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This paper discusses current trends in advanced low-emis
ity glazings, comparing product requirements and trends
Europe and North America driven by residential and comm
cial architectural requirements. A brief description of the spu
tering process and associated vacuum deposition equipm
is given. Low-emissivity glazings which combine solar con
trol with thermal insulation and high visible transmission a
now available. The relative performance of these differe
products will be discussed. Advanced low-emissivity glazing
under development utilizing high index materials are pr
sented.

INTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTION
Architectural glazings utilize thin film materials to contro
the flow of visible and solar energy through the glazing. Th
use of large scale sputter deposition of thin films for archite
tural glazings was pioneered nearly twenty years ago. W
the development of the planar magnetron sputtering catho
in the early 1970’s, the large scale deposition of architectu
glazings became commercially feasible. The introduction 
large scale sputter deposition created the capability to 
posit a wide variety of thin film materials, enabling the cre
ation of coatings with flexible variation in appearance an
thermal performance.

Figure 1 shows a schematic representation of the sputter
process using a planar magnetron cathode. The key inno
tion which made sputter deposition an economical proce
was the use of magnetic fields to confine the plasma of ba
fill gas ions and electrons near the surface of the target. T
basic patents on the planar magnetron cathode were issue
BOC in the early 1970’s.

The planar magnetron was extremely successful in enabl
the deposition of metal films and many useful reactive com
pounds. However the planar geometry of the magnetron ca
ode resulted in some significant processing limitations, esp
cially for reactive deposition of heavily insulating materials
Since the erosion zone is localized in a ring pattern, are
outside of the ring are not sputtered. These areas c
 build up insulating reacted compounds, when target mate
als are sputtered in nitrogen or oxygen. Most of these ox
compounds are non-conductive, therefore they can build 
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      Figure 1 - Planar Magnetron

an electric charge from the plasma until the point at which th
material breaks down with a destructive arc. This process h
kept sputtering from being applied to very insulating materi
als such as silicon oxide or nitride, which have desirable o
tical or durability properties.

In 1989, BOC Coating Technology introduced a new magne
tron cathode geometry, the rotating cylindrical magnetro
cathode, or C-MAG® cathode. The rotating geometry ensures
that all surfaces of the target material are sputtered, elimina
ing the ability for reactive layers to build up on the cathode
Figure 2 shows a schematic of the C-MAG cathode configur
tion. Currently, the common configuration for this source is
to use two rotating tubes in the place previously occupied b
a single planar magnetron.
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Architectural glazings can be divided into two broad produ
families. Solar control coatings, predominantly used in th
commercial sector, reduce heat load by reducing the transm
sion of solar energy. Low-Emissivity coatings reduce therm
heat loss by reflecting room heat (long wavelength infra-re
energy) back into the building. Although predominantly use
in the residential market, low-emissivity coatings are findin
significant commercial applications.

Conventional low-E coatings are high visible transmissio
products designed for residential application to increase t
insulation value of a double glazing unit in winter climates
These coatings utilize a thin layer of silver, dereflected b
transparent oxide layers, to reflect infra-red energy while ma
taining a high visible transparency. In addition, a thin sacrif
cial metal layer is deposited between the silver and top me
oxide layer to protect the silver. The region of the infra-re
from 5 to 50 microns in wavelength, is the region in which
heated room will radiate thermal energy. In this region, a typ
cal low-emissivity coating will reflect from 85-95% of the
thermal energy back into the room.

For reduction of heat loss, the low-E coating is typically glaze
on the #3 surface of the insulated glass unit (with the numb
1 surface being the outside surface of the lite facing out of t
building). However, the ability to reflect infra-red energy ca
be adapted to the commercial solar control market, to provi
products that combine higher visible transmission and low
reflectances with lower shading coefficients. In a solar co
trol driven application, such as in commercial architectur
use, the low-E can be glazed on the number 2 surface. T
position takes maximum advantage of the low-E reflectan
of the infra-red portion of the solar spectrum.

In cold dominated climates, such as Canada and Northe
Europe, energy conservation regulations are typically wr
ten to include a solar gain component based on the glaz

Figure 2-C-MAG Rotatable Cathode Cross Section
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direction within the figure of merit for low-emissivity perfor-
mance. These regulations therefore favor low-emissivity coat-
ings with high solar energy transmission, and resulting high
shading coefficients or solar heat gains.

In more variable climates such as the US, with cold winters
and hot summers, a purely emissivity driven U-value calcula-
tion is used to express the night-time (no solar gain) thermal
performance. To provide summer day-time solar gain reduc-
tion, low shading coefficient coatings are generally preferred
for maximum year round energy conservation.

