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COVER ILLUSTRATIONS

Left: Telescope such as used by Galileo to discover lunar craters and Jupiter’s moons. The basic
design is still used in opera and sports glasses. See Chap. 1.

Middle: Simplified schematic of a laser showing the gain medium which amplifies the light,
and the resonator which defines the light’s direction and spatial distribution. The third critical
part, the source to excite the gain medium, is not shown. See Chap. 16.

Right: Zernike circle polynomial representing balanced astigmatism with a standard deviation
of one wave illustrated as an isometric plot on the top, interferogram on the left, and point-
spread function on the right. See Chap. 11.
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HIGH-BRIGHTNESS
VISIBLE LEDS

Winston V. Schoenfeld

CREOL, The College of Optics and Photonics
University of Central Florida
Orlando, Florida

INTRODUCTION

Over the past decade a transformation in light emitting diode (LED) application has occurred from
indicator use to the more demanding solid-state lighting and illumination markets. This includes
areas such as backlighting in consumer hand-held products, outdoor displays, traffic signals, and
general room lighting through the replacement of incandescent and fluorescent light sources. This
transformation has been driven directly by the significant increases in LED efficiency that has
enabled LEDs to penetrate into such markets. These new high-efficiency LEDs are typically referred
to as high-brightness LEDs (HB-LEDs), and utilize quantum well active regions to achieve their
high efficiency and lumen output.

Quantum well-active regions can have either a single quantum well (SQW) or multiple quantum
well (MQW) structure, reducing internal reabsorption and increasing the radiative recombination
rate of the device through greater spatial overlap of electrons and holes. A discussion of quantum
wells can be found in Chap. 19, “Semiconductor Lasers.” Figure 1 provides a basic structure for a
modern HB-LED. It is similar to the DH structure, but utilizes a MQW active region between the
n and p-type layers of the device, composed of quantum wells (QWs) that are on the order of a few
nanometers in thickness. By adjusting either the composition or width of the QW, the emission
wavelength of the LED can be tuned. The use of QW active regions in LEDs has not only allowed for
an increase in the efficiency of the devices, it has also resulted in the ability to obtain new wavelength
emissions that were not previously available due to epitaxial strain and lattice matching constraints.

18.2 THE MATERIALS SYSTEMS

There are two main semiconductor material systems currently exploited for visible HB-LEDs. These
are the AlInGaP and AllnGaN systems. A detailed discussion of the AllnGaP system is in Chap. 17,
“Light-Emitting Diodes.” AllnGaP is used for amber and red LEDs that fall within the 590- to 650-nm
wavelength region. It is limited to this wavelength range because the AllnGaP quaternary shifts to an
indirect band gap as wavelengths below 590 nm are targeted. This left a void in the blue and green spec-
tral regions for visible HB-LEDs.

18.1
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Ti/Pt/Au p-contact Ni/Au semitransparent
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pr-GaN
p-0AIGaN
Ti/Al n-contact InGaN MQW Active
n-GaN

Sapphire substrate

FIGURE 1 Typical structure for a modern InGaN HB-LED
showing associated epitaxial layers, including the multiquantum well
(MQW) active region.

In the past decade, this void has been quickly filled with MQW LEDs made from the AllnGaN
material system. GaN has a wurtzite crystal structure and band gap at room temperature of about
3.2 eV (385 nm). By alloying with Al or In, the band gap can be shifted to shorter or longer wave-
lengths, respectively. This has led to the realization of InGaN QW active regions in HB-LEDs offering
light output in the blue to green spectral regions. Although InN has a direct energy gap of 0.7 eV,
phase segregation in InGaN alloys limits the ability to obtain active regions emitting at wavelengths
above 530 nm. Despite this, InGaN QW active regions have successfully been used to create blue and
green HB-LEDs with complete wavelength tunability across the visible 400- to 530-nm range.

