
Coatings for lighting 
applications 
By Robert L. Martin Jr. 

The emphasis on improving the 
efficiency of all types of ener
gy consuming products in the 

1970s had a noticeable effect on 
the l ight ing industry. Numerous 
improvements were made during 
that t ime in l ight ing fixtures, i n 
ballasts, and in lamps themselves 
that brought about modest gains. 
What ultimately was desired was 
an increase in efficacy of 30% or 
more. 

Optical Coating Laboratory Inc. 
(OCLI) was approached by Gener
al Electr ic Co. to initiate a joint de
velopment effort. O C L I appl ied its 
expertise in optical thin films to 
coat the envelope of incandescent 
lamps with multi layer interference 
reflectors that improve the energy 
efficiency. 

Theories 
Accord ing to the Stefan-Boltz¬

mann law, the radiant flux from a 
blackbody increases in proportion 
to the fourth power of the tempera
ture. The Wien displacement law 
describes how the peak of the radi
ated power shifts to shorter wave
lengths as the temperature of the 
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blackbody rises. The combined ef
fects of increased temperature, 
then, are the intensification of en
ergy emitted from a hot body and a 
shift of that energy from the infra
red into the visible region. 

A double-coi led tungsten f i la
ment approximates a blackbody ra
diator. Thus the brightness of a hot 
filament increases rapidly wi th in
creased f i l ament temperature 
wh i le l i tt le addit ional energy is 
consumed. A more efficient lamp, 
from the standpoint of l ight output 
for a given amount of energy input, 
can be produced by simply rede
signing the filament to operate at a 
h igher temperature for a g i ven 
nominal l ine voltage. Unfortunate
ly, the consequence of this is a 
shorter lamp life. As an example, 
household lamps run at about 2950 
K with a life of 750 hours and an 
output of about 17 lumens per 
watt. Pho to f loods , opera ted at 
3400 K, produce 34 lumens per 
watt, but life is reduced to only a 
few hours. 

Since it is desirable to improve 
the energy util ization of existing 
types of lamps without jeopardiz
ing filament life, some changes to 
the lamp design and operation oth
er than raising filament tempera
ture are necessary. Our concept in
volves recycl ing the infrared radia
tion within the lamp itself. In this 
approach the coating ideally trans
mits the v is ib le l ight out of the 

lamp whi le it reflects the infrared 
energy back to the filament, where 
it is absorbed. Materials used for 
making this infrared reflector have 
to be nonabsorbing and environ
mentally stable. Such a system can 
be made in any of several ways us
ing optical thin films. 

Utilizing thin-film coatings 
for energy-efficient lamps 

Just how thin films can be used 
in incandescent lamps to improve 
energy efficiency has been demon
strated in patents issued over the 
past 30 years.1-6 Certain types of 
materials are of particular interest, 
such as tin oxide and indium/tin 
oxide, as these are excellent infra
red ref lectors. These mater ials 
must be protected from high tem
peratures and from ambient air, 
however, in order to remain stable. 
Cosnequent ly , extra components 
often are required in lamp designs 
that uti l ize these materials to iso
late the coating from the high tem
perature of the filament. 

This approach usually requires a 
redesign of the entire lamp to ac
commodate the insulating compo
nents, and the new configurations 
do not always fit existing sockets. 
T h e prac t i ca l accep tab i l i t y of 
many of these lamp designs, there
fore, has been l imited, and wide
spread application has not taken 
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place. As stated previously, the 
concept of using thin films for im
p rov ing l amp per fo rmance has 
long been demonstrated. What re
mained to be done was to develop 
a commercially viable system us
ing thin films and to select appro
priate manufacturing methods. 

O n e lamp manufac turer ap
proached the problem by coating 
the inside of spherical lamp enve
lopes with an enhanced silver re
flector coating. The physics of this 
method is impressive, as silver is a 
very good infrared reflector and, in 
a thin layer, is transparent to v is i 
ble light. The coating, by be ing 
placed on the inside of the bulb, is 
protected from atmospheric degra
dation and is located sufficiently 
far from the filament to remain rel
atively cool. 

Optically, this approach is diffi
cult because the coated glass enve
lope must be quite spherical in or
der to reflect and focus the infra
red energy back onto the filament. 
The filament in turn needs to be 
located at the bulb's exact center 
to receive and absorb the reflected 
energy. The geometrical problems 
increase as the bu lb size is en
larged to keep the silver cool. A 
lower l imit on the bulb diameter is 
set by the upper temperature that 
the coating can tolerate. 

