 3a. Therefore, this CM-LD packaging is readily applicable to PC-LD lighting by simply
replacing the output diffuser with a phosphor plate without degrading the uniformity. The
irradiance uniformity of CM-LD and PC-LD lighting for the 8.5° cavity and extended cavity shown
in Fig. 3 is comparable to LED-based illuminators.**

Light Extraction Efficiency n.x. We then verify that the light extraction efficiency nex is notably
enhanced in the extended cavity structure, as theoretically predicted in Table 3 and experimentally
demonstrated in Fig. 4. The use of high-transmission D3030 diffusers renders higher nex with larger
standard deviation compared to D6060. The standard deviation of nex is consistent with the trend

of AD values discussed earlier. The higher the nex, the larger standard deviation and uniformity
deviation, confirming the trade-off between extraction efficiency and irradiance uniformity. Due
to the optical leakage loss at the seals of the 8.5° cavity, the measured maximal nex (~40%) in Fig.
4a is less than the simulated value (~68%) predicted in Fig. S2. On the other hand, measured mex
of the 8.5° cavity (R=95%) is slightly increased with the increment in the rod length L, indeed in
agreement with the trend of the simulated nex as a function of the rod length in Fig. S2(a).

By comparison, the nex values of the extended cavity packaging with minimal leakage loss
are much closer to the simulated value of ~70% for R=95% (the last row in Table 3). The maximum
Nex 18 57.8%+12.4% for the configuration of 75 mm long rod and D3030(2)/D3030 diffusers, while
reducing the rod length to 40 nm achieved a similar efficiency nex of 57.1% +6.7% at a much
smaller standard deviation. These nex values are comparable to the packaging efficiency of CM-
LED lighting (~60%).'° The discrepancy between measured nex and simulated nex is due to the
overestimated forward scattering parameters in the ray-tracing simulations compared to the actual
diffuser performance, especially for D6060. One compelling evidence is that the discrepancy
decreases from 31% to 15% when replacing three D6060 diffusers by three D3030 diffusers with
higher transmission in the case of L=40 mm. More details are presented in Fig. S2(b) and S2(c) of
the Supplemental Information.
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Fig. 4 Comparison of measured extraction efficiency (nex) as a function of the rod length L in various
configurations, (a) 8.5° cavity, four types of diffuser combinations and (b) extended cavity, two types of
diffuser combinations.

Lighting Quality Characteristics. More characteristics of CM-LD lighting in the 8.5° cavity and
the extended cavity are shown in Fig. 5 and Fig. 6, respectively. After carefully choosing the
electrical currents of the RGB lasers, the CCT of the mixed light is 6100 K with the 8.5° cavity
(20 mm rod and D6060(2)/D6060 diffusers) in Fig. 5(a). Fig. 5(b) shows the distance-dependent
CCT mapping (blue squares) and color uniformity mapping (red dots) at a distance of 10 cm from
the output diffuser. CCT values are constant as a function of distance in the range of 10-30 cm,
and the color uniformity is 6200K+/-500 K at a distance of 10 cm as mapped in an area of 10 cm
x 10 cm. The inset of Fig. 5a is an image of the USAF resolution test chart and the speckle constrast
1s Ks=3.8%, confirming that an additional rod diffuser D6060 can further suppress the speckles, in
comparistion with Ks=5.0% for the diffuser combination D6060(1)/D6060 in Fig. 2m.
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Fig. 5 (a) Irradiance spectrum from the 8.5° cavity packaging consisting of a 20 mm long rod and D6060(2)/
D6060 diffusers. The inset is the image of the USAF resolution test. (b) Distance-dependent CCT mapping
(blue squares) in the range of 10-30 cm and color uniformity mapping (red dots) in an area of 10 x10 cm?
at a distance of 10 cm from the output diffuser. (c) Reflectance and transmittance spectra of diffuser D3030
and diffuser D6060 measured with an integrated sphere. (d) Comparison of measured angular distribution
of the irradiance with the output diffuser D3030 and D6060.

Diffuser D3030 is also used to replace D6060 to evaluate the influence of the output
diffuser on the lighting performance. The transmittance and reflectrance spectra of output diffuser
D6060 and D3030 measured with an integrating sphere are shown in Fig. Sc, which are insensitive
to the wavelength. Therefore, the choice of the output diffuser D6060 or D3030 has a miminal
impact on the output CCT, but it affects the output intensity and angular distribution. As shown in
Fig. 5(d), the full width half maximum (FWHM) of the measured angular distribution is 60° and
80° for output diffusers D3030 and D6060, respectively. Due to the high transmittance of diffuser
D3030, the maximum output power after the output diffuser D3030 at the forward direction of 0°
is 1.4 times that of the diffuser D6060. However, the illumination uniformity is degraded slightly
with the output diffuser D3030 due to a smaller fraction of photons undergoing multiple-scattering
and reflection in the cavity, referring to Fig. 3.