18.3 SUBSTRATES AND EPITAXIAL GROWTH

Current AllnGaN HB-LEDs use one of two substrates: sapphire or silicon carbide (SiC). Despite
considerable lattice mismatch between these and GaN (roughly 16 percent for sapphire and 3.5 percent
for SiC), low-temperature buffer layer technologies have been developed to allow for nucleation
and growth of high-quality AllInGaN HB-LEDs. Low-temperature AIN buffer layers on sapphire
substrates are directly formed by MOCVD that result in dislocation entanglement just above the
nucleation interface. As depicted in Fig. 2, many of the dislocations interact and annihilate. The sub-
sequent growth of a thick (typically 3 to 4 um) n-GaN bulffer layer further reduces dislocation den-
sity below 10° per cm?. The use of 6H-SiC substrates offers closer lattice matching and lower defect
densities, although this comes with a higher cost that has kept sapphire as a more popular substrate
solution. Recent research has aimed to produce native or lattice-matched substrate solutions for
GaN growth. Native GaN substrates have been produced, although the diameter of such substrates
and cost remain a challenge. A sister wide band gap compound, ZnO, has strikingly similar properties

n-GaN buffer
1 ( ~4 um

LT AIN
" nucleation
layer

Sapphire or 6H-SiC substrate

FIGURE 2 Cross-section schematic of the dislocation
reduction that occurs due to use of a low temperature (LT)
AIN nucleation layer. Dislocations originate from the large
lattice mismatch of the nitrides with SiC or sapphire sub-
strates, but can be reduced well below 10°/cm? when a LT-
AIN nucleation layer and thick GaN buffer layer are used.
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to GaN and is currently considered a good candidate for a lattice matched substrate for AllnGaN
HB-LED growth. ZnO has the same wurtzite crystal structure as GaN, is nearly lattice matched to
GaN, and can be easily doped n-type to form a conductive substrate. Lattice matched substrates
made from ZnO have just become commercially available through hydrothermal growth.

Growth of AllnGaN HB-LEDs is accomplished commercially with MOCVD (a short discussion of
MOCVD was provided in Sec. 17.8 in Chap. 17). While high quality growth of AllnGaN epitaxial films
has been demonstrated by MBE, typical HB-LED structures require 4- to 5-pm-thick films that are not
economically realizable in MBE systems due to the slow growth rate and limited number of substrates
per growth. MOCVD reactors are able to accommodate multiple 2” substrates per growth (as many as
40 in larger systems) with the necessary uniformity and control of film thickness. One of the initial chal-
lenges in AllnGaN HB-LED growth was p-type doping of GaN. The metal-organic precursor sources of
MOCVD introduce a considerable amount of hydrogen into the films that directly compensates p-type
acceptors. This issue was resolved through post-growth annealing at temperatures above 800°C in
which the excess hydrogen is driven out of the epitaxial films. Upon out-diffusion of the hydrogen, the
p-type acceptors become active and the necessary hole injection into the structures is then possible.

18.4 PROCESSING

Many of the steps covered in Sec. 17.9 of Chap. 17 are used in the fabrication of HB-LED epitaxial
wafers. Sapphire substrates are electrically insulating, imposing the need for creating both #- and p-type
contacts on the front of the HB-LED surface as was shown in Fig. 1. As a result, the epitaxial structure
must be etched down to the n-GaN layer in order to make electrical contact to the n-side of the HB-LED
structure. AlInGaN is relatively resistant to wet chemical etching and must be dry etched using reactive
ion etching (RIE) or inductively coupled plasma (ICP) methods. RIE/ICP is capable of high etch rates
that are anisotropic, meaning that they are capable of etching vertically down into the structure with
little to no lateral etching. SiC substrates are electrically conductive and thus allow for the n-contact to
be formed on the back side of the substrate without the need for etching of the front surface.

The typical fabrication process for AllnGaN HB-LEDs utilizes four lithographic steps. These
include the mesa etch, SiO, passivation, n-contact, and p-contact layers. A top view and associated
cross section of a standard HB-LED device are given in Fig. 3, indicating these layers. Prior to the

\

Ti/Al/Pt/Au
n-contact

Ti/Pt/Au p-contact

Semitransparent .