Using optical thin film technolo
gy, an interference heat reflector 
with the desired properties can be 
constructed using stable, nonab¬
sorbing refractory metal-oxide ma
terials. T w o oxide materials are 
used for this purpose, one having 
an index of refraction above 2.0 
and another w i th an index near 
1.5. These materials are appl ied in 
alternating layers to construct a 
"hot mirror," or visible transmit
ting heat reflector, comprised of 20 
to 30 layers. Such a heat reflector 
can be designed to reflect at least 
60% of the infrared whi le transmit
ting 95% of the visible light. 

The performance of a typical hot 
mirror is shown in F ig . 1 as a func
tion of wavelength. The hot mirror 
is deposited directly onto the out
side of the lamp envelope. The ef
fectiveness of such a coating has 
the potential for a significant per
formance improvement and ap
proximation of the ideal concept. 

Figure 2 shows graphically the 
basic energy flow in a quartz-halo
gen lamp with and without a hot-
mirror coating. The power distri
bution in the various branches of 
the d iagrams are approx imate , 
since only estimates can be made 
for some of the losses. 

Geometrical issues 
At the inception of this program, 

the optical coating industry had 
just begun to develop methods for 
coating cylinders with high-quali
ty mu l t i l ayer d ie lec t r i c f i l ters . 7 

Nearly al l coatings were being de
posited onto flat or gently curved 
substrates such as lenses and 
domes. 

The coating of cyl indrical lamps 
or, as it turned out later, the coat

ing of clear quartz tubular sub
strate became one of a number of 
technical challenges to be solved. 
The two major ones were: 1) to 
manufacture a multi layer filter that 
would survive in an environment 
more r igorous than usua l l y re
quired of optical filters, as the coat
ing would need to function in air 
for 2000 hours at 800°C without 
degradation; and 2) to obtain opti
cal uniformity on cyl indrical parts. 
Because the coat ing des ign re
quires a large number of interact
ing layers, it is necessary to coat 
this tubing w i th uniformity and 
precision to maintain good optical 
performance. 

In addition, because this prod
uct was destined to be a high-vol
ume commercial product, the coat
ing itself had to be much lower in 
cost than standard hot mirrors. 

As a way of min imiz ing the pre
viously described geometrical dif
f i cu l t ies that are encoun te red 
w h e n a p p l y i n g th in f i lm tech
n iques to improve the standard 
spherelike household light bulb, 
the General Electr ic Co. chose a 
commercial/industrial double-end-

FIGURE 1. Hot-mirror reflectance and 3000 K tungsten exitance. 
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FIGURE 2(a). Energy input and output diagram 
for an uncoated lamp. 

FIGURE 2(b). Energy input and output diagram 
for a lamp with a hot- mirror coating. 

ed quartz-halogen lamp as the ge
ometry that had the best chance of 
success. As i l lustrated in F i g . 3, 
the envelope has a 3/8-in. diameter 
and a relatively large filament run
n ing down the center. Spacers 
keep the f i lament posi t ioned on 
the axis of the coated envelope. 
The efficiency with which the fila
ment captures the reflected infra
red energy is a critical aspect of 
the lamp's success. 

Coating issues 
After reviewing the challenges, 

the magnitude of the task became 
apparent. Basing their comments 
on pr io r indus t ry expe r i ence , 
many technical experts suggested 
that the problems might not have 
viable solutions. In essence, we 
were confronted with major mate
rials and deposition problems. 

There were reasons for bel iev
ing that optical thin-film coatings 
would not survive temperatures as 
high as 800°C. Potential problems 
arising from excessive tempera
tures might include the loss of ad
hesion between the coating and 
the substrate, interfacial adhesion 
failure within the thin-fi lm stack, 
interdiffusion between layers, and 

excess ive stresses i n d u c e d by 
grain growth and differential ther
mal expansion. The industry stan
dard h igh- temperature mater ia l 
combination, titanium dioxide and 
s i l i con d iox ide , i ndeed d i d not 
work satisfactorily. When deposit
ed experimentally, the coating lost 

adhesion and peeled off the tube 
as a result of excessive intr insic 
stress. 

Then a breakthrough occurred. 8 

We discovered that the combina
tion of tantalum pentoxide and si l i 
con dioxide has al l the properties 
needed for this application. Tanta¬

FIGURE 3. Schematic of quartz-halogen lamp. 
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lum pentoxide for years had been 
a kind of industry orphan. It had 
been overshadowed by titanium 
dioxide, which has a higher index 
of refraction that works well opti
cally with the low index of silica. 