Low-E figures of merit for the US are determined according to
NFRC standards for emissivity, U-value and shading coeffi-
cient. Figures in merit in Europe are dominated by the Ger-
man market which is driven by the German energy legisla-
tion. Coordinated ISO and CEN standards are under develop-
ment for emissivity, K-value (corresponding to US U-value)
and G- or solar factor (equivalent to the US shading coeffi-
cient, multiplied by the solar heat gain factor of single strength
glass of 0.87). However, the German legislation specifies a K-
effective factor, which modifies the emissivity driven K-value
with a directional solar gain factor. However, differences in
solar weighting functions, treatment of convection correc-
tions in the air gap, and other minor issues make direct com-
parison of US and European calculations difficult.

The low-E market is growing rapidly in the US and Europe.
The most recent production figures for the US show a 1991
production level of 15 million square meters, rising to 47
million square meters in 1995. European production was 14
million square meters in 1993, and will rise to 26 million
square meters in 1996, largely led by recent energy conserva-
tion legislation enacted in Germany.

A wide variety of low-emissivity coatings have been devel-
oped to meet demands for performance optimized for visible
transmission, low-emissivity, high or low shading coefficient,
materials choice, coating durability, etc. The various coating
stacks currently in production are shown in figure 3. The per-
formance advantages of these products, and coating families
currently under development are discussed below.

Low-Emissivity Coatings for Winter ClimatesLow-Emissivity Coatings for Winter ClimatesLow-Emissivity Coatings for Winter ClimatesLow-Emissivity Coatings for Winter ClimatesLow-Emissivity Coatings for Winter Climates
For the residential market, very high visible transmissions (at
least 75% for 4 mm glass double pane IGU’s) and neutral
color are required.
158158158158158



Figure 3- Structure of Standard Coatings Low-E Family
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The basic product for heating dominated markets is a singl
silver layer coating, using either tin oxide or zinc oxide to de-
reflect the silver. These products typically achieve a visible
transmission of 84-87%, with a solar transmission above 60%
Emissivities of 0.10 are typical for tin oxide based coatings
Zinc oxide based coatings achieve lower emissivities of 0.0
or better. Corresponding U-values for IGU’s with a 12.7 mm
Argon filled gap are 1.5 W/m²-°C or less. Due to the high sola
transmissions, shading coefficients are high at 0.75.

The typical visible and thermal performance factors for thes
coatings are shown in Figure 4. The net night-time heat los
when their is no solar gain available, is reduced considerabl
from 108 W/m² to 70 W/m². (All thermal performance values
presented are center of glass calculations performed usin
Window 4.1)
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Figure 4- Base Single Low-E
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igh durability products have also been developed, which
eplace these oxide layers with silicon nitride or combina-
ions of silicon nitride and titanium dioxide. These are ex-
remely corrosion and abrasion resistant materials. These pro
cts achieve similar thermal performance, with greatly en-
anced resistance to abrasion, humidity, salts, acid and ba
ttack. The deposition of materials such as silicon nitride is
ade possible by the use of the rotatable magnetron sourc

ypical coating stacks utilizing Si
3
N

4
 are shown in figure 5,

nd the corresponding thermal performance values are show
n figure 6.

Low-Emissivity / Low Shading Coefficient Glazingsow-Emissivity / Low Shading Coefficient GlazingsLow-Emissivity / Low Shading Coefficient Glazingsow-Emissivity / Low Shading Coefficient Glazingsow-Emissivity / Low Shading Coefficient Glazings
o provide thermal insulation in winter and solar shading in
ummer requires products with a low-emissivity and low shad
ng coefficient. The commercial glazing market can accep
roducts with more moderate visible transmission levels and
ore color options than the residential market. For commer

ial applications, coatings based upon modifications of the
ingle silver layer coatings can be used.

Super-E IIIuper-E IIISuper-E IIIuper-E IIISuper-E III
glass / Siglass / Siglass / Siglass / Siglass / Si

33333NNNNN44444 / NiCr  / NiCr  / NiCr  / NiCr  / NiCr Ag NiCr / SiAg NiCr / SiAg NiCr / SiAg NiCr / SiAg NiCr / Si
33333NNNNN44444

Super-E IVuper-E IVSuper-E IVuper-E IVSuper-E IV
glass / glass / glass / glass / glass / TTTTTiOiOiOiOiO22222 / NiCr  / NiCr  / NiCr  / NiCr  / NiCr Ag NiCr / Si3NAg NiCr / Si3NAg NiCr / Si3NAg NiCr / Si3NAg NiCr / Si3N