o P Sio,
contac E\_L passivation
__J—, Epilayers

Sapphire substrate

FIGURE 3 Top view and cross-section schematic of a standard
nitride HB-LED. A mesa is etched to allow for contact to the n-type
underlayer. A semitransparent contact on top of the mesa is used to pro-
mote uniform hole injection due to poor hole mobility in the p-GaN.
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first lithographic step a semitransparent top contact is deposited on the surface (p-side) of the entire
epi wafer. This is necessary in order to achieve uniform current injection across the device due to the
higher resistivity of the p-GaN in comparison to the #-GaN. The most common semitransparent con-
tacts are Ni/Au and indium tin oxide (ITO), with Ni/Au being the most widely used. Once the semi-
transparent contact is formed the lithographic steps are then carried out. The mesa etch is a dry etch step
to access the n-GaN layers for the n-type contact as required when using sapphire substrates. The SiO,
passivation step covers the side walls of the mesa and protects its lateral edges. Once the passivation is
in place, the last two lithographic steps define the n- and p-type contacts to the device through a lift-
off process. Common metallizations are Ti/Al/Pt/Au for the n-contact and Ti/Pt/Au for the p-contact
to the semitransparent contact underlayer. To separate the individual LEDs on the fabricated wafer, the
substrate must first be thinned from its typical 400 pm thickness to on the order of 80 to 100 um using
a multiple step wafer polishing method on automated multiwafer polishers. Once thinned, singulation
of the individual die is accomplished either by a scribe and break method or by using laser separation.
The sawing method typically employed for other III-V LEDs is not possible due to the substantial
hardness of sapphire and SiC that greatly limits their ability to be cut using a dicing saw.

18.5 SOLID-STATE LIGHTING

The current push towards energy conservation has created a considerable interest in the replace-
ment of conventional lighting by solid-state LED fixtures. LEDs offer the potential to considerably
reduce power consumption while maintaining the necessary lumen output for lighting. Generating
white light from HB-LEDs is typically accomplished by one of two methods as depicted in Fig. 4.
The first method, shown in Figs. 4a and b, utilizes an AlInGaN-LED in conjunction with one or
more phosphors. When a UV-LED is used, the UV light emission is absorbed and re-emitted by a
mixture of red, green, and blue phosphors. As indicated in Fig. 4a the phosphors down-convert the
UV light (dashed line) to visible light (solid line), and when the appropriate ratio of phosphors is
used, white light is emitted. A more common LED/phosphor combination used for general illu-
mination is the combination of a blue (~465 nm) AllnGaN-LED and a yttrium aluminum garnet
(YAG) phosphor such as cerium doped Y,AL,O,. In this approach (Fig. 4b) a portion of the blue
LED emission is absorbed by the YAG phosphor and down-converted to the yellow spectral region.
When the proper ratio of YAG phosphor is used, the resulting binary complimentary output of
the blue LED and yellow YAG phosphor creates white light as perceived by observers. The second
method for white light emission is preferred when color tuning is necessary, such as in outdoor dis-
plays. As indicated in Fig. 4c, by using red, green, and blue LEDs, one can create white light when the
appropriate ratio of each is selected. This RGB approach has the added benefit of allowing the user
to create any color within the associated color gamut by balancing the ratio of the individual LEDs.
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FIGURE 4 Methods for white light generation using HB-LEDs. White light is
achieved by using a HB-LED and phosphors (a and b), or the combination of a red,
green, and blue HB-LED (c).
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This method also allows for active adjustment of the color temperature of white light emission
which is not possible using the LED/phosphor approach.

The primary figure of merit for solid-state lighting is the luminous efficacy of the fixture.
Luminous efficacy refers to the ratio of lumen output from the source to the power input, and has
the units of lumens per Watt (Im/W). Conventional incandescent and fluorescent lights have typical
luminous efficacies of 15 Im/W and 70 lm/W), respectively, varying somewhat depending on manu-
facturer. As of early 2008, currently available LED-based replacements have luminous efficacies
as high as 80 Im/W, exceeding compact fluorescents. By comparison, lab demonstrations of white
LEDs are commonly breaking 120 Im/W, with the expectation of reaching 150 Im/W in the near
future. Despite these accomplishments the added cost of solid-state white lighting has slowed the
market acceptance. A common cost comparison is the first cost of a light source, typically measured
in terms of the cost per kilolumen (klm). Incandescent and fluorescent light sources fall in the $0.5
to $3.00 per klm, while current light emitting diode sources fall easily in the $20 to $30 per klm
range. Considerable progress in efficiency continues to climb and it is expected that as the luminous
efficacy and lifetime of solid-state white LEDs continues to rise that the cost per kilolumen will
decrease while market acceptance increases.

