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Lighting with laser diodes

Abstract: Contemporary white light-emitting diodes
(LEDs) are much more efficient than compact fluorescent
lamps and hence are rapidly capturing the market for gen-
eral illumination. LEDs are also replacing halogen lamps
or even newer xenon based lamps in automotive head-
lamps. Because laser diodes are inherently much brighter
and often more efficient than corresponding LEDs, there
is great research interest in developing laser diode based
illumination systems. Operating at higher current den-
sities and with smaller form factors, laser diodes may
outperform LEDs in the future. This article reviews the
possibilities and challenges in the integration of visible
laser diodes in future illumination systems.
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1 Introduction

Solid-state lighting (SSL) has revolutionized the illumi-
nation situation and is steadily progressing in terms of
power efficiency and diversity for future applications
[1, 2]. White light-emitting diodes (LEDs) are currently
widely used in the SSL domain. Most of these white LEDs
are basically made of a 445-460 nm blue emitting LED
chip with a coating of yellow phosphor. A part of the
blue light is absorbed by phosphor which generates a
wide range of wavelengths between green and red due to
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phosphorescence. The combination of the remaining blue
component and the frequency down-converted wide spec-
trum, ranging from green to red, is what we see as ‘white’
light output from such an LED [3-5]. Laser diodes (LDs)
are inherently much brighter than LEDs. In near infra-
red (NIR), LDs are the most efficient high power sources
of photons, in terms of electrical-to-optical power con-
version. For example, in 2007, Peters et al. reported high
power 940 nm LDs with electrical-to-optical power conver-
sion efficiency as high as 76% [6]. Naturally, there has also
been an enormous interest in developing efficient high
power LDs operating at visible (RGB) wavelengths. Blue
LD and phosphor based white light engines are already
integrated in various commercial multimedia projectors
[7]. High luminous flux, compact size and low power con-
sumption are very important features for designing light
engines for multimedia projectors and automotive head-
lamps, and hence LDs have an advantage over LEDs in
such applications [8]. The first milestone towards blue LD
development was achieved by Nakamura with the demon-
stration of a multi-quantum well (MQW) based InGaN
LD operating at violet blue (417 nm) [9]. This LD offered
215 mW of output power under pulsed current (2.3 A,
pulse width 2 us, pulse period 2 ms). Researchers world-
wide focused on longer wavelengths towards ‘true blue’ or
‘royal blue’ (~445 nm) for digital displays and solid state
illumination purposes. In 2009, Michiue et al. reported
an LD diode operating at 445 nm with continuous wave
(cw) output power of 1.17 W under a steady current of 1.0 A
with 4.81V of bias voltage [10]. With an efficiency of 24.3%
and a cw operational lifetime of over 30 000 h, this was
an important milestone in high power ~445 nm LD devel-
opment. Currently, a 445 nm LD (PL TB450) with 1.4 W of
output power is commercially available from OSRAM. This
particular LD has been recently used in a laboratory pro-
totype of a laser based white light source [11]. It must be
noted that the commercial high power (>1 W) 450 nm blue
LDs are rather newcomers as compared to the NIR 808 nm
or 976 nm LDs and it can be realistically expected that
output power as well as efficiency of such blue LDs will
increase substantially in the future.

Alternatively, without using any phosphor, an all-laser
mixing approach can be selected. There is a misconception
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that laser based light sources may not offer good color ren-
dering due to the inherent narrow linewidth of the laser
sources. However, it has been demonstrated, in a four-
color laser mixing approach (R, G, B and amber), that the
output white light rendered very good colors, contrary to
common belief [12]. In this context, true green LD develop-
ment is also of great importance. Owing to the lack of a true
green LD source, most of the green laser pointers (532 nm)
have been using a frequency doubled diode pumped solid
state (DPSS) architecture so far. Recently, Sumitomo Elec-
tric Industries Ltd. and Sony Corp. reported the first true
green (530 nm) LD with >100 mW output power [13]. It
was also claimed that the 530 nm LD broadened the color
gamut by 182% based on the NTSC standard [13]. Naturally,
this is a big boost to RGB laser display development.

