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AN

INTRODUCTION

This work consists of selected papers on architectural coatings from
two seminars held by the International Society for Optical Engineering
(SPIE) January 25-29, 1982 in Los Angeles, California. The papers
were selected from Optical Coatings for Energy Efficiency and Solar
Applications, Vol. 324, edited by C.M. Lampert and Optical Thin Films,

. Vol. 325, edited by R.I. Seddon. All papers are reproduced by permission

of the authors and SPIE. Full proceedings can be purchased from SPIE,
PO Box 10, Bellingham, WA 98227-0010 USA.

This collected work represents a sampling of the research and
development interest in transparent heat-mirror films for mainly archi-
tectural uses. The heat-mirror coatings discussed range from single-
layer semiconductors to dielectric/metal/dielectric multilayers. New
ternary compounds and nitride films are also introduced. Properties of
heat mirrors deposited on glass and polyester substrates are discussed.
The final section deals with large-scale processing, which is the link
between research and development and mass production. Details of large
physical-vapor deposition, chemical-vapor deposition, and roll-coating
systems are presented.
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Durable innovative solar optical materials—
the international challenge

Carl M. Lampen
Matenals and Molecular Research Division and Energy Efficient Buildings Program
Lawrence Berkeley Laboratory, University of California
1 Cyclotron Road, Bldg. 62-235, Berkeley, California 94720

Abstract

A variety of optical coatings are discussed in the context of solar energy utilization. Well kriown
coatings such as heat mirrors, selective absorbers, and reflective films are covered briefly. Emphasis is
placed on the materials limitations and design choices for various lesser known optical coatings and materi-
als. rphysical and optical properties are detailed for protective antireflection films, fluorescent concen-
trater materials. holographic films, cold mirrors, radiative cooling surfaces, and optical switching films

_including electrochromic, thermochromic, photochromic, and liquid crystal types. For many of these materi-

als research is only now being considered, and various design and durability issues must ke addressed.

Introduction

Optical coatings play a vital role in solar energy conversion. A number of well known coatings can be
classified as heat mirrors, selective absorbers and reflective materials. But there remain numerous less

" known films and materials that have significant conséquence to solar energy development. The deployment of

such films in active and passive solar energy conversion, photovoltaic, energy efficient windows, and mixed
designs offers improvement in efficiency and allows new designs to be introduced. It is the function of

“this study to expand the horizon of innovation by considering new materials, concepts, and techniques that

can manipulate sclar energy as a form of heat, light, and electrical power. Specific coatings and materials
will be covered under individual sections. Such materials are not without shortcomings. The ‘solution to
materials science and design problems is the responsibility of a number of scientists and engmeers workmg
in many countries and various fields. It is their commitment that will further this technology.
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Transparent conductive films

Transparent conductive coatings can be utilized for four major applications in solar energy conversion.
They can be used as low-emittance coatings for windows and solar collectors, as electrodes for photovoltaic
and photoelectrochemical cells, and as acflive elements in heterojunction agxd oxide photovoltaics. The use
of heat mirrors for architectural windowsl:2:3 and for solar collectorsdr2r6 is dicussed extensively else-
where. The relationship between the solar spectrum, blackbody spectra, and idealized selective reflectors
is shown in Figure 1. Heat mirrors fall into two classes based on design: single-layer doped semiconductors,
and metal/dielectric interference films. Examples of the former are SnO,:F, In,03:Sn, CdySnO4, and CdO.
Illustrative systems of the latter might be based on TiO,/metal, Al;03/metal, or 2ZnS/meta alternations.
Photovoltaics and photoelectrodes can utilize only single-?'.layer materials havinq, Exigh electrical conduc-
tivity. Several reviews cover the properties of doped transparent semiconductors.’’®’

Active materials research areas center around deposition processes and materials microstructural-
property relationships. Development Yg cost-effective techniques to deposit such films on glass and plastic
film materials is of major concern. Eliminating post-annealing treatments, to increase conductivity,
would reduce expense. Improvement in chemical dip coating processes and understanding of hydrolysis (CVD)
chemistry as it relates to film properties through deposition parameters are important research areas.
Further development of plasma—assisted physical vapor deposition (PWD) is critical to room-temperature depo-
sition on thin plastic film substrates. Lower deposition temperatures along with near-atmospheric pressures
should be utilized for refined coating processes. An understanding of doping and defect properties in sem—
iconductor films is necessary, with emphasis on durability and stability. There is also room for basic
materials research of new binary and ternary compounds including boride, nitride, oxide, and carbide systems

which may be better suited to simple deposition. Existing high-rate, large-scale deposition techniques for

heat mirrors should be examined carefully for cost-effectiveness.

Solar absorbers

Solar absorber research is dominated by studies on selective surfaces and paints. Absorbers for solar
collectors have been one of the most active research fields in solar coatings in the last few years. This
work has produced a better understanding of one of the most popular coatings, black chrome. I&s chemistry,
microstructure, degradation lifetime, and thermal limitations have been explored in detail.l1+12 studies of
chemical conversion and native oxide coatings have uncovered new_absorbers. The development of stick-on
solar absorber foils has allowed versatility in solar designs.*” The study of high-temperature selective
absorbers is quite challenging. Large-scale, high-temperature conversion requires an absorber material which
will remain stable and have consistant properties under high solar flux and cyclic temperature extremes,
One promising coating is the refractory metal-oxide, graded-index coating in which simple materials composi-
tion variation is responsible for the graded optical index. The development of a selective spray-on or dip
paint is also an area of active research. The challenge is to find a binder material that is devoid of
infrared absorption bands within the region of the absorber's blackbody operating temperature response.
This binder must be sufficiently strong to withstand the operational environment. Spraying or dipping tech-
niques also must be optimized to assure consistancy and uniformity of properties.

Reflector materials

Reflector materials for solar energy uses fall into two distinct categories: front-surface and back-
surface. They also differ according to method of deposition of the metallic aluminum, silver, or alloy
layer and whether the host material is flexible. Front-surface mirrors suffer from abrasion, atmospheric
corrosion, and delamination. A protective, durable overcoating material is required. For second-surface
"mirrors pr6duced by the wet chemical process there is a lack of understanding of the various interfacial
chemical reactions. For example, certain mirrors degrade rapidly while others last for several years. For
both types of reflectors an understanding of the stability between metal/polymer and metal/glass mirrors is
a significant issue. Dirt and dust can be responsible for considerable decline of efficiency of reflector
-surfaces. Techniques to limit dusting and washing of K surfaces need to be devised. Many of these concerns
were addressed at a recent solar materials workshop. 4

Antireflective and protective overcoatings

Antireflective coatings, if designed with proper compounds, can also serve as durable overcoating
materials. For photovoltaics some polymeric and elastomeric protective coatings can be effective antire-
flective materials if the coating is thin enough, although protective coatings are generally used in thick-
film form. Popular protective materials are silicones, fluorocarbons, halocarbons, and acrylic resins. One
major need is to develop a coating that serves both protective and antireflective functions. Some polymers
having a low refractive index (n) can antireflect glass (n = 1.5) and other high-index plastics. Disper-
sions of fluorinated ethylene propylene (n = 1.34) can be used for this purpose. Polyvinyl flwride (n =
1.46) can be antireflected by dipping in acetophenon. Graded-index films present a versatile range of coat-
ings having refractive indices that are not readily found. Fluworosilicic acid can give a graded-index,
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antireflective coating to g}gst (See Figure 2.) It primarily roughens the surface by etching out small
pores, in nonsilica regions.'®’!° Silica coatings deposited from sodium silicate or collodial silica can be
used for acrylic, polycarbonate, and several glasses. A film for polyethylene terephthalate (polyester) and
glass materials has been devised.17/18 The coating is made from a steam-oxidized aluminum film; this pro-
cessing causes a needle-like structure of aluminum hydroxide [Al0(OH)] to form. A polyestlegr film treated in
this fashion can serve in glazing applications where solar transmission must be optimum. (See Figure 3.)
Inorganic thin films have been used for a wide range of single and multiple interference coating applica-
tions. Compounds such as MgF,, CeO, CeFy, sio, si0,, and TiO, in various combinations have been used for
antireflection applications. “Other” than the traditional PVD techniques, a number of oxides can be dip-
coated onto optical substrates. Coatings of hot hydrolysed metal alkoxides can be polycondensed, forming
oxides of Al, In, Si, Ti, Fr, Sn, Pb, Ta, Cr, Fe, Ni, Co, and some rare earths. 0 a siin'lar method known as
the sol-gel process has formed mixed 'rioz-sio antireflective films on silicon®l and black :chrome.
Diamond-like (i - Carbon) transparent coatings have been used f% antireflective films.: They are formed
from plasma decomposition of hydrocarbons and ion beam deposition.<“ Coatings of about n = 1.9 can be made
which are suited to photovoltaics.
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Figure 4. Spectral transmittance "for OCLI
greenhouse cold mirror.