18.6 PACKAGING

HB-LEDs chips for standard current use (20 to 70 mA) have lateral geometries on the order of
350 x 350 pm? Such LED chips are commonly packaged similarly to IR-LEDs in a 5-mm T1-3/4
format, as shown in Figs. 21 and 22 in Chap. 17. For AllInGaP HB-LEDs the substrate is conductive
and silver filled epoxy is used for attaching the die to the lead frame to form one of the contacts. The
other contact is formed using standard ball wire bonding to the top of the LED chip. For AllnGaN
HB-LEDs, commonly grown on insulating sapphire substrates, two wire bonds are required to make
the electrical connections to the lead frame. Silver-filled epoxy is still used for such LEDs since the
sapphire is transparent and emission can be effectively redirected upward from the epoxy surface
below the chip. In addition to the 5-mm T1-3/4 package, a considerable number of new surface mount
device (SMD) packages have become available to support the introduction of HB-LEDs into the
consumer hand-held device market. A schematic of a typical SMD package is provided in Fig. 5. The
LED is placed on a metal lead frame that is encased in a plastic outer shell. Once the HB-LED has
been die bonded into the package with silver-filled epoxy, it is then wire bonded and encapsulated
with transparent epoxy for protection. Such SMD packages are typically several millimeters on a
side; however, smaller versions with formats nearly identical to chip resistors are available that have

HB-LED chip

Plastic encasement

Metal lead frame for
backside soldering

FIGURE 5 Schematic of a standard surface mount device
(SMD) package for HB-LEDs.
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FIGURE 6 Cross-section schematic of the flip chip
geometry used for high-power nitride LEDs. Flip chip
packaging allows for increased heat dissipation from
the LED junction, enabling them to be driven at much
higher current densities.

very small form factors providing the low profile necessary for applications such as cell phone key
pad backlighting.

In recent years the push for solid-state white lighting has resulted in a transition to larger HB-LED
chip sizes and an increase in the operating current densities. The latter brings new constraints to
packaging due to the increased need for thermal management in an effort to keep the junction
temperature of the HB-LED as low as possible. While the traditional packaging formats have proven
very effective for standard drive current use, they are not suitable for high drive current applications
using large area HB-LEDs since they do not provide adequate thermal management. This has forced
a significant change in not only the design of packaging for high drive current, large area HB-LEDs,
but also the devices themselves. Most HB-LEDs use sapphire substrates that provide very poor
heat dissipation from the LED junction due to the low thermal conductivity of sapphire. This has
been overcome by using a flip chip approach, where the LED chip is flipped over onto a carrier and
attached using solder bump methods similar to the silicon IC industry. A rough schematic of a flip
chip geometry is shown in Fig. 6. The HB-LED chip is designed to support multiple solder bump
attachments to the submount. A highly reflective metal layer is formed on the p-side of the device to
redirect light emission through the backside of the device. The solder bumps affix the LED die firmly
to the submount and create the electrical connections to the metal traces below, allowing for subse-
quent wire bonding between the submount and the external leads of the package. The solder bumps
also serve as a route for efficient heat transfer from the LED junction to the submount enabling the
junction temperature of the LED chip to remain low under high drive current conditions. There are
a variety of external package geometries that have been developed to support flip chip HB-LEDs
with no specific convention between manufacturers. Among the main considerations in the package
design has been the encapsulant around the LED and providing a low thermal resistance path to the
external housing. Standard clear epoxies that are used in conventional packages typically cannot with-
stand temperatures much above 100°C. In flip chip high drive packages this can be easily exceeded
and would cause thermal damage to conventional epoxies. This has led many companies to develop
a variety of new high-index encapsulants, such as silicones, that are able to withstand the higher
temperature demands of high drive solid-state lighting. Low thermal resistance packaging has also
followed many new routes such as packages with copper tungsten metal bases, metal core board, and
high thermal conducting insulating materials (e.g., BeO and AIN).

SPERO EX. 2011



LIGHTING AND APPLICATIONS 40.41

e Location (latitude and longitude) and orientation of the building relative to the surroundings.
Simulating the daylight entering the building during various times of the day and the year.

e Design for reduction or elimination of glare from daylight sources. Internal layout of the build-
ing during intended use will play a key role.

e Outside view requirements via windows. A minimum window size®'~®* is needed for a given

geographic location, and a certain window location is dictated by aesthetic reasons including the
desired view from the window. The minimum window size can also depend upon the prevalent
building regulations based on wall size or floor size. Under such circumstances, the daylight
entering must be controlled or balanced with interior lighting and cooling for uniformity, glare,
and heat management. Daylight can be controlled by providing appropriate window shades,
glazings, or even additional windows or skylights at appropriate places.