For the extended cavity, Fig. 6a shows an image of irradiance taken at 45° from the output
diffuser. While the color mixing is effective in the central region, the sharp transition from the tilt
angle of 8.5° to 19.3° leads to some edge effect, where green or red lines can be observed near the
cavity exit edge. Hence, the extended cavity is required to be refined with a gradual tranisition
structure to smear out the edge effect in the future work. The patterns on the USAF resolution
target is clearly seen in Fig. 6b, and the speckle contrast is measured to be 4.3% with an integration
time of 30 ms, close to the human speckle perception threshold (~4%).2* Furthermore, Fig. 6¢
shows that the simulated normalized angular distribution of irradiance for various rod lengths
agrees very well with the measured angular distribution. The FWHM of the angular irraidance
distribution in L=20 mm, L=40 mm and L=75 mm cases are 53°, 62°, 75°, respectively. Clearly,
the increment in the rod length increases the angular distribution in Fig. 6c¢, as the irradiance is
focused in a smaller area for the longer rod in the extended cavity in Table 3. Therefore, these
observations follow a law called conservation of étendue in that, by concentrating the area, the
angular distribution of the irradiance will spread.

—20 mm Simul. = 20 mm EXP.
w40 mm Simul. @ 40 mm EXP
— 75 mm Simul. = 75 mm EXP.

o o
o ——_ ™
@ —~ ™

—_—

c)

0
300

90
270

Fig. 6 (a) Image of irradiance taken at 45° from the output diffuser of the extended cavity. (b) Image of the
USAF resolution test chart. The mixing rod length is 40 mm and diffuser combination is D6060(2)/D3030
in (a) and(b). (c¢) Comparison of measured and simulated normalized irradiance angular distribution of the
irradiance with various rod lengths. The diffuser combination is D3030(2)/D3030 in the experimental setup.

Overall performance summary of the reflective cavity CM-LDs will be presented and
discussed later in Discussion (Table 4), together with their PC-LDs counterparts, for comparison
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with previous work in literature. Currently, CM-LDs are mainly limited by a low CRI~10 due to
the lack of efficient amber/orange lasers to better match the luminosity function of photopic vision.

Reflective Cavity for PC-LD Lighting. Considering most PC-LED lights demonstrate a CRI Ra
of 80 to 90, the PC-LD configurations may offer high color quality white lighting using available
LDs (i.e. without efficient amber/orange ones). A simple replacement of the output diffuser in the
reflective cavity packaging with a yellow phosphor place can convert the CM-LD configuration to
the PC-LD configuration. A common issue of existing PC-LD packaging is that the transmitted
blue laser light is focused with a small divergent angle, while yellow phosphor emission is
scattered isotropically in all directions. The mismatch in the spatial intensity distribution between
blue laser light and yellow light may result in poor angular color uniformity in the PC-LD lighting.
10.24 Notably, the proposed reflective cavity PC-LD packaging can effectively address the angular
color uniformity issue by homogenizing the blue laser beam and engineering the laser irradiance
distribution using the mixing rod and diffusers. The phosphor plate at the cavity exit is then
uniformly excited by blue laser light for better color mixing. The homogenization of blue
excitation laser beams can also minimize the thermal quenching effect and damage of the phosphor
converters. In addition, the reflective cavity can recycle the back-scattered photons to enhance the
overall output flux and efficacy.

A typical PC-LD lighting configuration and its illumination characteristics are shown in
Fig. 7 for an 8.5° cavity. The entire area of 6x6 cm? is uniformly illuminated in Fig. 7a. The
normalized spectrum in Fig. 7b consists of a sharp blue excitation laser line and a broad phosphor
luminescence. The measured angular irradiance distribution of the PC-LD agrees well with the
Lambertian distribution, as shown in Fig. 7c. A CRI Ra of 86 is achieved with the PC-LD
configuration. Other implemented PC-LD configurations and illumination performances are listed
in Table 4 in the Discussion section, which will be discussed next.
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Fig. 7 White light illumination from a PC-LD using a 20 mm mixing rod and two D6060 rod diffusers in a
8.5° cavity. (a) Animage of PC-LD white light illumination, (b) normalized white light spectrum consisting
of the blue excitation laser line and broad phosphor luminescence, (c) measured angular distribution of the
PC-LD white light irradiance, in good agreement with the Lambertian distribution, and (d) the
corresponding CIE chromaticity showing a CCT of 5693 K.
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Discussions