Cold-mirror and spectral splitting coatings

Cold-mirror coatings are selective transmission films having optical properties directly opposite to
those of the heat mirror. Cold mirrors:exhibit high reflectance in the visible region and transmit highly
in the infrared. Generally such coatings are all-dielectric, for example ZnS/MgF, and TiO,/Si0, hard-layer
films. These coatings are useful for separating light and heat and might ge utilized in" a combined
thermal-photovoltaic system. Another application for these films.is for greenhouses.2 Plants require only
a range of wavelengths 0.3 - 0.75 microns; the remainder of the solar spectrum is unused. This extra por-
tion can be separated as heat and used to warm the greenhouse. A baffle-type greenhouse utilizing ‘both
cold-mirror and reflective coatings is illustrated in Figure 4. '

Spectral splitting coatings are used to separate the solaE spectrum into various bands of wavelengths.
These bands are matched to a particular photovoltaic response. 57a system might consist of a series of cold
mirrors where the transition from reflecting to transmitting moves to longer wavelengths for each sucessive
spectral splitting cell. In this way the solar spectrum could be partitioned from high to low energies. A
series of heat mirrors could also be used, but the solar spectrum would be partitioned from low to high
energy as the heat-mirror transition wavelength became shorter. e

Fluorescent concentrator materials

The principle of fluorescent concentrators consists of a transparent plate which has been doped with
fluorescent dye molecules. Incident light corresponding to the fluorescent absorption will be captured and
emitted isotropically. Due to the index of refraction difference between the plate and surrounding media, a
large fraction of light will be trapped and transmitted to the edges of the plate by total internal reflec-
tion.. By silvering some of the edges, a greater amount of light can be funneled to a favored edge where
tuned photovoltaics, for example, may be placg. 153e amount of light guided in a plate to that lost by
transmission out of the sheet, according to G=(n“-1)"/“/n, is 75% for a sheet with n = 1.5. By using multi-
ple plates various portions of the solar spectrum can be utilized. For each level of collector plate a
higher absorption level is used so the innermost plate absorbs the highest energy. With the use of a backup
mirror reemitted energy can be absorbed by lower-energy fluorescent levels. ( See Figure 5.) The advan-
tages of using a fluorescent plate for concentration are that the concentration ratio is high (10 -100), the
concentrator works even in low insolation or diffuse sky conditions, and no tracking of the sun is required.
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Also, there is less heat dissipation in photovoltaic systems and high efficiency at low insolation levels.
For thermal collectors using fluorescent concentrators, efficiencies of 42-59% have been estimateq. ;ot
purely photovoltaic conversion overall efficiency of 32% for a four-plate system has been calculated. 25,2
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Materials for fluorescent concentrators have favored polymethyl methacralate (PMMA) for converting
wavelengths shorter than 1 micron. Good materials for the infrared need to be devised as glazings for cover
plates. Fluorescent dyes need to be custom tailored for solar collectors as they have been for lasers. The
dyes should have high quantum efficiency and low self-absorption with absorption and emission spectra well
separated in energy. Many existing dyes have overlapping spectra. Dyes need to be chemically resistant to
W decomposition. New materials can be used such as ligands containing rare earth ions and mixed organic
systems with nonradiative energy transfer between different molecules. The types of fluorescent materials
used for experimentation fall into the category of rare—earth doped laser glass and laser dyes. Rhodamine
6G in PMMA has W, = 525 nim W, = 575mm and ED2 Ne-doped glass has W, = 500-900rm Wy = 1060nm. A dye-doped
fluorescent thin film could also be devised as a substrate coating. This design could minimize reabsorp-
tion by the dye. Furthermore, a broader coverage in tailoring the dye emission spectrum can be obtained by
mixing dye materials in such a way that one emission band coni%sponds to the absorption band of another.
Rhodamine 6G and Coumarin 6 dyes have been used in this fashion.

Radiative cooling matgrials

The earth naturally cools itself by radiative transfer through high-transmission windows in the atmo-
sphere to the cold troposhere. This effect is most noticeable on clear nights. A significant atmospheric
window occurs from 8-13 microns wavelength. One could conceivably design an upward-facing surface which
would emit over this wavelength range. A material would have to have high reflectance for 0.3-50 microns,
excluding the 8-13 microns region. In the 8-13 micron region the material would have to have a very low
reflectance or high emittance. It is theoretically possible for such a surface to reach 50 °C below
ambient, with typical temperatures about 15 ¢ below ambient. Temperatures below the dew point should be
avoided.

Materials used for radiative cooling include SiO/Al (see Figure 6) and polymer—coated metals. Polymers such
as polyéiginylchloride (PVC), polyvinylflwride (PVF, Tedlar), and poly-4-methylpentene(TPX) have been sug-
gested. A radiative cooling device can also consist of two separate materials, a selective cover and an
emitter. Infrared emitters are easy to find, but the selective cover is a challenge. Materials like
polyethylene with coatings of Te or dispersions of T102 have been experimented with. The overall field of
radiative cooling has just recently regained interest. Materials need to be designed that not only satisfy
the optical requirements but are also resistant to weathering and solar degradation. For the materials
investigated thus far, the emittance of the coatings need to be optimized to take full advantage of the 8-13
micron window. Finally, methods of coupling these surfaces with heat-transfer media need to be devised.

Optical shutter materials

Optical shutter materials or devices can be used for energy-efficient windows or other passive solar
uses. An optical shutter offers a drastic change in optical properties under the influence of light, heat,
or electrical field or by their combination. The change can be, for example, a transformation from a
material that is highly solar transmitting to one which is reflecting either totally or partly over the
solar spectrum. A lesser choice might be a film which converts from highly transmitting to highly absorb-
ing. In application an optical shutter coatina could control the flow of light and/or heat in and out of a
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building window, thus performing an energy management function. Depending upon design such a coating device
could also control light and thermal levels for lighting, heating, and cooling functions. Generally, this
idea represents future résearch and design areas. Phenomena of interest to optical shutters are electro-
chromic, photochromic, thermochromic, and liquid crystal processes. . .

Electrochromic devices

Electrochromism is exhibited by a large number of materials both inorganic and organic. The electro-
chromic effect is of current research interest mainly because of its application to %ectro_nic. display dev-
ices. However, the use of electrochromic devices for windows has been addressed. The electrochromic
effect, in essence, is a material which exhibits intense color change due to the formation a colored com-
pound. This compound is formed from an iop insertion reaction induced by an instanteous applied electric
field. The reaction might follow: MO + YA  + ye'HAYMOX. : : .

There are three categories of electrochrorﬁic materials: transition metal oxides, organic caompounds, -and

" intercalated materials. The materials which have gained the most research interest are WO + MoO3, and. Ir0,

films. These compounds, among other transition metal oxides, are the subject of a timely review.3! Organic
electrochromics are based on the liquid viologens, anthraquinones, diphthalocyanines, and tetrathiaful-
valenes. With organics, coloration of a liquid is achieved by an oxidation-reduction reaction, which may
be coupled with a chemical reaction. Intercalated el&trochromics are based on graphite and so are not use—
ful for window applications. - .

A solid-state window device can be fabricated containing the elements showmn in Fiqure ‘7: transparent
conductors (TC), .an electrolyte or fast-ion conductor (FIC), counter electrode (CE), and electrochromic
layer (EC). Much research is needed to develop a usable panel, better electrochromic materials with high
cycle lifetimes, and short response times. Certainly fast-ion conductors and electrolytes also require
study. . . - : ,
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Photochromic materials

Photochramic materials change their optical properties or color .with light intensity. Generally, pho~
tochromic materials are energy-absorptive. Basically, the phenonemon is the reversible change of a single
chemical species between two energy states, having different absorption spectra. Thi cngnge in states can
be induced by electromagnetic radiation. ~ Photochromic materials have been reviewed.32:3: Probably the best
known is photochromic glass used in eyeglasses and goggles. Photochromic materials are classified as organ-
ies, inorganics, and glasses. Within the organics are stereoismers, dyes, and polynuclear aromatic hydro-
carbons. The inorganics include 2nS, TiO,, Li3jN, HgS, HgI,, HgONS, and alkaline earth sulfides and
titanates, with many of these compounds reQuiring traces of }%eavy metal or a halogen to be photochromic.
Glasses that exhibit photochromism are Hackmanite, Ce, and Eu doped glasses (which are ultraviolet sensi-
tive), and silver halide glasses (which include other metal oxides). The silver halide glasses color by
color-center formation from an AgCl crystalline phase. The typical response for a photochromic glass is
shown in Figure 8. : . g o

For windows, development work-is needed to ultilize commercially available silver halide glasses. Other
deposition of such glasses as film compounds requires more research for possible utilization as films and
suspensions in polymeric materials. . : '
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Reversible thermochromic materials

Many thermochromic materials are used as nonreversible temperature indicators, but for an optical
shutter one can consider only the reversible materials, although their actual cyclic lifetime is limited by
nonreversible secondary reactions. Organic materials such as spiropyrans, anils, polyvinyl acetal resins,
and hydrozides are examples of thermochromism. Inorganic materials include HgI,,AgI, AgolgI,, Cug,Hgly,
SrTiO3 Cd,P3Cl, and Copper, Tin, and Cobalt, complexes. Research aseaas are fairly wide open; some work fs
suggested on compounds which exhibit both photo and thermochromism.>® Identification of limiting reactions,
development of film materials, and polymeric and glassy dispersions are necessary.