The basic architecture of a blue LED/LD based white
light source using a yellow phosphor is schematically
shown in Figure 1. The white light spectrum obtained from
a 460 nm LED pumped 5000 K ChromaLit™ remote phos-
phor module is shown in Figure 2.

2 Laser diodes: a brief overview

The demonstration of the first LD dates back to 1962 [14].
Later that year, Nick Holonyak, Jr. demonstrated the first
visible LD [15]. An LD is an electrically pumped semicon-
ductor laser. When electrons and holes recombine in the
active region, a part of the energy is radiated as photons.
Quantum well lasers, distributed feedback lasers and ver-
tical cavity surface-emitting lasers are some of the most
popular variants of LDs [16]. There are a few interesting
features that make an LD markedly different from an LED.
The coated or uncoated end facets of an LD behave like
mirrors with different reflectivities, resulting in an effec-
tive laser resonator. An LD benefits from the feedback and
eventual gain of the stimulated emission of radiation.
In comparison, an LED operates with just spontaneous
emission of radiation. Note that an LD driven below the

Blue LED/ laser

White light

Yellow phosphor

Figure1 Schematics of a blue LED/LD and phosphor based white
light source.
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Figure 2 Output spectrum of a 460 nm LED pumped 5000 K Chro-
malLit™ sample [11].

threshold current will output just spontaneous emission,
much like an LED. LDs offer a wide range of wavelengths,
ranging from ultraviolet (UV) to infrared (IR). LDs have
found a vast range of applications in the fields of medical
science, telecommunication, materials processing, etc.
Many other laser systems, such as solid state and fiber
lasers, highly depend on diode lasers as optical pump
sources. The advancement of high power DPSS lasers
and the high power fiber lasers would be unimaginable
without the enormous progress in NIR LD technology.
The detailed architecture of LDs is beyond the scope of
this review. Readers are encouraged to refer to [17] for a
detailed discussion on general laser physics, and to [18]
for blue LDs and LEDs in particular. A report from DILAS
Diodenlaser GmbH on various high power diode laser
modules (4102200 nm) and their opto-electronic charac-
teristics can be found in [19].

A typical characteristic curve (qualitative) of an LD,
showing optical output power (Popt) versus forward current
(I), is given in Figure 3.

Note that LDs need precision current drivers in order
to maintain a good lifetime. LDs often require an active
cooling system using a thermo-electric cooler (TEC). Oper-
ating an LD at a temperature more than a specified level
will shorten the lifetime, which is typically in the range
of 10 00030 000 h. The peak wavelength of an LD is
often tunable, in the order of sub-nm, by changing the
operating temperature [20]. It should also be noted that
threshold current and output power will also change with
temperature.

The operating wavelength of an LD mainly depends
on the semiconductor material used as the active medium.
Laser gain parameters vary with the material used. Hence,
it is not easy to have LDs with similar efficiency levels for
different operating wavelengths. Cheap red laser pointers

Bereitgestellt von | Technische Informationsbibliothek Hannover

Angemeldet
Heruntergeladen am | 10.11.17 15:36



© 2013 THOSS Media & DE GRUYTER

2
1.75
1.5
Steeper linear part showing
1.25 7 SR 7
stimulated emission (lasing)
S
K
o
0.75
05 Spontaneous emission
’ below threshold current
0.25
Threshold current
0 r =
0 0.15 0.3 0.45 0.6 0.75 0.9
Ie (A)

Figure 3 Optical output power versus driving current characteristic
of a laser diode.

are usually operating at 670 nm, whereas DVD drives
use 657 nm LD modules. Sony reported a 635 nm LD with
output power as high as 7.2 W [21]. Keeping in mind the
CIE luminosity function (1931), it should be noted that the
luminous factor improves significantly [21] as one moves
from 670 nm to a shorter 635 nm wavelength, which is
highly beneficial for illumination purposes. In 2012, Sharp
Corp. reported a 642 nm red LD with 150 mW output power
and a wall plug efficiency (WPE) of 33% [22].