Table 4 summarizes the white light illumination performance of the experimentally implemented
reflective cavity CM-LD and PC-LD white light sources in cool white (4000-5000 K) and daylight
(5000-6000 K) color temperature ranges. In principle, LER of four lasers with yellow LD can be

as high as 330 Im/W,"-® so the LEO could be as high as 200 Im/W,, with CRI >85 using our existing
extended cavity prototype (with a light extraction efficiency of 7,,~60%). Using more perfect
DBR reflectors in the interior, 17,,~80% could be achieved based on Table 3, and the LEO can
potentially reach >260 Im/W,. However, due to the lack of efficient electrically pumped
amber/orange LDs, in our prototype incorporating a deep red LD (Apeak=670 nm) the highest LEO
is ~110 Im/W, with a CRI Ra of 30. Using a shorter wavelength red laser (Apeak =640 nm) increases
the LEO to 150 Im/W,, yet degrades CRI to 10. Hence, similar to CM-LED lighting, there is a
trade-off between efficacy and color quality. > A CRI R, >80 is required for white lighting in most
applications. Therefore, future development of high efficiency amber/orange lasers will greatly
help to enhance both the efficacy and CRI of CM-LD lighting.

For the PC-LD package, the LEO is greatly improved from 113.5 Im/W, for the 8.5° cavity
to >208.3 Im/W, using the extended cavity due to a large improvement in nex by ~2x with other
configurations being identical. The highest luminous efficacy reaches as high as 274447 Im/W,
when using two D3030 diffusers at the rod bottom. The standard deviation here reflects an average
uniformity deviation of 17%, still comparable to white LED lighting. '® For all the investigated
PC-LD configurations, we achieve a speckle contrast Ks <4% and a CRI Ra > 85, and CCT varies
between 5000 K~6000 K. Therefore, the packaging scheme proposed in this work has been
demonstrated as a universal platform for both CM-LD lighting and PC-LD lighting.

Table 4 Summary of implemented configurations and measured illumination performance of CM-LD and
PC-LD light sources in cool white and daylight color temperature ranges

Reflective . Lasers L:}l;)dth Diffusers LEO cct CRL k.
Cavity yp (nm) (mi) (rod/output) (Im/W ) (K) Ra (%)
](513‘1‘39“5‘1;‘)1 CM-LD  670/520/450 40 D3030(2)/D3030 11013 7258 32 48
](513‘1‘39“5‘1;‘)1 CM-LD  640/520/450 40 D6060(2)/D3030 125420 4715 11 43
](El;‘i‘““g“sd;o‘)‘ CM-LD  640/520/450 40 D3030(2)/D3030 153425 4506 12 52
Extended CM-LD  670/640/520
(Reos%)  (4LDs) 1450 40 D3030(2)/D3030 93+10 5600 <10 4.8
8.5 PC-LD 450 20 D6060(2)/CL-827 11443 5693 86 3.0
(R=95%)
Extended  poypy 450 20 D6060(2)/CL-827 2086 4985 85 39
(R=95%)
Extended — poy py 450 40 D6060(2)/CL-827 184+18 5304 86 3.7
(R=95%)
Extended — pop py 450 40 D3030(2)/CL-827 245426 5397 88 44
(R=95%)
Extended — poy py 450 80 D3030(2)/CL-827 274447 5235 86 4.1
(R=95%)

*Speckle contrast is measured with an integration time of 30 ms.