Liquid crystals

Liquid crystals are actively used for electronic and temperature displays. The greatest part of
research has gone into these areas. Liquid crystals can be in one of three structural organic mesophases:
smectic, nematic, or twisted nematic (cholesteric). The most widely used is the twisted nematic. From a
materials standpoint liquid crystals are based on azo-azoxy, esters, biphenyls, and Schiff bases. Also pas-
sive liquid crystal films can be solidified into solid films by polymerization, giving preset optical pro-
perties. A liquid crystal in the form of a light valve could be used to modulate transmittance and reflec-
tance of light entering the cell. Unlike the electrochromic device, a liquid crystal would require continu-
ous power to stay reflective. Both cost and fabrication must be considered for large-area optical shutters.

Holographic and interferometric films

Holography consists of the recording of two reflected, coherent beams inteferometrically from a physi-
cal object. An analogous technique using interferometric noncoherence could be used to construct thin films
which are light-concentrating, reflecting or redirecting in a wavelength-selective manner. As a hologram
requires coherent ‘light (a laser) to reconstruct the image, this analogous method could utilize a non—
coherent light source like the sun. The holographic phase and amplitude pattern needed for solar uses could
be generated by computer, once given a mathematical model of the spatial distribution required.

Holographic recording materials 36 can be photographic emulsions (phase and amplitude holograms), photo
polymers, thermoplastic xerography, and dichromatic gelatin, which are useable for all phase-only hologra-

phy.
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Low emissivity and solar control éoafings on architectural glass

Wolf-Dibtor Dachsoft. Wolf-Dieter Miunz, Michael Scherer
. Department of large-scale coating systems, Leybold-Heraeus GmbH
Wilhelm-Rohn-Str. 25, D-6450 Hanau, Federal Republic of Germany

‘Abstract

Methods of depositing thin films on glass using the vacuum coating technic have been
developed to impede the transfer of heat through glass thus reducing the energy costs for
room heating or air conditioning. Heat reflecting so-called low emissivity coatings permit
a maximum amount of daylight to pass through, but then block the heat that is generated
when light strikes an object (greenhouse effect). They are. composed of metals like silver
or copper sandwiched in selected oxide films or they are transparent semi-conducting mono-
films. Double glazed insulating units with coated glass achieve k-values in the order of
magnitude 1,8 to 1,5 Watts per squaremeters and degree Kelvin. Maximum available trans-
mittance values at lambda = 550 nm are 85%. (single pane), maximum reflectance values are
93% measured at lambda = 8 um. The corresponding emissivities are around 0,1. The investi-
gated low-e films are stable within 1% concerning transmittance aBd sheet resistance
changes when exposed to elevated temperatures in air of up to 150°C. Solar control films
used to keep out sunheat are sputtered in a reactive gasatmosphere on.the base of titanium,
stainless steel or chromium. Reflectance values of 32% are achiéved at a transmission of
e.g. 8%, The shading coefficient b is about 0,27. Large-scale production equipment for

. sputter deposition of the cited films. is introduced.

Introduction

From the entire energy consumption all over the world 45% are used for the climatisation
of buildings during heating or air conditioning. In countries and zones with-warm climate
and long hours of sunshine the fuel saving when cutting air conditioning costs by less sun-
heat getting into the rooms is of major importance. By coating glass panes with solar con-
trol filmé heat is prévented to get into the rooms. In colder or moderate climate zones
insulating glass windows are used, which are coated with heat reflecting so-called low
emissivity films retaining the heat inside the rooms. For a positive overall energy balance
additionally the highest possible transmission for the incident radiation in the visible
and near: infrared wavelength range is required. Film systems for both applications are de~-
veloped which can be sputter deposited undér vacuum in large-scale production equipment.

Optical and thermal properties of glass windows

Entire radiation energy balance

From the incident solar energy 98% are contained in a wavelength range between 200 nm
and 2500 nm. Window glass shows for this wavelength range a transmission of about 87%.

The heat radiation energy emitted from

=== Uncoated single pane
-.==1TO film on single pane
~——MeO-Ag-MeO on single pane

Tr_ansmmance T [%]

4%UV 45%VIS
100 4

Relative energy
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Figure 1.

Spectral transmittance of uncoated

and coated glass for sunlight and daylight and
spectral energy datetribution of the sun radi-

ation.
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heat sources inside of rooms. is to 98% .in
the wavelength range between 3. .um and

30 um. This far infrared heat radiation
is absorbed and reradiated of up to 89%
from the glass. .

. Resulting from these. properties of a
glass.pane the short-wave sunlight and
the daylight radiation pass through the
glass into the rooms where it is absorbed
from the walls and interior objects. The
in the sense of heat technology nearly
black objects emit the absorbed energy as
long-wave heat radiation. The major por-
tion of the generated heat is blocked by
the glass. Thus window panes act like so-
lar collectors being transparent for
short-wave radiation and opaque for long-
wave radiation. L

In fiqure 1 the spectral transmittance
of an uncoated single glass pane is shown



together with the spectral distribution of the sun radiation energy in the wavelength range
between 300 nm and 2800 nm. .

Single glazed panes and solar control coatings

The heat isolation effect of window panes is determined by the coefficient of heat

transmission (k-value), which defines the passing through quantity of heat per unit area
and degree Kelvin. It is a function of the surface heat transfer coefficent of the roomside
glass surface a(i), the surface heat transfer coefficient at the outside glass surface a(a)
and the heat conductivity a(g) of the glass. The formula for the reciprocal k-value (heat
transfer resistance) is given by

i - - + a + L . m? X (1) R
k o, a a
i g a - 1)

During heat transfer from the building interior to the glass pane 58 % heat are trans-
mitted by radiation and 42 % are transmitted by convection. The heat transfer at the outer
pane surface is convection induced by 82 % and radiation induced by 18 %. ! Means to improve
the heat isolation effect of a single pane are to reduce the convection at the outside by
venetian blinds and to reduce the radiation share by infrared reflecting coatings at the
roomside. The sun protection effect defined as the reduction of the total radiation trans-
port from the outside to the inside is achieved by decreasing the glass transmittance. A
suitable mean is depositing a reflective film on the glass surface which also partially
increases the absorption, because a unilaterally the reflection increasing solar control
film may disturb for instance the traffic and settlements adjacent to the building glazed
with the coated glass. The solar control film efficiency is specified by the shading
coefficient b, which is defined as the ratio of the relative energy transport through the
coated glass pane to the relative energy transport through a 3 mm thick uncoated glass pane.
The relative energy transport value of uncoated glass is 87 %.

Insulating glass and low-e coatings

The k-value of a two pane insulating glass unit is 3 W/m?k. It is approximately half of
the k-value of an uncoated single glass. .

The heat transfer resistance 1/k is dependent on the heat transfer coefficients a(i)
(inner glass pane surface), a(a) (outer glass pane surface), d(gl), a(g2) (glass panes orne
and two) and a(12) (transmission from pane 1 to pane 2). It is given by:

J-r = J— + ;L + . l- + —l +
] a

m? X (2)
k oy %g1 g12 g2 .

1

The heat transmission coefficient a(12) is a function of the emissivities €(18) and
£(28) of the two glass panes.

The heat transfer from the roomside to the inner pane of the double glass is the same as
with the single glass pane. The absorbed heat of the inner pane of the insulating unit is
transmitted to the outer glass pane by 67 % by radiation.

Therefore the isolation effect of an insulating glass unit against heat loss of the inner
rooms is improved by considerably decreasing radiation exchange between the two glass panes
of the insulating unit.

This can be achieved by coating the number two or/and number three surface of the
insulating glass unit with a low emissivity film, which reduces the emissivity of the glass
surface from 0,8 to 0,1. The k=-value of a coated insulating glass unit is a function of
the em1551v1ty and consequently diminishes from 3 W/m?K to 1,8 W/m?K, or to 1,6 w/m K
when both inner surfaces are coated.