As far as a true green laser source is concerned,
the >100 mW 530 nm LD from Sony and Sumitomo opened
up new possibilities in the laser based display segment
[13].

3 Laser beam properties and
important lighting applications

A laser beam is a stream of coherent and highly direc-
tional photons generated by stimulated emission. Unlike
the laser beam, light output from an LED is incoherent
and usually has a wide divergence. LEDs emit sponta-
neously emitted photons which are omnidirectional in
nature. Laser beam steering and focusing is much easier
than focusing an LED output. The directionality of a laser
beam makes it a favorable choice for projection systems
and discotheque lightings. Usually, laser beam coupling
into an optical fiber is much more efficient than LED
beam coupling into the same. LED light coupling requires
thicker fibers.
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Unlike the light emitted from a typical LED, output
from an LD is usually polarized and hence this property
can also be suitably exploited in various applications.
One can place a light engine with RGB LDs at a hidden
location where heat generation can be taken care of and
still deliver the coupled light through optical fibers at a
desired remote location. This can offer great design flex-
ibility with minimal coupling loss. Alternatively, for
example, Harison Toshiba Lighting Corp. demonstrated
fiber coupled blue laser engine and phosphor based white
light sources at the Light and Building Trade Fair in 2012.

3.1 Automotive

BMW was the first to demonstrate a blue laser based head-
lamp using remote phosphor in the i8 concept car in 2011
[23]. The system was reported to be much brighter and
efficient than LED based counterparts [23]. Furthermore,
Audi displayed its laser tail light in the Consumer Elec-
tronics Show 2013 [24]. In the Shanghai Motor Show 2013,
Mercedes-Benz launched its GLA™ concept sport utility
vehicle with a laser projection based front lighting system
[25]. Hence, it is evident that the automotive industry is
keenly interested in a paradigm shift in its future light-
ing applications. A smaller form factor of a laser based
lamp can offer better design flexibility and more space
for the engine and other mechanical components. Note
that discomfort glare is a well-known problem in xenon
or LED based headlamps and very often it is attributed
to the excessive bluish color tone of the light [26]. With
the remote phosphor architecture, one can always benefit
from the possibility of changing the particular remote
phosphor and, as a result, change the color temperature
of the output light. Remote phosphors offer exceptional
optical design flexibility and thermal management, due
to the physical separation of the optical pump source
(blue LED/LD) and the phosphor module [27]. In a laser
based high power remote phosphor architecture, the LD
source and the remote phosphor element can be sepa-
rately addressed for thermal management. In the case of
our headlamp prototype, as reported in [11], the maximum
temperature of the remote phosphor at the spot of laser
irradiation was measured to be ~47.6°C, and excellent
temporal stability of the output luminous flux and corre-
lated color temperature (CCT) were observed. The LD in
the prototype was actively cooled by a TEC and the remote
phosphor plate, which was in direct contact with air, did
not require any special active or passive cooling. Figure 4
shows a part of our latest laser pumped phosphor based
headlamp prototype along with the low beam distribution
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Figure 4 A part of the headlamp prototype along with the low beam
pattern formed on a screen.

pattern on a screen. This prototype was developed in col-
laboration with IPeG, Leibniz University Hannover.

The design aspects of laser pumped remote phosphor
based automotive headlamps have been discussed previ-
ously in [28].

LDs coupled with diffractive optics elements can
generate specific signs (e.g., arrows) or patterns, which
can be temporally and dynamically projected at specific
locations, as an alert system. Various other applications
of such components as functional or design elements are
feasible.

3.2 Medical

By launching a laser beam (~450 nm) into an optical
fiber, while the other end of the fiber is coated or covered
with a suitable yellow phosphor component, white light
can be generated and delivered remotely [29]. Such an
approach can be utilized in endoscopy offering a compact
design [30]. This report [30] also mentioned that such a
light source provided more uniform light distribution and
sharper image formation than standard endoscope illumi-
nation sources. Use of laser beam for such an application
would shrink the required fiber diameter considerably in
contrast to that in the case of a xenon lamp.