Fig. 8 further compares the reported luminous efficacy of white LD lighting over the past
decade. Most of the references are based on PC-LD white light. ® The measurements are commonly
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carried out on a blue laser chip and a phosphor plate in an integrating sphere, some incorporating
specially fabricated phosphors and/or aspherical lenses, which are not directly applicable to
practical white light illumination. The improvement in the luminous efficacy has mainly been
contributed by the development of phosphor materials and fabrication techniques. In contrast, our
extended cavity PC-LD light source is directly applicable to practical lighting using off-the-shelf
blue LD and phosphor plate, and it demonstrates a high luminous efficacy of 274447 Im/W,, higher
than most of the reported LEO measured in an integrating sphere. The corresponding CCT of 5235
K, ahigh CRI Ra of 86, and a low speckle contrast of Ks=4.1% all satisfy the standards for practical
lighting in cool white range. The WPE of the blue LD in our prototype reflective cavity package
is 30%, so the corresponding LES is 82 Im/W,, similar to the LES of nitride white LEDs in early
2010s 2 and superior to other packaged phosphor-converted white lasers. %7 If we use state-of-
the-art blue LDs with a WPE of 51.2%,% the LES in this package would be increased to 143 Im/We.
Considering that white LED lighting efficacy has doubled in the past decade from 85 Im/W. to
185 Im/W. mainly due to the great improvement in blue LED WPE, % we believe that the blue LD
efficiency will also catch up accordingly. If the blue LD WPE reaches 75% (i.e. similar to blue
LEDs or InGaAs infrared LDs?%) and the interior of the cavity is substituted with DBR reflector to
achieve >80% light extraction efficiency, the LES of PC-LD lighting would be increased to ~275
Im/We, ~1.5x better than the current LED lighting (185 Im/W.) and even surpassing the target of
LED lighting for 2035 (249 Im/W.). ? The optimization of the cavity packaging and selection of
high efficiency phosphor are expected to further boost the LES. Hence, the reflective cavity PC-
LD lighting prototype demonstrated here can potentially be applied to next-generation high
efficacy, high brightness lighting surpassing their LED counterparts.
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Fig. 8 Luminous efficacy in reference to the input optical power (LEO, Im/W,) of white LD lighting over
time. The dashed line is a linear fit to show the rapid development trend of the PC-L.D white lasers over the
past decade. The purple data points are from the references in Table 1 of Ref. 6 (a review paper).

Fig. 8 also includes our CM-LD lighting. For color-mixed white light, dichroic mirrors are
widely used to combine different colors of lasers, %1% where the backward scattered light is often
wasted, and diffusers are not sufficient to suppress laser speckles. Our CM-LD light sources based
on multi-stage color mixing and photon recycling exhibit low speckle contrast, good illumination
uniformity, high light extraction efficiency and high luminous efficacy. To our knowledge, it is
the first demonstration of a CM-LD light source in a compact package applicable to practical
lighting with a high LEO of 150 Im/W,, comparable to their PC-LD counterparts (Fig. 8). There
is still much room to improve the LEO by increasing the packaging efficiency and using high
efficiency orange/amber LD for high LER and good color quality. Considering that CM-LEDs are
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projected to achieve LES=280 Im/W. by 2035, it is expected that the corresponding improvement
in orange/amber light emitting semiconductors will also enhance the efficiency of CM-LD white
lighting beyond 300 Im/We, as supported by theoretical optimization of 4-LD lighting. ’

The laser-based white light can also find applications in VLC simultaneously. In PC-LD
configurations, our reflective cavity packaging enables WDM with several blue LDs emitting at
slightly different wavelengths (e.g. spaced by a few nm). In CM-LD configurations, each laser
source can be modulated separately for data communication. In contrast to existing dichroic mirror
color mixing for VLC, which requires elaborate choices of pectral response and optical alignment
of the laser beams, our reflective cavity package is much more scalable towards larger numbers of
LDs for WDM channels because the color mixing is insensitive to the LD positions, thanks to
multiple scattering and reflections. An example of mixing 4 LDs using the reflective cavity
package is shown in Section 5 of the Supplemental Information. Modeling shows a high LEO of
~200 Im/W, using LDs at 450, 520, 630, and 670 nm, while experimentally ~100 Im/W, has been
demonstrated, as has been included in Table 4. The discrepancy is mainly due to the limited power
output of commercial 640 nm LD. It can be further improved by substituting the two red LDs with
yellow/orange ones. The data rate could also be further improved in the future with the rapid
development of high-power, high-speed photonic crystal surface emitting lasers (PCSELs). 2728
We will investigate the capability of high data rate with our white laser platform in the future, as
well as heat sink design for more effective heat dissipation for multiple LDs.