The solar collector effect of a twin glass is only little improved by coating because v
the transmission for sunlight is diminished.

Solar control films can be combined used with low em1351vity films in insulating glass
units, thus superimposing both effects.

Experimental results of new developments

Solar control films

1

Sputter deposited solar control films on glass paneé are mainly composed of semi-~trans-
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.parent metal films of Al, Cr, Ni, Ti or stainless steel. To meet the additional require-
ments of appropriate film hardness and chemical stability, especially when using monolithic
glass' as substrate, it has proven useful not to deposit the pure metals but partially
oxidized metal or metal alloy films, metal carbides or metal nitrides, containing a metal
excess. By changing the share of the free metal it is possible to vary the ratio of re-
flection by absorption in certain limits, keeping the transmission constant.

1
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Figure 2. Measured transmittance and re . = - 10+
flectance of a solar control film on clngle ’
glass pane (fllm on titanium basis).

Based on the titanium a relatively hard. and " 100 300 200 400
sufficiently chemically resistant single layer —
film of a reflectance conform to the market Temperature t [°C]
requirements was developed. The film appears
metallic when viewed in reflection and grey : ‘ . s
when viewed in transmission. The figure 2 o T Figure 3. ' Step-stress-tempera-

shows the measured transmittance and reflec- ture test of a solar control
tance of this solar control film on a single film on glass (heating time bet-=
glass pane versus the wavelength from 400 nm ween 50 °C steps 1 h), trans-
to 850 nm. The film was reactively sputtered . mittance measured at A= 550 nm.

from a titanium target. The transmittance at

A = 550 nm is 8 %, the reflectance from the )

coated side is 47 % and from the glass side 32 %. The absorption of this film is approx-
imately 45 %. From these values a shading coefficient b of 0,36 can be derived, assuming a
temperature difference of 10 °C between the outside and inside room temperature. This means
the incident radiation can be reduced by more than 50 %.

As a measure for the film durability the change of film transmittance and film sheet re-
sistance was taken dependent upon temperature influence during longer storing in atmosphere
and durlng a stepp-stress~test, which means stepwise elevation of the temperature by steps
of 50 °C each after one hour storing time at constant temperature. The transmittance
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Figure 4. Solar control film hardness ver- Figure 5. Measured transmittance of sputter

sus partial pressure of reactive sputter gases. deposited low-e MeO-Me-MeO and ITO films.
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changes AT shown in figure_3 versus temperature remain below 1 % to tempefatures of 150 °cC.

The hardness of the demonstrated solar control film is dependent on the partial pressure
of the reactive components of the sputter gas. Figure 4 shows the scratch resistance in
relative units as a function of the reactive gas components partial pressure. The compo-
sition of the solar control film of a single layer film allows a relatively simple construc-
tion and design of a high performance in-line sputter systenm, considerlng particularly the
number of cathodes, gas supply and lock design.

Low emissivity coatings

Sputter deposited thin films to reduce the heat radiation exchange between two panes inan
insulating glass unit consist either of a film sequence metaloxide-metal-metaloxide or of
semi~conducting oxidefilms. The low emissivity is caused by the metallic components or a
metallic structure of the semiconducting oxide. The metaloxide films serve to enhance the
metal film adhesion and to increase the film transmittance in the visible range in coinci--
dence with the human eyes' maximum sensitivity range. The wider the transmitted wavelength
range of light is the more neutral looks the coated glass in transmission. Selected metals
for this metal film are gold, silver and copper. Possible oxides for the sandwiched low-e
coatings are titaniumoxide, bismuthumoxide, tinoxide, indiumtinoxide or zincoxide.

The measured transmittance of several metaloxide-metal-metaloxide low-e coatings on a
single glass pane is shown in figure 5 and the measured far infrared reflectance is shown .
in figure 6. Using silver as metallic intermediate film maximum transmittance values in the .
range 83~85 % are achieved. The far infrared reflectance is about 93 % and the film emis-
sivity is 0,1 corresponding to a sheet resistance of 9 Q. Repla01ng the silver film by a
copper fllm, the maximum transmittance values in the visible are in the range 70-74 %. The
far infrared reflectance is about 88 % and the emissivity corresponds to a k-value of a
coated double glass without spec1a1 gas filling of 1,8 W/m?XK.

100
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g ]
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Figure 6. Measured far infrared reflectance
of “sputter deposited low-e MeO-Me-MeO and

170 films on single glass.

Figure 5 also shows the measured transmittance of an 800 nm thick ITO-film. The ITO-film
was sputter deposited on room temperature substrates using a dc-magnetron provided with a
specially prepared and manufactured target. A comparison of the different trans-
mittance curves in figure 5 up to wavelength 2500 nm results in silver containing low-e
coatings show the highest transmittance at A = 550 nm with 85 % and, considering the
entire near infrared wavelength range from 800 nm to 2500 nm, larger transmitted sun ra-
diation energy shares than ITO-films. A similar good total balance of energy transmission
with a slightly lower transmission value for sunlight in the near infrared shows the copper
containing film.

These properties of the metal containing low-e coatings are resulting in more positive
values of the overall heat balance of even southside and westside windows in a building than
shown by ITO-coated double glazed units. These facts are demonstrated in figure 1, where the
measured spectral transmittance of a silver containing sandwiched low-e film and an ITO-
film is inserted in the spectral transmission curve of sun radiation through glass. The
sputter conditions like reactive gas partial pressure, gas flow and sputter rate are
closely related to the low-e film stability. The hardness of the films is strongly in-
fluenced by the fact, whether the films during deposition are in close contact with the
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gaseous plasma or not. For harder films like solar control films a so-called "hot plasma"
(close contact) 1is necessary. Copper or silver containing low-e coatings need a so called
"cold plasma" (little contact with the plasma) to prevent oxidizing effects during film

deposition.
Aging tests with low-e coatings concerning changes of the transmittance versus tempe-
rature and resistivity changes have been accomplished by the same procedures (step-stress-

test, storing at elevated temperature) as described with solar control films. Below 150 °C
no changes of more than 1,0 % of transmittance in the visible range and sheet resistance

do occur.

In-line sputter systems for the production of solar control and low-e coatings under vacuum.

Substrates to be coated with solar control films or low-e films are mainly tempered or
ncn-tempered flat glass in cut or standard sizes of up to 3,18 by 6 m, or curved glass
pieces in standardized sizes of larger quantities as for instance automobile moon lights and
sun roofs. A large-scale production machine for economic manufacturing of coated glass has
to be capable of putting through large quantities of glass at short cycles with least
possible rejects.

A machine design allowing sputter deposition of either low-e films or, with slightly
modified machine outline, of solar control films shows figure 7. A schematic plant drawing

is shown in figure 8.

Figure 7. Load lock in-line sputter system for glass coating.
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The throughput for coated flat glass related to 3 shifts per day and 6000 hours per year
is dependent upon the layer system and machine equipment, between 5 and 30 million square
feet, and for curved automobile glass in the range of 600 000 till 800 000 pieces per year.

The plant is designed as a modular fully automatically operating load lock in-line
sputter system. The basic equipment comprises an entrance lock chamber, a sputter chamber
with entry buffer zone, sputter station and exit buffer zone and an exit lock chamber),
assembled in-line and separated by lock valves. By inserting additional chamber modules,
isolated by flap valves from each other, to transfer process steps of longer duration to
shorter in parallel running single process steps, the machine cycle time is shortened and
- the troughput consequently increased.

Flat glass substrates are frameless transported by rollerways with the utmost possible
utilisation of the available loading area per cycle. The transport is discontinuous in all
process chambers except the sputter chamber, where the substrates are continuously moved,
passing beyond the sputter cathodes. The speed is adjustable. As the entire film depo-
sition process is vacuum operated the substrates are brought from atmosphere into the
vacuum in the entrance load lock chamber. For better design and film adhesion some prelimi-
nary treatments like glow discharge cleaning or heating is done in the entrance lock
chamber before passing on the substrate into the sputter chamber.

In the sputter chambers the individual layers of the desired film system are simultane-
ously sputter deposited on a continuously moving substrate. The different process para-
wmeters and machine functions are individually controlled, adjusted and monitored to
achieve the optimum described film properties. )

The sputter gas atmosphere of the individual sputter cathodes is composed of up to four
different gas-components of precisely controled flow and determined partial pressure and
concentration. The sputter cathode targets are manufactured and fixed-to the cathode base
plate following special téchniques. It turned out that a constant sputter rate can be
maintained over hours just by controlling the dc power supplies' voltage and current,
without closed loop rate control.? The achieved thickness uniformity-across a pane width of
3,18 m and a depth of 6 m, is in the magnitude of + 1 %, excluding a marginal zone of 10 cm.