3.3 Projectors

Pico-projectors using tiny RGB LDs and MEMS based two-
dimensional (2D) scanning mirrors are already on the

© 2013 THOSS Media & DE GRUYTER

market [31-33]. These pico-projectors are mostly limited
to approximately 20 Im of output. Recently, Panasonic
unveiled a prototype 7.5 mm thick pico-projector with
100 Im output and a resolution of 800x480 pixels. There
are also pico-projectors available with RGB LED light
engines, but the laser based ones generally offer sharper
images on screen, without the requirement of a manual
focus dial. Apart from the MEMS 2D scanner, RGB LDs
coupled with ‘liquid crystal on silicon’ (LCOS) microdis-
plays are also known [34].

There are also standard size projectors with multiple
~450 nm LDs and remote phosphor based light engine
replacing traditional projector lamps. Such projectors
offer greater power efficiency and longer lifetime than
older lamp based projectors. For example, the BenQ® pro-
jector LX60ST with a BlueCore™ light engine is claimed to
be capable of reducing light source power consumption by
up to 90% [7]. The projector datasheet quotes an output of
2000 ANSI lumens, a resolution of 1024x768 pixels and a
contrast ratio of 80 000:1 [7].

By contrast, independently controllable RGB laser
based light engines for digital projectors have been
claimed to offer much higher brightness than typical
xenon lamp based cinema projectors [35]. Such a projector
system could be especially useful for brighter three-dimen-
sional (3D) cinema projection than the existing ones can
offer [36]. IMAX has reportedly invested a huge amount of
money in R&D for a laser projection system and expects
to improve the contrast ratio from the current (in 2013)
2800:1 to 8000:1 level [37]. Sony Corp., Imax Corp., Barco,
Panasonic Corp., Laser Light Engines, Texas Instruments
and many others have formed an industry group (http://
lipainfo.org/) together in order to advocate formal adap-
tation of a laser based projection system for large format
and 3D cinema screens where conventional light sources
do not have much scope to shine any brighter [38]. Given
the serious industrial demands and market potential for
laser based light engines, it is of great importance to focus
on long-term research in this area.

4 Laser speckle reduction

One obvious question that arises while considering laser
based illumination is speckle patterns generated due to
high spatial coherence. There are several speckle reduc-
tion techniques available on the market. However, laser
speckle reduction still generates significant research
interest worldwide. Use of a standard diffuser to eliminate
laser speckles can grossly bring down the efficiency of the
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system [12]. Hadamard matrices, vibrating reflectors/dif-
fusers [39] or high frequency electronic modulation [40]
of the laser sources can be very helpful in order to reduce
laser speckles. Some of the handheld multimedia projec-
tors, commonly known as pico-projectors or micro-pro-
jectors, use LDs in the respective light engines along with
active speckle reduction actuators. The speckle reduction
technique used in such actuators differs from product to
product [41, 42]. Speckle reduction below the visible level
(<10%) has been reported by Lemoptix [42]. Transmissive
speckle reduction elements are also commercially avail-
able [43]. The optimal selection of the speckle reduction
technique for any laser based lighting system will signifi-
cantly depend on the LD output power, beam size and the
power consumption of the actuator itself.

5 System efficacy

The market potential of any light source hugely depends
on the overall luminous efficacy (LE), in simple words, the
ratio of the output lumens and the input electric power. As
a simple example, one can consider a 100 W incandescent
lamp delivering approximately 1700 Im, amounting to an
LE of 17 Im/W and a fluorescent tube light offering approx-
imately 80-110 Im/W [44, 45]. The latest 2013 catalog from
CREE? reports white LED based lamps (catalog products)
with LE of 130 Im/W. Philips has reported its R&D proto-
type TLED™ lamps, using red and blue LEDs along with
an optimized green phosphor, with an LE of ~200 1m/W
[45]. Hence, for any diode laser based lamp system to be
commercially viable, such high or even better LE levels
will have to be achieved. However, readers should care-
fully note that many of the high LE white LEDs offer ‘warm
white’ or yellowish light output that may not be suitable
for a variety of illumination conditions.