In conclusion, we demonstrate a universal package for color-mixed white LD and
phosphor-converted white LD lighting via multiple-scattering and photon recycling. The impact
of the mixing rod, combined diffusers and reflective cavity configuration are systematically
investigated in terms of extraction efficiency, irradiace uniformity, augular distribution, speckle
contrast, luminous efficacy and color characteristics. After balancing these factors, we demonstrate
RGB CM-LD lighting with an extraction efficiency > 60%, CCT of 4500 K, a speckle contrast <
5%, and a luminous efficacy of 150 Im/W, with respect to the input laser power. To our knowledge,
this is the first experimental demonstration of a CM-LD light source in a compact package
applicable to practical lighting, with a luminous efficacy comparable to their PC-LD counterparts
reported in literature. A simple replacement of the output diffuser with a yellow phosphor plate
converts the CM_LD luminaire to a PC-LD lighting package, achieving a luminous efficacy close
to 300 Im/W, and a CRI of ~90. With future improvement of blue laser efficiency and development
of amber/orange laser diodes, we envision that this universal reflective cavity white laser package
can potentially achieve a luminous efficacy >275 Im/W_. in reference to the input electrical power,
~1.5x higher than state-of-the-art LED lighting and exceeding the target of 249 Im/Wk for 2035.2
The same white lighting package also offers potentials for synergistic high-speed VLC. These
results suggest the dawn of white laser lighting towards practical applications.

Materials and Methods

Modeling of diffusers. The property of diffusers is treated as bulk scattering in ray-tracing
simulations based on the micro-particle scattering behavior using TracePro software. 2 Bulk
scattering can be modeled by three parameters: the absorption coefficient pa., the scattering
coefficient ps, and the phase function p(8). The simple Henyey-Greenstein phase function py¢ (8)
is used, given by Eq. (1)

1—g?
4m(1+g2 —2gcos(6))3/2

Puc(6) = (D
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Here g is the anisotropy factor, which is the average cosine of the scattering 8 for all the
scattering events. The g value varies from -1 to 1. Scattering occurs isotropically at g = 0. Light
is preferentially forward-scattered for > 0, and backward-scattered at g < 0, respectively. The
bulk scattering parameters are ;=0 mm™, us=35 mm, and g = 0.99 to describe high efficiency
DiffsTEK™ diffusers (D6060 and D3030) 2! used in our experimental studies. More accurate
parameters can be determined from the measured transmittance and reflectance with the inverse
adding—doubling method.*

Efficiency Definitions. Some definitions and relations of luminous efficacies are clarified here.
The afore-mentioned LER quantifies the visible light content of the emitted spectrum by
comparing the luminous flux (in lumens) to the total radiant output (in Watts): 3!

_ Km [V(A)SA)dA

LER [S(A)da

),

where K,,=683 Im/W, the maximum LER for photopic vision, S(A) is the spectral distribution of
the emitted spectrum, and V' (A) is the standard luminosity function for photopic vision.

The luminous efficacy of the light source (LES) is the ratio of the output lumen to the input
electrical power, as widely used in LED lighting. The unit of LES is Im/W_. in order to distinguish
from the luminous efficacy with regard to the input optical power (Im/W,). The latter is named as
LEO here, a figure of merit commonly used in the LD lighting community. The relations between
LES and LEO for CM-LD lighting and blue-laser excited PC-LD lighting follow Eq.(3) and Eq.(4),
respectively.

LES(CM) = LEQ x ——2i=2iont 3),
i=1Pi,opt/7li,wpe
LES(PC) = LEO X 1y e @),

where n is the number of discrete laser sources, P; . is the optical power of each laser source,
and 1; ype 18 the wall-plug efficiency of each laser source. 1, e 18 the wall-plug efficiency of the
blue laser used in PC-LD lighting. In general, LEO indicates LD-lighting potential, while LES
represents the practical performance depending on the development of the WPE of the LDs.

Another important parameter is the light extraction efficiency nex of the LD-lighting
package, defined as the ratio between the output optical power from the LD lighting package to
the input laser power inside the package.*? It connects LER and LEO in the CM-LD scheme as
shown in Eq.(5)

LEO = LER X 1,y (5)

Experimental measurment of specle contrast K, A MATLAB program is developed to convert
the color image of laser patterns on the letter-sized screen to grayscale in image processing and
compute the speckle contrast Ks of the image: '*

Ks _ 9 _ V<I2>—<[>2 (6),

<I> <I>
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where g; is standard deviation of light intensity in the speckle patterns, and < I > is the average
intensity.

Experimental measurment of illumination uniformity. To quantify the illumination uniformity,
a screen made of letter-sized print paper is placed 30 cm away from the output diffuser towards
evaluation of practical lighting. The paper is divided into 48 zones, and the luminous intensity (lux)
is measured with a lux meter. The average deviation (AD) is a statistical representation of
illumination uniformity, defined as 22

1|1 .

AD = %\/;Z?’:lw(l) - Eavg]2 (N,

where N=48 in this case, Eg,, is the average luminous intensity (Im/m?, or lux) and E (i) is the
luminous intensity measured at the center of the i th zone.
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