The cross contamination between the parallel operated sputter cathodes with reference to
the partial gas pressure is below 0,5 % when processing flat glass pieces and using
a thoroughly calculated and designed configuration of slot-type locks between the in-
dividual sputter zones. s

The low-e films and solar control films sputter deposited using the described
technology are durable enough to pass a smooth washing-process in a glass washing machine.
When assembling double pane insulating glass units with the coating on the number three
surface, the two panes can be bonded together without removing the coating along the edges
under the bonding zone.

When coating curved automobile glass the glass transport is accomplished by using
special holding plates loaded into frames with shieldings around the curved glass back-
sides to. prevent coating by backsputtering. The design of the lock valves is adapted to the
special glass shape.

For further informations especially on batch-type glass coaters, simpler in-line
systems and state of the art process technics reference is made to previous publications.?®

Conclusions

When coating the number 3 surface of an insulating glass unit with a silver or copper film
sandwiched in metaloxide films the coefficient of heat transmission k is reduced from
3 W/m*K (uncoated glass) to 1,8 W/m?K.

Metaloxide~-silver-metaloxide films have 72-78 % transmittance in the visible wavelength
range (insulating glass unit), a moderate transmittance in the near infrared to 2500 nm and
a low emissivity of 0,1. Similar values are shown by semi-conducting tinoxide or ITO-films
of sufficient thickness.

Solar control films based on partially reactive sputtered titanium decrease the incident
solar radiation by more than 50 % (shading coefficients of 0,4-0,2/). At a transmittance of
8 % reflectance values in the range 40-20 % can be adjusted with corresponding changing
absorption values in the range 52-72 %. Both kinds of layer systems can be sputter depo-
sited onto large substrate sizes of up to 3,18 m x 6 m by means of the vacuum technic in
large scale production equipment.
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* Materials for transparent heat mirror coatings
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Abstract -

Transparent heat mirrors can be constructed from single- or multi-layer coatings.  For
single-layer mirrors wide-band-gap semiconductors are the best available materials. The
required fundamental semiconductor properties are reviewed and exper1mental data of binary
and ternary compounds discussed.

Introduction

The wavelength-selective control of light transmission through transparent enclosures
is an accepted means of energy conservation. Research is also in progress to exploit this
principle in energy conversion, i.e., in.solar heat collectors. Basically, the control can
be accomplished in two ways =- partial absorptlon (tinted glass) or reflection (transparent -
heat mirrors). .

Low cost and simple manufacture have contributed to the widespread use of tinted glass
in architectural glazing, automobile windows and protective equipment. Tinted glass, ~
however, has the disadvantage of re-emitiing part of the absorbed energy and is unsuitable-
for solar -heat collector covers or light bulb envelopes. For these reasons, emphasis is
shlftlng increasingly to transparent heat mirrors and should accelerate as improvements
in cost, -durability and performance come along.

Heat mirror classification and applications

Transparent heat mirrors can be divided into different classes characterized by their
application or construction. Considering applications, two groups exist: 1. mirrors
which transmit visible light and in the ideal case reflect over the total infrared heat
spectrum (Class 1), 2. mirrors transmissive to visible and near-infrared light and reflec-
tive only beyond the near-infrared transmission cut-off (Class 2). Class 1 contains all '
present applications related to energy conservation and personal protection and, thus,
includes architectural glass coatings to reduce air conditioning requlrementsl light bulb
envelopesz, furnace windows3, welder and laser goggles, astronaut helmets. The Class 2
heat mirrors comprise solar heat collector covers and window coatings for the passive solar
heating of buildings. Some of these applications are still in an early development stage.

The construction of transparent heat mirrors provides another means for classification.
Three approaches have been considered. 1In two cases, a transparent substrate is needed
which is either covered by a single-layer or a multi-layer coating. The third system,
conducting microgrids, does not necessarily depend on a substrate.

) Conducting microgrids4 are electromagnetic filters which in their simplest form consist .~
of a metal wire mesh. The grids transmit short-wavelength radiation and reflect infrared
light if wire diameter and mesh openings are properly chosen. To be effective in the opti-
cal spectrum the wire diameter must be submicron size and the mesh openings in the order of
a few microns. Herein lies the major disadvantage of these filters. They are difficult

to produce in freely suspended wire form and also as photoetched thin film grids on large
area substrates.

In comparing single- and multi-layer heat mirrors, both are viable candidates for
commercial products. It would seem that for economical reasons single-layer systems are
the preferred choice. This is true in principle, but many current architectural coatings
consist of more than one film to achieve optical properties not yet obtainable with a
single layer. When, for example, a complete infrared cut-off is desired (Class l) metal
films are needed which may reguire additional films to alter the visible reflection and
provide mechanical protection>. '

. Of the transparent heat mirror applications listed earlier, coatings on architectural
glass and sodium lamp envelopes are made on a commercially significant scale. - The archi-
tectural coatings add aesthetic appeal to the windows and this fact may be of more impor-
tance to some users than optimal heat reflector performance. Frequently, today's commer-
cial coatings do not have the highest possible infrared reflectance; some leading glass
manufacturers quote the total solar energy reflectance of their best products in the
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30-40% range. Considering that approximately 50% of the solar radiation is in the infrareq
higher reflectivities would reduce air conditioning requirements below existing levels.

In contrast, heat mirror coatings for solar collector covers must meet more stringent
performance specifications. .They need to be highly transmissive (>90%) over the solar
spectrum up to 2.5 um and highly reflective beyond this wavelength. These requirements
arise primarily from economic considerations but also from the existence of a competing
technology, selective absorber surfaces6. Cost and optical properties of available Class 2
heat reflectors still have to be optimized to become competitive on a large scale. Pro-
gress in this area may come from wide-band-gap semlconductor coatings which are the main
subject of this paper.

Semiconductor heat mirror coatings

The unique transparent heat mirror properties of semiconductors are based on the
existence of a forbidden energy gap in their band structure and the possibility to generate
in these materials free electrons or holes by doping. The energy gap Eg is an intrinsic
materials parameter that provides for a spectral region of high optical transmission. 1In
an undoped, purified semiconductor, Eg determines a wavelength A at which transmission
changes into absorption due to interband transitions of the intrinsic charge carriers. If
Egq is measured in electron volts Ag , given in um, can be calculated according .to Ag =
1.23/E It follows, for example, that semiconductors with E4 less than 1.6 eV are opaque
to all v151ble light. Band gaps larger than 3 eV are needed gor complete transparency
over the visible spectrum. However, Eg s as small as 2.5 eV are acceptable in many appli-
cations because thin Iilms of such matérials show only a slight bluish to greenish tint.

Pure, wide-band-gap semiconductors do not reflect much infrared light. Their infrared
reflectivity, however, can be raised to high levels by creating free charge carriers by
doping. The carriers, for example electrons, are excited by infrared light to intraband
transitions resulting in infrared reflectivity. A good understanding of the relatlonshlps
between the optical properties and basic materials parameters can be gained by applying
Drude's free electron theory to semiconductors?. It follows that a plasma wavelength ip
exists at which the infrared reflectivity drops steeply. We have A > Agq Whereby the
wavelength interval between Ap and Ag defines the transparency reglon o% a heat mirror.

The position of Ap is given by the free electron concentration N and shifts to shorter
wavelengths with increasing N. In metals N is large enough to have 2 in the visible or
ultraviolet part of the spectrum. In semiconductors N needs to be in the 1020 -1021 cm™
range to bring A, to the near infrared. Besides the position of the plasma edge two
additional propegiles determine the performance of an infrared reflector: the slope of the
reflectivity increase at Ap toward longer wavelengths and the highest obtainable reflectiv-
ity. Both are characterized by a quality factor Qp which should be as large as p0551b1e.
Qr is in effect the product of plasma frequency and electron relaxation time and is given
by the Drude theory as

Here, u is the electron mobility, m* the effective mass, €, the vacuum dielectric constant
and € the dielectric constant of the semiconductor. We see that N, u, m* should be large
and e small. While m* and ¢ are intrinsic materials parameters which cannot be changed for
a given semiconductor, suitable film preparation techniques can be used to maximize u. The
electron concentration can be maximized by doping but provides limited flexibility when Ap
is specified.

It should be recognlzed that free charge carriers are also respon51ble for light absorp-
" tion. The absorption a increases with N and i accordlng to

2.