In a note by BMW on their laser based headlamp
system, 170 Im/W of LE was reported [46]. However, to the
best of our knowledge, the details of the LDs used, includ-
ing the WPE, are unknown in the public domain so far.

In the context of power consumption and environ-
mental impact, readers are encouraged to read a report on
LED lighting products for a broader overview [47].

6 Operating lifetime

LDs are known to have a typical lifetime of tens of thou-
sands of hours under standard operating conditions. For
example, the OSRAM PL TB450 LD is quoted to have a
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lifetime of 10 000 h at 40°C in continuous operation [48].
It must be noted that the lifetime of an LD strongly depends
on the temperature and the stability of the electrical power
source. Subjecting an LD to a higher-than-recommended
temperature or using a noisy current source can seriously
shorten the lifetime or totally damage it. A technical note
on the estimation of LD lifetimes can be found in [49]. It is
worth mentioning here that in a laser pumped remote phos-
phor based system, the lifetime of the system will be mainly
determined by the lifetime of the pump LD as the remote
phosphors available at present can offer an expected life-
time of 50 000 h [50]. Note that royal blue LEDs are also
known to have tens of thousands of hours of lifetime. While
comparing the lifetime of different SSL sources, it is very
important to highlight the suggested guidelines and meas-
urement procedure used in each case [51].

7 CER, WPE, LER and LE

While using a blue source pumped phosphor system, the
conversion efficacy of radiation (CER) or simply conver-
sion efficacy is defined as the total amount of lumens gen-
erated per unit optical power (W) irradiated by the blue
source (LD or LED). Hence, CER is expressed in terms of
Im/W_.. The ChromaLit™ product datasheet mentions
typical CER of 218 Im/W and 230 Im/W for the 4000 K and
5000 K ChromalLit™ remote phosphor plates, respectively
[52]. In recent experiments with a 447 nm blue LD source
and ChromalLit™ remote phosphors, CER values as high
as 235 Im/W and 249 1lm/W for the 4000 K and 5000 K
ChromalLit™ samples were measured [11]. These numbers
are emphasized here in order to provide a general idea
about the typical CER values obtainable with blue LD or
LED pumped commercial remote phosphor modules. Note
that the ChromalLit™ catalog products we used were not
specifically designed for laser pumped applications, and
hence further optimization could be possible. The CER
values are of practical importance to those working with
~450 nm LDs and remote phosphor systems, in order to
quickly estimate the amount of lumens that can be gener-
ated from a remote phosphor pumped by a blue LD with
a certain optical output power (W). Of course, one should
note that the overall lumens generated by such a system
will also depend on the mixing chamber design, peak
pump wavelength and the pump spectral distribution.

An extremely important characterization parameter
for illumination sources is the luminous efficacy of radia-
tion (LER) or spectral luminous efficacy. Mathematically,
LER can be written as follows:

Bereitgestellt von | Technische Informationsbibliothek Hannover
Angemeldet
Heruntergeladen am | 10.11.17 15:36



318 —— C.Basu etal.: Lighting with laser diodes

TV(/I)S(/l)d/l
LER=683 (Im/W ) &—
j s(A)dAi

where V(1) is the CIE luminosity function (1931) and s(4)
is the spectral distribution. By definition, the constant,
683 (Im/W), represents the maximum LER possible for
a monochromatic source at 555 nm. Note that an ideal
human eye is most sensitive at 555 nm. It is evident from the
LER expression for a source that the electromagnetic spec-
tral power distribution s(1) spreading outside the range of
V(4), 380-780 nm, will reduce the LER accordingly.

It is reported that any practical white light source con-
fining its spectrum to the visible wavelengths is likely to
achieve an LER of 250-350 Im/W [53]. Analytical calcula-
tions of spectral power distribution required for maximum
LE of radiation at given color rendering index (CRI) and
CCT have recently been reported [54].