It is not always possible to obtain energy savings with daylight due to increased heat load, espe-
cially during summers and the need to supplement daylight with electrical lighting during the
night. Infrared rejection is achieved by using special glazings. To limit glare, glazing such as high
reflectance, low transmittance, electrically controlled transmission, tilted glazings with angularly
dependent transmittance or IR reflecting films are used. Adequate consideration must be given to
the window view impact due to any of the daylight control mechanisms. A very low-transmittance
glazing can make the outside view appear gloomy on a bright day.

Luminaire Design

The source is the starting point of the luminaire design. The optics performs at a minimum two
functions: first to capture the light from source and second to transfer light efficiently to the desired
distribution at the target (i.e., illuminance, intensity, and/or luminance). The choice of the optics is also
a challenging process. First, the designer must select if refractive, reflective, or both types of optics (i.e.,
hybrid) are to be used in the design. Reflective optics have been a standard for most sources, with flat
refractive optics used at the output aperture in order to protect the other optics. Until recently reflec-
tors were standard conics such as ellipses, hyperbolas, parabolas, or spheres. Standard refractors in use
include cover plates (still called a lens), pillow lens arrays, Fresnel lenses, and other faceted designs.
However, with advances in LEDs, refractive optics are increasingly being used for advanced function.
Solid-state lighting optics are either plastic or glass that surround individual or a limited number of
LEDs. They are hybrid optics that use at least total internal reflection (TIR) and refraction at the input
and output facets, but they can also use reflection, scattering, and even diffraction. With the advent of
better technology, especially manufacturing capabilities and software for modeling, faceted and con-
tinuously smooth surfaces parameterized with nonuniform rational B-splines (NURBS) are being devel-
oped. For high-performance, injection molding of plastic or glass is being increasingly used. For refrac-
tive optics, the surfaces are left bare, but for reflective optics there is vacuum metallization of the surfaces.
Reflectors are also made with stamping methods, but these optics tend to have lower performance.

Baffles (louvers) are often considered by many to be optics of the system; however, many, rather
than shaping a distribution through redirection of the light, block or even absorb incident radiation.
Thus, while some baffles are reflective and provide some shaping of the illumination distribution,
they most often achieve shaping through subtraction rather than addition. They are primarily added
to alleviate glare, trespass, and pollution, but they are also included for aesthetic reasons, correcting
errors in the design process, and to hide structure within the luminaire.

The source coupling aspect is the focus of the next section, following that is a discussion of the
design of the optics and subsections on baffling in the form of luminaire cutoff classification and
types of luminaires. Following this process from the source to the optics to the baffle to the target,
while always considering the perception aspects of the illumination (see Sec. 40.3), means that aes-
thetically pleasing while technically sound lighting can be developed.

Etendue and Source Coupling For reflective optics, the source-coupling components also act as
the transfer optics, often in conjunction with a front, protective lens. With the advances in source

SPERO EX. 2011



40.42 RADIOMETRY AND PHOTOMETRY

technology that use hybrid, dielectric components, coupling of the sources, is increasingly impor-
tant in order to improve upon system efficiency. Typically, individual LEDs are placed in recesses in
the dielectric optic, and by obeying the conditions for TIR, all of the emitted light can be captured
by the coupler and then transferred to following optics that shape the emitted distribution.

In all cases, the term étendue describes the flux transfer characteristics of the optics, starting with
the coupling optics, of an optical system, such as a luminaire. Etendue is a geometrical quantity that
is the integrated product of an area and solid angle. In paraxial form it is the Lagrange Invariant, but
in nonparaxial form it is given by

E=n? ” cosOdAdQ (12)

pupil

where € is the étendue, dA is the differential area, d€Q is the differential solid angle, 6 is the angle
with respect to the surface of interest (i.e., normal), and 7 is the index of refraction of the space.
The limits of integration in area are over some aperture (e.g., a lens clear aperture or a reflector exit
aperture), while the solid angle integration is over the limits that are passed by the aperture. For
example, consider a source of area A_that emits into a half angle of 6, from every point on the surface.
The étendue for this source is