Tantalum pentoxide was not an 
immediate success, however. 
When a tantalum pentoxide/silicon 
dioxide hot mirror was deposited 
onto a flat quartz substrate, the 
coating crazed badly when heated 
to 800°C. This caused consider
able concern because experience 
told us that crazing is a sign of seri
ous weakness in thin-film coat
ings. Crazing can allow moisture 
to penetrate into the cracks, lead
ing to eventual delamination and 
destruction of the coating, espe
cially after repeated temperature 
cycling. 

In this application, however, the 
common results of crazing did not 
occur. Initially, crazing of the film 
became even worse when the hot 
mirror was coated onto cylindrical 
substrates, but we eventually 
learned to keep it under control. 
Ironically, crazing has never be
come a cause of failure for this 
product. If the coating is not heat
ed above 400°C, it remains bril
liantly clear and free of any cracks. 
At 800°C the coating develops 
many fine fissures (as shown in 
Fig. 4), but cracks rarely develop 
further over time during actual 
use. 

The adhesion of this coating to 
the quartz surface, in fact, is ex
traordinary. In some of the early 
development efforts, when stress
es in the coating became exces
sive, the cohesive strength of the 
quartz substrate failed before the 
film/substrate bond, so that chips 
of the substrate came off with the 
coating. This stress problem has 
long since been remedied by ad
justments to the coating proce
dure, but this example demon
strates the remarkable strength of 

FIGURE 4. Diagram of craze pattern in coating on tube. 

the bond between the coating and 
the substrate. Although by normal 
optical thin-film standards the hot 
mirror is flawed after being sub
jected to high temperature, it has 
proven eminently suitable for 
lamp applications. 

Usually when films are deposit
ed onto highly curved surfaces, 
high deposition angles cause the 
coating to be soft and lose other 
desirable optical and physical 
properties. Special techniques 
have been developed for control
ling the deposition angle and 
thereby minimizing these effects. 
The hot-mirror films deposited 
onto tubes now pass all normal 
standards for durability, including 
the 20 eraser-rub abrasion test, the 
snap-tape adhesion test, and the 
24-hour, 95% humidity test. In ad
dition, the films pass submersion 
in boiling water and thermal shock 
from 800°C to liquid nitrogen tem

perature, as well as indefinite cy
cling from room temperature to 
800°C. The coatings show no func
tional degradation during 2000 
hours of lamp operation. 

Coating uniformity 
requirements and solutions 

The degree of coating uniformi
ty on the lamp is an important fea
ture. All the visible light from the 
lamp must, of course, pass through 
the hot-mirror coating. If some vis
ible wavelengths are reflected 
rather than transmitted, the effect 
is a change in the color balance of 
the light. Without uniformity, the 
coating can cause a color shift in 
the emitted light. In addition, the 
brightness can be reduced. 

In use, the coated lamp is ex
pected to perform exactly as an un¬
coated lamp, except that it utilizes 
less electrical energy. The coating 
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must be uniform both from end to 
end and circumferentially. Close 
conformance to design parameters 
must be maintained to insure that 
both the color and energy usage 
remain within optimum limits. 

Uniformity is achieved by using 
rotary mechan isms that have a 
high degree of precision in their 
ability to hold and rotate the tubu
lar substrates during deposition of 
the coating materials. It is impor
tant to control both systematic and 
random movements during the ro
tation of the tubes. The tubes are 
rotated on the order of 100 times 
during the deposition of each lay
er. 

Masks are used to improve uni
formity along the tube's length by 
shaping the d is t r ibu t ion of the 
coating material. The degree of 
un i fo rmi ty a c h i e v e d depends 
upon how precisely the trim masks 
are cut. A n upper l imit is set by re
duced coating efficiency. 

Although by normal 
optical thin-film 

standards the hot mirror 
is flawed after being 

subjected to high 
temperature, it has 
proven eminently 
suitable for lamp 

applications. 

Obta in ing uni form coating de
posits also requires uniform sub
strates. Noncircular tubes w i l l not 
receive uniform coatings as com
pared to wel l - formed cy l indr ica l 
ones, nor w i l l ben t or b o w e d 
tubes. These are some of the d i 
lemmas encountered when coat
ing cyl indrical substrates. 

Measuring instrumentation 

The difficulty of measuring the 
optical performance of a thin fi lm 
on a cy l indr ica l surface in i t ia l ly 
slowed our ability to coat tubing. 
Standard spectrophotometric in 
struments do not allow us to obtain 
the val id transmittance and reflec
tance data needed for both process 
control and product assurance. At
tempting to scan even the most 
preceisely formed coated tubes in 
a s tandard spect rophotometer 
causes serious focusing problems 
in both reflectance and transmit
tance modes. Us ing drawn tubes 
of glass and quartz with striations 
and other defects exacerbates the 
p r o b l e m . In add i t i on , scatter 
caused by coating defects serious
ly affects the signal beam. 