44444

Figure 5- Silicon Based Coatings
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Super-E IIISuper-E IIISuper-E IIISuper-E IIISuper-E III Super-E IVSuper-E IVSuper-E IVSuper-E IVSuper-E IV

%T%T%T%T%T 7676767676 8282828282
%Rg%Rg%Rg%Rg%Rg 44444 66666
%Rf%Rf%Rf%Rf%Rf 88888 44444

%Tsol%Tsol%Tsol%Tsol%Tsol 6262626262 6363636363
%Rg sol%Rg sol%Rg sol%Rg sol%Rg sol 12.412.412.412.412.4 15.515.515.515.515.5
%Rf sol%Rf sol%Rf sol%Rf sol%Rf sol 1414141414 1919191919

EnEnEnEnEn 0.160.160.160.160.16 0.100.100.100.100.10
K(Ar)K(Ar)K(Ar)K(Ar)K(Ar) 1.921.921.921.921.92 1.511.511.511.511.51
S CS CS CS CS C 0.780.780.780.780.78 0.780.780.780.780.78

Figure 6- Silicon Based Coatings Thermal Performance

The “Sunbelt” low-E products are based upon single laye
silver where either the silver or protective metal layer 
increased in thickness to lower the visible transmission o
coating. As measured on 4 mm clear glass, the visible tr
mission can be reduced from a value of greater than 84%
residential application, to approximately 50-60% for co
mercial solar control applications. The Sunbelt series f
stacks are based upon the use of silver and tin oxide (Sn

2
).

The “Sunbelt” series consists of three products. Figure 7 sh
the visible, and thermal performance values for these p
ucts. The Sunbelt Neutral coating has a very low visible
flectance and little color, and is finding increased use in c
mercial low-E applications. This product can be used in m
kets which restrict the external visible reflectance of glaz
systems. There are also blue and silver colored coatings
silver coating offers the lowest emissivity and U-value, a
the most solar shading. However, the external visible ref
tance level is more comparable to the brighter stainless 
based solar control coatings.
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While a clear IGU will transmit 75% of the available solar
radiation, an IGU with the Sunbelt Neutral product glazed on
the number 2 surface will transmit only 40% of the solar ra-
diation. Hence a low shading coefficient can be achieved
with a high visible transmission product, with minimal vis-
ible reflectance to the outside of the building (less than 15%
for an IGU).

Even better performance can be achieved with a more sophi
ticated coating design utilizing two silver layers. “Double
Low-E” is basically two low-E film stacks superimposed. This
coating provides the highest performance combination of high
visible transmission, low U-value and low shading coeffi-
cient (see figure 8). As a result, it is now a major low-E produc
in the US market, and is growing in the European market

Emissivities of less than 0.05 (i.e. infra-red energy reflection
levels of greater than 95%) are typically achieved, resulting
in U-values for Argon filled units below 1.4. Shading coeffi-
cients of less than 0.5 can be achieved. As a result an IG
glazed with double low-E on the number 2 surface reduce
the transmission of solar energy from 75% for a clear glas
IGU to 41%. (see figure 9). At the same time, visible transmis
sion for the IGU is over 70%. This makes the double low-E
coating suitable for both commercial and residential markets
For winter applications, a double low-E IGU filled with Argon
gas can achieve a U-value of less than 1.4 W/m² (4 mm glas
12.7 mm air space)

The use of two silver layers results in a coating system in
which visible appearance (reflectivity and color) are much
more sensitive to physical thickness variation of individual
coating layers. Computer optical modeling has been used t
determine the physical thickness uniformity required to
Optical ParameterOptical ParameterOptical ParameterOptical ParameterOptical Parameter NeutralNeutralNeutralNeutralNeutral BlueBlueBlueBlueBlue SilverSilverSilverSilverSilver
VVVVVisibisibisibisibisible le le le le TTTTTrrrrransmissionansmissionansmissionansmissionansmission 5757575757 6060606060 4949494949
Film Side ReflectanceFilm Side ReflectanceFilm Side ReflectanceFilm Side ReflectanceFilm Side Reflectance

YYYYY 44444 77777 3434343434
aaaaa 55555 -1-1-1-1-1 11111
bbbbb 77777 -25-25-25-25-25 -10-10-10-10-10

Glass Side ReflectanceGlass Side ReflectanceGlass Side ReflectanceGlass Side ReflectanceGlass Side Reflectance
YYYYY 1010101010 2121212121 3838383838
aaaaa 11111 -3-3-3-3-3 -2-2-2-2-2
bbbbb -4-4-4-4-4 -13-13-13-13-13 -3-3-3-3-3