The effect is undesirable for transparent heat reflectors in solar collectors where o re-
duces the solar transmission through the cover plate, especially in the red and near-infra-
red. Again, some alleviation is possible by maximizing the mobility. On the other hand,
if it were possible to develop a highly doped semiconductor coating for architectural glaz-
ing with Ap close to the visible, the resulting free carrier absorption would impart a
pleasing green-to-bluish color to the window. It is by no means certain, however, that in
a semiconductor doping can shift Ap so far to shorter wavelengths. To obtain
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Ap v 0.7-0.8 ym a carrier concentration between 1022 and 1023 cm~3 is needed, an order of
magnitude more than has been achieved to date. Attempts to dope higher in some wide-band-
gap semiconductors have resulted in the formation of new phases.

The known semiconductors with useful transparent heat mirror properties all contain
either one or more of three elements located next to each other in the periodic table, i.e.,
cadmium, indium, tin. Inltlally,.only “the binary compounds cdo, Sn02 and Iny03 were rec-
ognized; cadmium oxide is of limited’ utility because it is moisture sensitive. Recently,
ternary wide-band-gap semiconductors were found which also have attractive heat mirror
properties; they are Cd28n04, CdsnO3 and CdIny0,.

Binary Semiconductors

The fundamental semiconductor properties of these compounds have been reviewed recentlyq
Here, we summarize the transparent heat mirror performance of tin oxide and indium oxide.
Published optical transmission and infrared reflectance curves- for SnOz are shown in Figure-
1. The full-line curves were measured on a spray coated fllm, doped with fluorine?. The
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Figure 1. Spectral transmission and reflection of SnO, films; full llne curves after
Reference 2, broken curve after Reference 9.

sample had 6- 21020 cm~3 free electrons with 20 cmz/Vs moblllty These optical and electri-
cal properties have been considered typical for good-qualltz SnOy films. Recently, however,
higher mobilities and infrared reflectivities were reported The broken curve in Figure 1
was taken from eference 9; it was measured’'on a spray coated, fluorine doped SnO, film
with N= 3.5.102 m~3 and u = 46 cm2/Vs.. Unfortunately, optlcal transmission data were

not given so a complete assessment of thlS fllm as transparent heat mirror is not possible.

Typical transparent heat mirror data for 1nd1um oxide fllms are drawn_in Figure 2. The

curves were measured on two tin-doped films prepared by spray dep051tlon1 The films are
of equal thickness (0.3 um) but have different electron concentrations. The effect of
carrier absorption - given by expression 2. - on the transmission can be clearly seen.

The shift of the plasma reflection edge toward shorter wavelengths with increasing electron
concentration, predicted by the Drude theory, is also obvious.:..

Ternary semiconductors

Cadmium orthostannatevcdzsno4 was the first ternary wide-band-gap semiconductor to show
useful transparent heat mirror propertlesll . Along with optimized .In,03 it is still the:
material with the highest reported. solar- transm1551on and. infrared re%lectiyity. Its
electrical and optical properties are very sensitive to the preparation conditions. Opti-
mal properties are obtained in_ films prepared by RF sputtering in oxygen and subjected to a
post~deposition heat treatmentlz. Figure 3 shows typical transmission and reflection
curves for a film prepared under optimized conditions after heat treatment (20 min., 670°C).
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Figure 2. Spectral transmission and reflection of two In;0, films, after Reference 10.
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Figure 3. Spectral transmission and reflection of Cd;Sn0; films; full lines: after heat |
treatment; broken line: infrared reflectivity before heat treatment. '
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The figure also shows the infrared reflectivity of the same film before heat treatment

when the free electron concentration is two orders of magnitude lower -and also the mobility
is smaller. The third reflectivity curve of Figure 3 was measured on an amorphous film and
‘demonstrates that the reflectivity of amorphous ¢oatings is inferior to those of polycrys-
talline samples. . :

The Cd25n04 films can also be deposited onto plastic substrates and have good adhesion.
Since the plastic cannot be exposed to a high temperature heat treatment, the sputter
coating must be carried out under reducing conditions in an Ar/0Oy plasma. Transmission
and reflectivity are then smaller than when prepared in a two-step process. ‘This can be
seen in Figure 4 which presents the transmission and reflection spectra of a'Cd25n04-coated
Lexan substrate.
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Figure 4. - Spectral transmission and reflection of “a polycarbonate substrate coated
with Cd;Snoy4. s

The optical and électricéldbroperiies of "the éadmium‘metastannate"Cdsh03 are similar to
. those of tin oxide. . Electrical conductivities near 1000 ohm~lecm~l have beén obtained in

"~ contrast to CdsSnOy films in which we have measured conductivities as high as _
6800 ohm~lcm~l. The transmission and reflection of CdsnO3 films prepdred to date are p

also lower ‘than for Cd,Sn04 films of equal thickness.

A third ternary material has attractive heat mirror properties, CdIn*O@.‘ This compound
crystallizes in the spinel structurel3 and forms a light green powder wﬁen synthesized by
calcining stoichiometric mixtures of the binary oxides. Thin films have been prepared
only recently. They were RF sputtered from a hot-pressed powder target which yields trans-
parent conductors with properties similar to those of Cd25n04. Complete characterization
of RF sputtered cadmium indate has not yet been carried out. The information obtained thus
far indicates that CdIn204 has the same tendency as Cd,Sn0,4 to form secondary phases (CdO,
Iny03) during sputtering and that the film composition”is criticall{ defendent on the depo-
sition conditions. Electrical conductivities in the 3000-4500 ohm~lcm~l range have been
measured on samples which are not considered optimized. Significant further improvements
may be possible.

Representative optical spectra of CdIn,04 are shown in Figure 5. It is encouraging
that one of the samples reaches 93% infrared reflectivity, equal to the best Cd,Sn0y
coatings. The X-ray diffraction pattern of this particular coating shows some In,0
besides the major CdInzo spinel phase. The sample with the lower infrared reflectivity
(broken curve) is according to XRD analysis single-phase CdInjy0,. The differences in the
optical properties of the two specimens cannot be explained by different electron concen-
trations or mobilities. Rather, the data suggest that under certain conditions the
presence of a second phase may have a beneficial effect on the infrared reflectivity of
these films. Clearly, more work is required to explain these observations.

Conclusions

Wide-band-gap semiconductors are promising candidates for transparent heat mirror
applications. Further development is justified to optimize their optical properties
and reduce fabrication costs. For applications requiring complete infrared cut-off,
the challenge remains to shift the plasma reflection edge to the visible-infrared boundary.
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Abstract

Calculations of the transmittance and reflectance between 0.35 uym .and 10 uym of semitrans-
parent films of TiN, ZrN and HfN have been performed. The calculations are based on recent-
ly reported optical constants. Theyv show that these compounds can be used as transparent
heat-mirrors. These materials show considerable higher emittance than the noble-metals but
comparable or higher visible transmittance. It is also shown that the transmittance can
be increased by the technique of induced transmission.

—

Introduction

Numerous investigations have been presented concerning transparent heat-reflectors.
These filters which by definition combine visible transparency with high IR-reflectance
have been prepared from doped semiconductors, thin metal films or metal-based multi-layers1.
The principle difference between these materials in this application is that the transmit-
tance of the doped semiconductors occurs above its plasma-energy, while the transmittance
of the metallic films occurs below its plasma energy. Therefore the semiconductors used in
this application can be rather thick while the metallic films have to be very thin. The
transmittance of the thin metal film is the result of an interaction between the reflections
from the first and second surface of the film. If the film is thin enoucgh, the contribution
to the reflected amplitude from the second surface will be in opposite phase to the reflect-
ed amplitude from the first surface and strong enough to partly cancel the first surface
reflection, which enhances the transmittance of the film.