To overcome these problems, 
we designed and bui ld a special
ized spectrometer, the basic layout 
of which is shown in F ig . 5. This 

FIGURE 5. Diagram of spectrometer to measure tubes. 
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instrument is designed to measure 
specular and diffuse reflectance as 
w e l l as specu la r t ransmi t tance 
over the wavelength range of 400 
to 2000 nm on a cyl indrical sur
face. A fiber optic is located along 
the axis of the coated cyl inder and 
directs l ight through the coated 
wal l of the tube for transmittance 
measurements. Wi th this precise, 
specialized instrument the photo
metric values are accurate to a few 
percent. 

Applications 
As a result of this program, Gen 

eral Electr ic Co. has introduced a 
new product l ine of high-efficien
cy W A T T - M I S E R ® quartz-halo
gen lamps. These lamps save 30% 
to 40% of energy costs and are 
identical to previous products with 
respect to m o u n t i n g and use , 

thereby m a k i n g them d i rec t l y 
compatible replacement parts. 

Du r i ng the past year, appl ica
tions for this technology have ex
panded in to areas other than 
quartz-halogen incandescent light
ing p r o d u c t s . 9 - 1 1 Coatings are be
ing designed in conjunction with 
high-intensity discharge lamps to 
improve color rendering and to en
hance the output of selected ultra
violet bands for such applications 
as tanning, photoresist exposure, 
and curing of resins. 

Another application of this tech
nology is the coating of highly ad
herent meta l l i c bands onto the 
ends of flashlamps to which elec
trical trigger wires are soldered. 

Other applications include the 
coating of laser flashlamps to im
prove system performance. T h e 
spectral output of xenon and kryp
ton flashlamps is matched to the 

FIGURE 6. Typical UV-IR reflector applied to krypton lamp for use 
with Nd:YAG laser. 

laser absorption bands whi le dele
terious ultraviolet and infrared en
ergy is recycled. Figure 6 shows 
the spectral design of such an ul
traviolet/infrared reflector, which 
incorporates a transmissive region 
at the wavelength location of the 
N d : Y A G absorption bands. System 
gains of better than 15% have been 
observed using coated flashlamps 
and f lowtubes . T h i s resul ts i n 
more laser power output wi th no 
increase in power supply size and 
cost. 

It is expected that the new tech
nology developed to coat cylinders 
w i l l have optical as we l l as nonop¬
tical applications. 

References 
1. Br i t i sh Thomson-Hous ton C o . L td . , 

Br i t ish Patent 703,127 (1952). 
2. J . N . Bowte l l and J.A. Moore , Br i t ish 

Patent 834,087 (1960). 
3. Ph i l ips Electronic and Associated In

dustries L td . , Br i t ish Patent 1,123,574 
(1965). 

4. F .H .R . A lmer and H . Kost l in , U.S. Pat
ent 4,017,758 (1977). 

5. S .D . Si lverstein and J.S. Prener, U.S. 
Patent 4,467,238 (1984). 

6. L . T h o r i n g t o n et a l . , U . S . Pa ten t 
4,160,929 (1979). 

7. S.A. Baranov, I.V. Kolpakova, M . Y u . 
Kononova, A .A . Mak , and O.A. Mo tov i¬
lov, "Ef f ic iency of laser pump ing by 
xenon flashlamps w i th interference 
coatings," Sov. J . Quantum Elect ron. 8 
(1), 102 (1978). 

8. R .L . Mar t in Jr. and J . D . Rancourt, Brit
ish Patent 2,103,830 (1982). 

9. H.T. Powe l l and C . E . Uhr i ch , "Recy 
c l i n g o f op t i ca l r ad ia t i on b y f l ash -
lamps," in Digest of the Conference on 
Lasers and Electro-Optics (Optical So
ciety of Amer i ca , Wash ing ton , D . C . , 
1985) , paper T H X 3 . 

10. R .L . Mar t i n Jr., " F l a s h l a m p perfor
m a n c e e n h a n c e m e n t u s i n g op t i ca l 
coat ing," in Digest of the Conference 
on Lasers and Electro-Optics (Optical 
Society of Amer ica, Washington, D .C . , 
1986) , paper T u K 2 3 . 

11. J.W. Kuper , R . E . Boyd , J .J . Barrett, and 
R.C. Morr is , "Conduc t i ve ly cooled al
exandrite laser system," i n Digest of 
the Conference on Lasers and Electro-
Optics (Opt ica l Society of Amer i ca , 
Washington, D .C . , 1986), paper TuK28 . 

28 O P T I C S N E W S • A U G U S T 1986 