SolarSolarSolarSolarSolar
TTTTTrrrrransmissionansmissionansmissionansmissionansmission 4040404040 4545454545 3434343434

Film Slde RFilm Slde RFilm Slde RFilm Slde RFilm Slde R 2222222222 2020202020 5656565656
Glass Slde RGlass Slde RGlass Slde RGlass Slde RGlass Slde R 1515151515 2020202020 5050505050

EmissivityEmissivityEmissivityEmissivityEmissivity <.10<.10<.10<.10<.10 <.10<.10<.10<.10<.10 <.05<.05<.05<.05<.05
Shading CoefficientShading CoefficientShading CoefficientShading CoefficientShading Coefficient 0.510.510.510.510.51 0.470.470.470.470.47 0.380.380.380.380.38
(6-12-6 IGU)(6-12-6 IGU)(6-12-6 IGU)(6-12-6 IGU)(6-12-6 IGU)

Figure 7- Sunbelt Product Optical Specifications
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Glass / ZnO / Glass / ZnO / Glass / ZnO / Glass / ZnO / Glass / ZnO / Ag Ag Ag Ag Ag TTTTTi / ZnO / i / ZnO / i / ZnO / i / ZnO / i / ZnO / Ag Ag Ag Ag Ag TTTTTi / ZnO / x / ZnOi / ZnO / x / ZnOi / ZnO / x / ZnOi / ZnO / x / ZnOi / ZnO / x / ZnO

where, x can be TiOwhere, x can be TiOwhere, x can be TiOwhere, x can be TiOwhere, x can be TiO
22222, SnO, SnO, SnO, SnO, SnO

22222 or Si or Si or Si or Si or Si
33333NNNNN44444

TvisTvisTvisTvisTvis 75%75%75%75%75% TsolTsolTsolTsolTsol 41%41%41%41%41%
RfRfRfRfRf YYYYY 44444 Rf solRf solRf solRf solRf sol 34%34%34%34%34%

aaaaa -2.3-2.3-2.3-2.3-2.3 Rg solRg solRg solRg solRg sol 27%27%27%27%27%
bbbbb -2.7-2.7-2.7-2.7-2.7

RgRgRgRgRg YYYYY 4.84.84.84.84.8 E nE nE nE nE n 0.0450.0450.0450.0450.045
aaaaa -0.3-0.3-0.3-0.3-0.3 U (Air) = 1.77U (Air) = 1.77U (Air) = 1.77U (Air) = 1.77U (Air) = 1.77 U(Ar) = 1.39U(Ar) = 1.39U(Ar) = 1.39U(Ar) = 1.39U(Ar) = 1.39
bbbbb -0.5-0.5-0.5-0.5-0.5 SCSCSCSCSC 0.470.470.470.470.47

Figure 8- Zinc Based Double Low-E

achieve high uniformity of appearance. By using ellipsometric
measurement of optical constants of individual film layers
deposited on production systems, we can predict the vari
tion in appearance associated with total layer thickness vari
tion in a coating stack.

Table 1 shows the comparative thickness and associated a
pearance uniformity for a typical ZnO based single and doubl
silver layer coating. This table shows the required physica
thickness tolerance needed to control visible transmission
film and glass side reflectance to within ± 0.5 - 1.0 %, and to
control reflected color (Hunter a, b units) to within
Figure 9- D
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± 0.5 - 1.0 units. As can be seen, the physical thickness uni
mity for a double low-E production system must be at le
twice as exact as a conventional single low-E system,
achieve comparable uniformity. To meet these requireme
modern production systems are designed to achieve be
than ± 2% physical thickness uniformity.

Advanced Low-Emissivity CoatingsAdvanced Low-Emissivity CoatingsAdvanced Low-Emissivity CoatingsAdvanced Low-Emissivity CoatingsAdvanced Low-Emissivity Coatings

Further advances in low-emissivity performance require 
capability to reduce the emissivity, while controlling the sha
ing coefficient for winter heat gain or summer solar shadin
This requires the use of thicker silver layers to further redu
the emissivity. However, thicker silver layers alone will typ
cally result in lower visible transmissions and highe
reflectances. This can be overcome by utilizing transpar
oxides, such as TiO

2
, which have a higher index of refraction

This allows the silver layer to be more efficiently de-reflecte
in the visible region. In Figure 10 the results of optical mo
eling of such stacks, indicates the increasing index of refr
tion required to maintain coating appearance (visible tra
mission, color) as silver thickness is increased to reduce em
sivity.