The metals which can be used in these casés are restricted to noble-metals and Al other-
~ wise too high internal absorptance reduces the transparency“. The transition metals Fe, Ni,
Cr etc. show a very modest selectivity and are not used unless a grey, -sun-screening effect
is desired?. The optical background to these facts is that the metal films desired to give
high visible transmittance and low absorptance must possess low values of the real part of
the refractive index over the visible spectrum. Physically it means the visible range has
to belong to the relaxation region of a free-electron like metal.: It is therefore obvious
that the transition metals do not fulfil the requirements since thev do not have any free-
electron like region. The metals which are free-electron like are the noble metals, Al and
some others like the alkali-metals, which, however, do not have a technical interest in
this case. It has recently been shown that the nitrides of Ti, Zr and Hf have an extended
free-electron region corresponding to a plasma-energv Hw, ~ 7 eV and a relaxation energy

A/t ~ 0.3 eV 3, " The main difference between these valués and the corresponding parameters
for the noble metals is the substantially higher relaxation energy, which together with the
higher effective electron mass imply a ten times lower electron mobility in these nitrides
than in the noble-metals. In this report the possibility of using nitrides of Ti, 2r and
Hf as transparent heat-mirrors is demonstrated by the reflectance- and transmittance-spectra
for thin films, calculated from recently published optical constants 45, 1t is proposed
that these nitrides which are very durable, with excellent température- and wear-resistance,
chemically inert and adhere well to glass are promising alternatives to the soft, wear-
sensitive noble metals in applications of selective transmission. ' :

. o T Optical properties of TiN, ZrM and HfN

-.A_number of measurements on the optical properties of rin6=11 and a few on zrN7+12 ang
HEN'3 have been reported. Most of them present reflectance spectra and thé real- and
imaginary parts of the dielectric constant calculated from the bulk reflectance. Very few
give detailed data for the real and imaginary part of the refractive index, n and k. The
n- and k-values used in our calculation were derived from Kramers-Krdnig analysis of the
reflectance-spectrum for CVD-coated TiN, ZrN and HfN3 and of reactively sputtered TiN4,

The bulk reflectances of these materials are shown in fiqure 1. A prominent feature is the
high and constant IR-reflectance and the sharp edge in‘the visible due to a screened plasma
resonance. The optical constants derived from this spectra are shown in figure 2 and
figure 3. It can generally be stated that the higher the reflectance is above the knee and
the deeper the reflectance minimum is, the lower is the n-values in the visible and the
higher is the transmittance of the thin film. The optical constants used for TiN are valid
for the sputtered film. The CVD-TiN has a higher IR-reflectance and a deeper minimum than
the sputtered sample, but in spite of that, data for the sputtered film were used, mainly
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Fig. 1. Spectral reflectance of CVD, ZrM and HfN3 and of sputtered TiN4.
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of TiN4, 2rN3 and HEN3. index of TiN4, zrN3 and HfN3.

because these data were derived in a more reliable Kramers-Krénig analysis. The refractive
index for both types of films were calculated by K-K analysis. For the CVD-samples the
extrapolation was taken from literature-data, while in the case of the sputtered film, the
extrapolation was adjusted to independently measured n and k for some wavelengths. Another
reason for using the data from the sputtered films is that this film is more related to a
possible semitramsparent f£ilm both with respect to thickness and way of preparation. The
n-values in the vigible which are critical for the transmittance of TiN agree well with
data of Chassaing'0 derived from his published dielectric constant. His n-values show the
same dispersion in the visible as ours, but are at most 0.2 higher. This can also be ob-
served in his bulk reflectance-spectrum which show a lower NIR-reflectance and shallower
reflectance-minimum_than ours. The ZrM-data show good agreement with n and k reported by
Knozp and Goretzkil2, Their lower values of n and k indicate higher_transmittance-values
for thin films than our data give. The only known reference on HfN'3 could not be used for
comparison since its optical constants were derived from reflectance measurements on a
powder-pressed sample with much lower reflectance than our samples.
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Transmittance and reflectance of single films

The spectral transmittance and reflectance of these nitride-films were calculated by use
of a conventional matrix-method'4, where the indata are n, k and the thickness of the film.

The films are assumed to be coated on a non-absorbing glass with the refractive index

ng = 1.5. In the calculations the backside of the glass is supposed to give contributions
to R and T by multiple-reflections, but without interference effects. This implies that
the values in’the visible for the svstem goes towards T = 0.922 and R = 0.078 when the
filmthickness goes to zero. Figures 4, 5 and 6 present the spectral reflectance and trans-

mittance as a function of thickness for these films.
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Fig. 6. Spectral reflectance and trans-
mittance of HfN-films of thick-
nesses ‘a-500 A, b=300 A, ¢c-200 A -
and 4-100 A. .
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The transmittance of these nitrides is surprisingly high. The spectral behavidur for
HfN and ZrM are similar as expected from their bulk-reflectance. These transmittance-curves

increase slowly with decreasing wavelength towards a maximum in the lower limit of the

visible range. The bulk TiM has a reflectance-knee in' the middle of the visible and has
correspondingly a transmittance maximum at these wavelengths. 1If:the spectral depen@ence
of the transmittance of these nitrides is compared to that of the noble metals, TiN is most

similar to Au while HfN and ZrN are similar to Ag.

The main difference. between these compounds and the noble metals is the significantly

lower -IR-reflectance of the nitrides, which is due to their relatively low mobility.

The

precision of the IR-data are supposedly lower than the visible data because of the method

of calculating n and k. The Kramers-Krdnig method is very sensitive to small inaccuracies:
of the reflectance-measurement in the IR, where the denominator in the K-K integral assumes
low values!?. The IR-data of these compounds are also critically dependent on the quality

of the samples, since impurities drastically affect the scattering-rate and thus the
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relaxation~-time. Such effects are pronounced in these compounds which often contain a large
number of vacancies! Correspondingly the scatter in the reporteéd data of the electrical
resistivity is very hlgh16 The resistivity of the TiN used in this investigation is as

low as 25 u® cm 4 which probably makes it difficult to prepare thin films of TiN. with signi-
ficantly better IR-performance than reported here. It has been reported, however, resisti-
vities of ZrN as low as 7 uQ cm 17, -7

Figure 7 presents 1ntegrated values of the reflectance and the transmlttance over the
solar spectrum and the sensitivity curve of the human eve and it also gives the room-tempe-
rature emittance as calculated from the IR-reflectance. The details in these 'integrations
are given elsewhere2. It is noted here that Taye for HEfN is very similar to the same para-
meter for the best one of the noble metals: X 8, while Teve ©f TiN and ZrN stay even
higher. The average solar transmittances of the nitrides are higher than those of Ag, Au
and Cu for the same thicknesses. The reason for the high transmittance of the nitrides is
their relatively low visible reflectance compared to the noble metals, which the latter
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Fig. 7. Solar-transmittance, eye-transmittance and room- temperature
emittance of thin films of TiN, ZrN and HEN.

cannot compensate by their very low internal absorptance. It must of course be noted that
the emittance of these compounds is high compared to that of the noble metals. The noble
metals would be superior if the transmittance is plotted as a function of emittance.

Multi-layer performance

In order to investigate the possibilities of increasing the transmittance of these
compounds by the technique of induced transmission?? they were assumed to be anti-reflected
by one dielectricum or embedded between two dielectrica. . The refractive index of the
dielectricum was in all calculations assumed to be ng = 2.4 without dispersion., This value
represents in a good way ZnS, which is often used in this kind of applications1. A high
value of the refractive index of the dielectricum is desired since it is known that the
average solar- and e¥e-transmittances increase with increasing refractive index of the
applied dielectricum The integrated parameters for these 3 nitrides are for the case of
a single dielectricum given in figure 8. The thickness of the dielectricum has always been
optimized for the actual nitride-thickness and application. Since the dielectricum is ;
assumed to be non~-absorbing it does not affect the IR-reflectance or equally the emittance.

Figure 9 shows the integrated optical parameters for triple~layer coatings, where the
nitride is embedded between dielectrica of optimized thickness for each application and
nitride-thickness. Both figure 8 and figure 9 underline the surprisingly high transmittance
of these compounds. The transmittance of ZrM is higher than that of TiN and HfN when anti-
reflected. This is mainly due to its lower value of the real part of the refractive index
and the correspondingly lower internal absorptance.
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Fig. 8. Solar-transmittance, eye-trans- Fig. 9. Solar—transmittance,veye—transmit-
mittance and room-temperature tance and room-temperature emit-
emittance for thin films of TiN, ~ tance of thin films of TiN, 2ZrN
ZrN and HfN coated with a dielec- and HfN embedded between two layers
tricum (n=2.4) of optimized thick- of dielectricum (n=2.4) of opti-
ness. The thickness of the dielec- mized thickness. The thickness of
tricum is typically 250 - 350 &. the dielectrica are typically

300 - 450 A. |

.Finally the spectral dependence of the transmittance for selected 3-layer coatings is
shown in figure 10. These coatings were designed with the goal to select the thicknesses
of the dielectrica to maximize the visible ‘transmittance with nitride-thicknesses of 200 A.
It appears that ZrN and HfN have the highest -transmittance in the visible, while TiN has a
higher' NIR-transmittance due to its lower reflectance in that wavelength range as seen in
figure 4. Figure 10 demonstrates a very good potential selective transmittance of those

WAVELENGTH  (pm)

Fig. 10. Spectral reflectance and transmittance of 200 A thick films of TiN, ZrN
and HfN embedded in dielectric (n=2.4). The thicknesses are from the air-
side: 400/TiN/450, 350/ZrN/400 and 350/HfN/450.

materials. A visible transmittance around 0.80 combined with an emittance of around 0.20
at a thickness which is probably possible to achieve with retained bulk optical constants.
‘Preliminary measurements have indicated that films with thicknesses of 350 A have an optic-
al behaviour as predicted from these calculation. Further measurements on thin semi-trans-

-27-



parent TiN-films are under way and will be reported shortlyzo.