276,y

€=n’A, J' Icos@sin 0d0dp=rmn*A_sin*6, (13)
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In lossless optical systems, étendue is conserved. Thus, in order to design the most efficient lumi-
naire, one must continue to match the étendue as one progresses through the optical components of
the system. For example, if the source of Eq. (13) is used for a luminaire, one must keep this étendue
quantity consistent. If one desires to reduce the angular spread of the output from an optic (6, > Ooptic),
then the area of the optic must be increased (A, < Aopﬁc). The counter also holds true: to reduce the
real extent (A, > Aopﬁc)

, one must increase the angle (6, < OOPHC). An expression for conservation of
étendue in a generalized form is

dxdydpdq=dx’dy’dp’dq’ (14)

where the dx and dy terms are the differential position terms and the dp and dq terms are the differen-
tial optical direction cosine terms, which are equivalent to ndL and ndM respectively. More informa-
tion about étendue can be found in Chap. 39, “Nonimaging Optics: Concentration and Illumination,”
in this volume. Another factor related to étendue through a differential is skewness, which denotes
the twist on individual rays of light in an optical system. Skewness is also invariant and implies that
transfer from one source geometry (e.g., a square) cannot be transformed to another source geometry
(e.g., a circle) without loss except if some rotational asymmetry is added to the optical system. Further
information about étendue and associated terms like skewness can be found in the literature.**

Luminaire Design Methods There are a multitude of design principles for the design of the optics of a
luminaire. Fundamentally, most design methods are based on the basic conic shapes as listed in Table 6.
Each of these shapes provides a basic intensity distribution at its output aperture. However, increasing
demands of tailored light distributions and also increased efficiency require perturbations to these basic
design forms. Furthermore, the topics of light trespass, light pollution, and glare are receiving a wealth
of attention from ordinance and regulatory agencies. To reduce glare issues it is best to use diffuse
optics with a well-defined cutoff. In the field of nonimaging optics (see Chap. 39), the edge-ray theorem
provides a means to have a well delineated cutoff. The edge ray is defined by the maximum extent of the
source, thus providing a maximum cone of light from the reflector designed around the source shape.
However, the edge-ray principle is passive with respect to the luminance distribution of the source—it
contends for the maximum extents but not the physical distribution of light in the radiation pattern.
Thus, tailoring methods have been developed. The tailoring methods specify the shape of the
optics based upon the luminance distribution of the source and the desired illumination pattern
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TABLE 6 Basic Conic Shapes, Their Conic Provide at Their Output
Aperture Constant, and the Basic Intensity Distribution That They Provide at

Their Output Aperture
Conic Constant Base Intensity
Shape (k) Distribution
Hyperbolic k<-1 Diverging; far-field applications
Parabolic k=-1 Collimating; pseudocollimation applications
Elliptic -1 <k<0 Converging; near-field applications
Spheric k=0 Converging; self-imaging applications

(i.e., luminance, illuminance, and/or intensity) at the target. These methods are extensive and
beyond the confines of this chapter. The reader is encouraged to consult the Handbook chapter on
nonimaging optics (Chap. 39) for a brief introduction, the theoretical book on nonimaging optics
by Winston, Mifiano, and Benitez,* and the applied book on nonimaging optics by Chaves.®

Luminaire Cutoff Classification A cutoff ensures that light from the luminaire is restricted above the
horizon with respect to the lamp geometry. Cutoff is designed into the luminaire through the optics
(i.e., edge-ray designs) and/or the integration of baffles. While most applications do not require cutoff
classification, except for those used on the exterior, such as automotive, roadway, and landscape light-
ing, most designers include such to make effective lighting systems by alleviating potential glare, tres-
pass, and pollution concerns. Often strict cutoff guidelines are mandated by governmental standards,
such as for automotive, traffic signal, and roadway lighting. The goals are to provide the required
lighting level to its users, while also alleviating light pollution and light trespass. Light pollution is
light that is directed up into the atmosphere, causing sky glow, which is especially present in urban
settings. The reduction of light pollution is a growing trend being addressed by the astronomy com-
munity. When light is incident on surfaces outside the intended illumination region, it is called light
trespass. The impact of light trespass from roadway lighting is a major concern in residential areas.