Single silver layers utilizing either an all TiO
2
 stack, or combin-

ing TiO
2
 wi th ZnO for  sput ter ing eff ic iency,  have
ouble Low-E SUMMER: Solar Shading
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Parameter %T %RfY a b %RgY a b
Tolerance

Single Low-E
+ 0.5 7% 9% <3% 1% 6% 3% 1%
+ 0.75 10% 10% 4% <2% <7% 5% 2%
+ 1.0 10% 10% 6% <3% 7% 6% 3%

+ 0.75 3% 5% <2% <3% 4% 2% 1%

Double Low-E
+ 0.5 2% 3% <1% 1% 4% 1% <1%

+ 1.0 4% 6% <2% 2% <5% <3% <2%

 Percentages are thickness tolerances to achieve desired optical tolerance
TTTTTaaaaabbbbble I- Comparle I- Comparle I- Comparle I- Comparle I- Comparaaaaatititititivvvvve Sensitie Sensitie Sensitie Sensitie Sensitivity vity vity vity vity AnalAnalAnalAnalAnalysis Zinc Oxide Based Single vs Doubysis Zinc Oxide Based Single vs Doubysis Zinc Oxide Based Single vs Doubysis Zinc Oxide Based Single vs Doubysis Zinc Oxide Based Single vs Double Lole Lole Lole Lole Low-Ew-Ew-Ew-Ew-E
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 achieved emissivities of 0.05 to 0.07, with visible transmis-
sions above 82% and high solar transmissions. U-values o
1.4-1.5 approach the level of the double silver layer product,
while shading coefficients remain high at 0.7. These products
are optimized for climates with very cold winters and cool
summers, where lowest U-value and maximum solar gain in
the winter is preferable to solar shading in the summer. Thes
products will provide an optimized value of K-effective ac-
cording to the German energy legislation. Figure 11 shows
the coating stacks currently under development and typica
performance values achieved with this coating. Figure 12
contrasts the solar spectra of a TiO

2
 enhanced single low-E to

a standard zinc oxide based single and double Low-E.

Double silver layer coatings have been computer modeled
based upon similar designs. Emissivities of less than 0.02 ca
be achieved with visible transmissions of 65-80%. U-values
of 1.3 W/m²-°C are achievable. Solar transmissions of 30-
40% result in shading coefficients between 0.35 and 0.50
These products can provide the optimum winter U-values and
summer shading coefficients. Computer modeling results for
these stacks are shown in figure 13

Unfortunately, high index materials such as TiO
2
, are typi-

cally slow sputtering rate materials. The use of the rotatable
magnetron can enhance the productivity of these systems
However future work in enhancing the deposition rate of high
index material will be required to bring the production cost
down to that of current coating systems. Closed loop opera
tion in mixed Argon / Oxygen atmospheres will be required to
achieve high reactive sputtering deposition rates by operat
ing in the transition region of the hysteresis curve between
metallic and oxide depositions. Such processes are currentl
under development for production systems.
11111
igure 10- Index vs. K Value for Color tuned and Transmis
ion tuned

igure 11- TiO
2
 Based Single Low-E
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CONCLUSIONSCONCLUSIONSCONCLUSIONSCONCLUSIONSCONCLUSIONS

Architectural glazings control the flow of solar energy in
and out of a building, while adding a broad selection of 
sual appearance. The glazings act as selective filters, ch
ing which wavelengths of light and thermal energy will 
transmitted or reflected.

The use of low-emissivity coatings for solar control applic
tions, opens up the opportunity to achieve low shading c
ficients with a higher visible transmission. Therefore, ma
mum use of available natural daylight can be made, w
reducing summer thermal heat loads and winter thermal los
The low-E coatings are more selective, providing high v
ible transmissions with very low infra-red transmissions. F
ure 14 compares the transmission of solar control and lo
products over the solar spectrum, from the ultraviolet reg
between 300 and 400 nanometers in wavelength, through
visible at 400-700 nanometers, to the near infrared betw
800 and 2500 nanometers wavelength. The increasingly s
trally selective operation of these coatings are clearly sho

Future demands for energy conservation and design flex
ity will continue to require more advanced products. The 
pability to control both solar heat gains and thermal loss
will continue to be critical design features for building co
struction. Future products will be called upon for higher le
els performance, by additionally maximizing use of availa
natural daylight both for user comfort and to reduce ene
demand for lighting purposes.
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Figure 12-DLE vs. Enhanced SLE vs. SLE

Figure 13-Advanced Double Low-E
Figure 14- Comparison of Solar Performance
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