However, the overall LE of the system will be hugely
dependent on the WPE of the blue source (LD or LED).
WPE is defined as the output optical power per unit input
electric power. The LE of the system, assuming no other
losses, can be written as LE=WPEXCER. If we define effi-
ciency (nphosphm) of the remote phosphor as the output
radiant flux (watt) obtained per unit input radiant flux
(watt), we may express LE also as LE=7 ,oono*WPEXLER.
Hence, CER=nphosphor><LER.

For a practical overview, one can experimentally
compare the WPE of the leading commercial royal blue/
deep blue (~440-460 nm) LEDs with the LE of ultra-bright
white LEDs, measured at different color temperature levels
separately. It is extremely difficult to compare the WPE of
blue/royal blue/deep blue LEDs and the LE of white LEDs
from different manufacturers’ datasheets as the values
mentioned therein are often measured at lower current
levels than the suggested operating current levels. LEDs
are prone to the well-known ‘efficiency droop’ at higher
current levels and hence the maximum radiant flux (W)
or lumens (Im) advertised or specified for an LED may not
be at the optimal point of efficiency. Such a droop in the
quantum efficiency of InGaN LEDs at high current densi-
ties might be attributed to Auger recombination of carriers
[55]. An InGaN blue LD based white light source has dem-
onstrated nearly droop-free performance as compared to
a white LED [56]. It is worth mentioning here that LDs can
operate at much higher current densities (1-10 kA/cm?)
than LEDs (10-100 A/cm?) [56]. Thus, it can be argued that
for brighter and high power applications LDs will possibly
move up the performance ladder from where LEDs stop.

© 2013 THOSS Media & DE GRUYTER

LDs will also benefit from a smaller form factor than com-
parable LEDs.

The OSRAM PL TB450 LD used in our recent experi-
ments offered more than 25% WPE while operating at the
specified ~1.4 W output level with the TEC temperature
set to 15°C [11]. To validate our results, we noted that the
OSRAM product release note quoted 27% WPE while gen-
erating 1.4 W of output power at room temperature and a
current of 1.2 A [48]. At present, to the best of our knowl-
edge, there is no blue LD with WPE greater than or even
close to that of the commercial royal blue LEDs (Cree®
XLamp® XT-E) offering WPE >50% [57]. It is worth men-
tioning here that the InGaN based MQW blue LD technol-
ogy is not as mature as that of its NIR counterparts such as
808 nm, 915 nm or 976 nm LDs. For example, a particular
975 nm LD can generate 25 W of output at approximately
54.6 W of input electrical power, leading to ~46% WPE
[58].

In an article on InGaN based blue LDs by Soraa
Inc., an increase in WPE from ~1% to over 23%, within
the period between April 2009 and June 2010, while the
output power increased to over 750 mW, was reported [59].
In May 2011, Soraa Inc. reportedly achieved a maximum
output power >1.4 W with WPE >21% [59]. Such a trend is
very promising for practical applications of laser pumped
phosphor systems in the near future.

8 Quality of color rendering
and CRI

Color rendering quality is one of the most important fea-
tures of any illumination source. Any light source which
apparently looks like delivering white light may not render
natural colors to the object under illumination. This is
often the case with phosphor based white LEDs. CRI is the
standard metric, which is used to define the color render-
ing quality of a light source [60]. CRI has a scale of 0-100
where 100 denotes the best color rendering. Sunlight (day-
light) has a CRI of 100. SSL is often reported of having poor
color rendering qualities. In the case of a phosphor based
system, quality of light can be improved by choosing the
right phosphor component [61]. By contrast, the short-
comings of using CRI for characterizing SSL sources such
as LEDs have been pointed out by some researchers [62].
In fact, the National Institutes of Standards and Technol-
ogy has proposed an alternative metric, the color quality
scale (CQS) [63]. Hence, there is a possibility that differ-
ent metric(s) for SSL color quality characterization will
be introduced in the future. Such metrics could also be
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beneficial for characterizing LD pumped remote phosphor
based systems. One particular study has pointed out the
need for reliable information on a plethora of consumer
grade SSL products in terms of CCT, CRI, efficacy, etc. [64].
The trade-off between CRI and LE has also been empha-
sized in this study.