For both trespass and pollution the luminaire cutoffs provide a protocol to reduce both.
Automotive lighting does not use the criteria presented here, but rather use a set of governmental
standards. Roadway and external lighting make the most use cutoff criteria as shown in Table 7. See
Fig. 22 for a depiction of the angles listed in Table 7.6

Luminaire Classification System In 2007 the IESNA published research results for refinement of
the cutoff classification system of the previous section.®” This study focused on light distribution in
front of the luminaire (forward light), behind the luminaire (back light), and above the luminaire
(uplight) as shown in Fig. 21. They found the photometric luminaire efficiency (7,, ... ) to be

=100 forward + q)bnck + (Duplighl 15
n]uminaire - ( )
[
source
where @, @ D .. ,and ® are the integrated fluxes in lumens over the solid angles
orwarct ac) upli source

shown in Fig. 21 for forward hght back light, uplight, and the bare source, respectively.

TABLE 7 Amount of Emitted Light Criteria for the Luminaire
Cutoff Classification®

Horizon and above  10° below Horizon =~ Remainder

Type (90° and greater) (80° to 90°) (0° to 80°)
Full Cutoff 0% <10% 290%
Cutoff <2.5% <10% 287.5%
Semicutoff <5% <20% 275%
Noncutoff No restrictions over entire angular space
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Uplight

Back light

Forward light

FIGURE 21 Lighting classification system zones for forward light, back
light, and uplight based upon the exit aperture of the luminaire.

100° 100°

UL low UL low

90° 90°

BVH very high : FVH very high

80° 80°

0°

FIGURE 22 Layout of the light classification system subzones. (See also
color insert.)
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These three zones are then broken down into a total of 10 subzones as shown in Fig. 22. The
lumens in each subzone is measured with respect to the bare source flux, as in Eq. (15), in each of
these subzones and then reported as an evaluation of the luminaire. These subzones indicate the
distribution of light over several regions rather than restricted to the 80° and greater as per the pre-
vious section. Standard goals include reduction of light above the horizon (i.e., all uplight subzones
and the BVH and FVH subzones) and the desired uniformity over the other zones. This new classi-
fication system provides for better control of the illumination such that both vertical and horizontal
surface illuminances can be addressed in the design process. Horizontal surface illuminance criteria
are met by increasing the flux in the BM to FM subzones. Vertical surface illuminance criteria are
met by increasing the flux in the BM, BH, FM, and FH subzones.

Luminaire Optics There are innumerable schemes to the design and availability of luminaire
optics, both for artificial and natural sources. Methods employing reflectors, refractors, TIR optics,
and combinations thereof have been developed. Additionally, the optics are both specular and dif-
fuse or a combination of these two are used. In the next few subsections, we provide examples of
commonly available luminaire optics. Finally, as per Table 6, the shapes of the optics are typically
based on conic shapes.

Luminaire optics for artificial sources While the design of the optics of the luminaire is to pro-
vide a desired illumination distribution, we learned from the previous sections that light cutoff is
important in the design of the luminaire. In fact, the ability to hide or shield the source from direct
view in order to reduce glare concerns is as equally important as obtaining the desired illumination
distribution. A reflector as shown in Fig. 23a has a fairly wide direct view of the source, denoted
as the shielding angle or similarly the cutoff angle. Room lamps are perfect examples of this dual
requirement since it is typical to use a diffuse shade around the source. The source and shade (which
also acts as a diffuse reflector) provide the desired general illumination, while the shade provides the
requisite cutoff. Besides using the body of the reflector to hide the direct view of the source, louvers
or baffles (see Fig. 23b), a prismatic or Fresnel lens (see Fig. 23¢), or a bulb shield (see Fig. 23d) are

«— Reflector

Source
Cutoff Shielding f Shielding
Louvers
angle angle angle
(a) (b)
\/ Prism lens Bulb shield

array

(c) (d)

FIGURE 23 Glare issues of four luminaire geometries: (a) the reflector
providing the cutoff; (b) louvers, flat or parabolic, increasing the shielding
angle; (¢) a lens array, prismatic or Fresnel, which directs more of the light
emission downward thus reducing the direct intensity level of the source; and
(d) the inclusion of a bulb shield to ensure that all emission strikes the primary
reflector at least once. (Adapted from Ref. 5, p. 71.)
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