The color rendering qualities of various light sources
such as tungsten halogen, xenon, fluorescent lamp, LED
and our laser pumped remote phosphor based headlamp
prototype have been compared by taking digital snap-
shots of a set of colorful fruits illuminated by the afore-
mentioned sources [11]. Interestingly, color rendering by
our laser pumped phosphor based headlamp prototype
looked better than that by a commercial xenon headlamp.
The chromaticity coordinates of our laser pumped remote
phosphor based light source were shown to be within the
‘white color space — UN/ECE R48 (2.29.1)’.

9 Cost

Cost is an extremely important factor in determining the
viability of any SSL product. At present, LDs are more
expensive than LEDs with comparable output power. As a
simple example, the OSRAM OSLON 461 nm blue LED (LD
CQ7P-1U3U-W5-1) with 1219 mW output power at 1000 mA
current and 3.5V of forward bias voltage is priced at around
€2 on the market [65]. In contrast to this, the OSRAM 1.4 W
royal blue LD (PL TB450) is available on the market at a
price of approximately €100 [66]. Hence, it is fair to say
that, for general lighting applications, LEDs will have an
advantage over LDs as far as cost is concerned. However,
when the applications are demanding enough to exploit
the extraordinary qualities of lasers such as high bright-
ness, collimated beam propagation, compact size, etc.,
a steady progress of LD based lighting systems is highly
expected.

10 Laser safety and compliance

Lasers are not like ordinary light source and strict adher-
ence to safety norms is a must for any consumer grade
light source development. Moderate and high power lasers
can irreversibly damage the human eye and even burn
skin. Anyone handling laser products should carefully go
through the relevant safety instructions. As a general ref-
erence, the international safety standard IEC 60825 Ed. 2
(2007) can be followed. For blue laser pumped phosphor
based systems, the white light output is highly divergent
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and no longer as collimated as the input blue laser beam.
In fact, phosphorescence is omnidirectional. Thus, the
brightness (power emitted per unit surface area per unit
solid angle) of such a white light source can be much lower
than that of a laser. Note that the term ‘brightness’ is widely
used in laser physics and this is the same as radiance.

Another important aspect to be considered is the
generation of speckle patterns due to high coherence of
lasers. Laser speckles in the illuminated area can be visu-
ally disturbing and should also be considered as a safety
issue [67]. It has been shown that with proper engineering
design, a laser pumped phosphor based system at 5000 Im
output could suppress the speckle contrast to as low as
1.7%, similar to that of a blue LED [68]. Such a design may
entitle a laser based light system to be compliant with the
IEC 62471 standard and categorized as a lamp [68, 69].

While using RGB laser sources in scanning type pro-
jector systems, active speckle reduction techniques should
be applied. In the case where the scanning actuator fails
to move, an additional safety mechanism should be able
to immediately shut down the laser sources, in order to
avoid the emission of a collimated bright beam fixed to a
certain direction.

11 Summary and conclusions

Utilization of visible LDs in a wide range of lighting appli-
cations has been reviewed in this article. Possibilities of
future commercial and consumer applications are also
discussed. Besides the applications already mentioned,
future applications of visible LDs may extend to areas
as diverse as illumination for greenhouses and fisheries.
In this review, a direct comparison of LDs with LEDs has
been frequently made for a better understanding of the
topic. The unmatchable qualities of laser sources, as com-
pared to LEDs, have been discussed. Some of the latest LD
based products have been referenced along with a signifi-
cant number of relevant scientific publications. Our own
experimental results, obtained from a 1.4 W LD pumped
remote phosphor based headlamp prototype with good
thermal stability, are also mentioned. Note that, in future,
blue laser sources with tens of watts of output power
might require both physical and chemical design optimi-
zation of the remote phosphors, in order to achieve good
thermal management. This review emphasizes on our
strong conviction that LD based lighting systems will play
a huge role in shaping the future of SSL, especially in high
power applications.
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