Summary and conclusion

Thin films of the nitrides of Ti, Zr and Hf show, as expected for a free-electron-like
metal, high transmittance over the relaxation region. TiN exhibits a transmittance peak
at 0.5 um, while ZrN and HfN have their transmittance-peak around 0.35 um. It has been
demonstrated that the transmittance can be significantly improved by the technique of in-
duced transmittance. The main difference between these compounds and the noble metals is
their shorter relaxation-time or equivalently lower mobility which in this case shows up
as a relatively low IR-reflectance. This property is, as the résistivity, expected to be
very dependent on the quality of the samples. Vacancies are known to be important for these
materials.

It is wellknown that igland-formation seriously decreases the IR-reflectance of thin
films of the noble metals“. The difficulties involved in preparing very thin films which
retain their bulk optical constants will probably be the limiting factor for the use of
these nitrides as selectively transmitting layers.

If it is practically possible to coat large areas of glass with these compounds and with
the optical properties described here, we believe that these coatings can be an alternative
to the noble metals as selective coatinags. This should be especially valuable where a coat-
ing of high chemical and mechanical resistance is desired.
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Abstract

A number of highly doped oxides - 'in particular SnOp and Inp03 =~ have been reported
to show high infrared reflectivity while being transparent to visible radiation. Their opti=-
cal behaviour is based on metal-like properties i.e. high concentration and mobility of the
conduction electrons and a semiconductor bandgap of about 3 eV or higher. Thin films of
these oxides can be adapted for many applications and a few examples will be described. The
performance of these filters strongly depends on the doping and preparation conditions.
Coatings prepared by spray pyrolysis show excellent electrical and optical properties, the
upper limits of which are being discussed on the basis of defect mechanisms in solids.

1. Introduction

Modern energy technology has led to a demand for filters which have a high reflectivity
in the infrared part of the spectrum while being transparent for visible radiation. Filters
of this type can be realized with thin metal films coated with dielectrics to reduce the
visible reflection losses. These filters, however, still show some unavoidable absorption
losses which might be prohibitive for some applications. Since the high infrared reflection
of metals is a consequence of their high electrical conductivity, i.e. of the presence of
free electrons, one can achieve metal-like optical properties in the infrared alsoc with
highly doped semiconductors. The basic theoretical description is in both cases the same.
There are a number of semiconducting oxides which provide the initial properties for heat-
reflecting layers but we shall focus in particular on SnO» and Iny0sz which have proven to
be the best candidates as far as high infrared reflectivity and visible transparency are
concerned. Although the properties of heat-reflecting films are very sensitive with regard
to the preparation methods and condit'ions which might vary over a wide range, we shall try
to answer the question as to the upper limits of electron concentration and mobility from
which the basic properties of these filters are determined. Four examples of the application
and optimization of such filters for special purposes will be given: (1) high-efficiency low
pressure sodium lamps, (2) highly efficient solar collectors, (3) cool light emitting incan-
descent lamps, and (4) double-glazed windows with improved heat insulation.

2. Principles of heat;réflectingffilters .

The optical properties of free electrons in metals were explained by Drudel as early as
1900 by solving the equation of motion of electrons in an alternating electric field. His
findings were slightly modified by modern quantum mechanical treatment but for the sake of
clarity we shall use the classical description. In order to calculate the transmission and
reflection of thin films the complex refractive index i = n - ik has to be known. For a
material containing a free electron gas the following dispersion relations hold for the
complex dielectric constant € = €' - ieg'' = f2

U)NZ
€' = nl - k2 = £ = —m——— : ) (1)
wl + Y2 .
Y wN2 .
€'' = 2nk = — ————— . ) (2)
w w2 + y2 ‘

where el represents the dielectric constant of the lattice in the absence of free charge
carriers and ¢y the permittivity of free space. The frequency wy and the dampin% constant y
correlage with the density N and mobility u of the free electrons with “Nz = Ne¢/eom’ and

Y = e/mu, e being the electronic charge and m  the effective mass of the free electrons

in the conduction band; The plasma frequency wp and plasma wavelength A, = 2nc°/mp result
from ¢' = 0. Ap is given by ' : ‘
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\p = 2nc,(Ne2/egepm® = y2)=1/2 (3)

It marks a drastic change in the conduction mechanism, namely from a conduction current
for w < wp to a polarization current for w > wp. Thin films of highly doped semiconductors
show a behaviour which is closely related to this change in the conduction mechanism. We
find a region of high transmission at short wavelengths and a region of high reflectivity at
long wavelengths provided the dope concentration and film thickness are chosen appropriately.

The slope in the cut-off region of the filter and its maximum infrared reflectivity in-
crease with decreasing y which therefore should be as small as possible or the mobility u
as hizh as possible. In the materials under discussion y can be neglected in equ. (3) allow-
ing the cut-off wavelength Ap to be adjusted by the electron concentration N or the doping
procedure respectively. To ogtain a cut-off wavelength within the near infrared region, an
electron concentration of the order of 1020 to 1021 cm=3 is required in these materials.

. 3, Preparation and experimental results

2.1. Sn0p films

Tin oxide in the form of thin films on glass has long been used as transparent electrodes
and transparent electric heater coatings on glass. These early films had however, if at all,
a rather low infrared reflectivity. The first large-scale industrial application of SnO2
heat-reflecting films dates from 1964 when Philips introduced a new type of low pressure
sodium lamp.2 The SnO, films which were used in these lamps were prepared by spray pyro-
lysis, where an aerosol of SnCly in an organic solvent is blown together with the dope onto
a heated glass substrate. Figure 1 shows the spectral transmission T and the reflection R
of three fluorine doped SnO>_films on glass with different electron densities and Hall
mobilities up to 30 cm/Vs,

- V=Ww/2TC,y
1 2 .10 5cm 2 10° 5 2
- T T T T T T R i
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Ne =12 -10%cm?
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Figure 1. Spectral reflection R and transmission T of
three Sndp:F films, thickness about 0.3 um.

Many attempts have been made to improve the electrical properties of these films, or at
least to understand the limiting physical phenomena. Such attempts are hampered by the
variety of preparation methods like evaporation, sputtering, reactive modification of both,
" chemical vapour deposition and spray pyrolysis. The investigations become even more compli-
cated by the many parameters which might influence the results, i.e. :

- kind of dope and doping concentration

constitution of the reaction atmecsphere

temperature and nature of substrate

growth rate / preparation time

film thickness '
annealing in various atmospheres and at various temperatures, etc.

In spite of the complex interaction of these preparational parameters there seems to be
a convergence to some upper limits of performance, i.e. electron concentration and mobility.
As far as preparation methods are concerned those using high substrate temperatures -
(Tg 2 400°C) are favourable for achieving a high conductivity. The spray technique which in
itself requires high temperatures results in electrical properties which otherwise can hard-
ly be achieved by additional heating cr suitable after-treatment of the samples.
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The conduction mechanism of SnO2 is based on a suitable dope, preferably F or Sb, and on
oxygen vacancies, all acting as donors. The upper limit of electron density is determined
by the solubility of the doping elements. In the case of fluorine the excess is volatile
whereas in the case of antimony the excess clusters in the lattice, resulting in a darkenifg
of the films which is not correlated to an increase in free electron density.

Figure 2 shows the resistivity p, the electron density N and the mobility u after a redu-
cing annealing versus the HF dope concentration in the spray solution of films prepared in
ambient atmosphere at two temperatures. The resistivity falls with increasing dope concen-
tration-and tends to saturatevas about 20 mol% HF, where the free electron density reaches
a maximum value of about 6 - 1020 em=3. The straight line describes the free electron ‘den-
sity for the case that every fluorine atom in the spray solution would be incorporated in
the film and act as donor. In fact, however, only about one tenth of the expected electron
density, é can be achieved. These observations are in good agreement with the results of Mani-
facier.¥ at low HF-concentrations the free electron density becomes independent of the
doping and is determined by oxygen vacancies. The mobility is nearly_ independent of the dope
but increases with the deposition temperature to values of u > 20 e¢m2/Vs. The temperature
influence on the mobility may be due to the observed tendency of the films to form larger
crystallites with increasing temperature. A discussion of the free electron scattering
mechanism will be given later. -
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Figure 2. Resistivity p, density N and Hall Figure 3. Resistivity p, density N and Hall

mobility u of free electrons in mobility u of free electrons in
SnO,:F films, spray-deposited at ‘Inp0%:Sn films of two dope concen-
two different substrate tempera- . trations cgp versus the oxygen par-
tures Tgep. after reducing heat Lo tial pressure pp, of the annealing

treatment, versus dope concentra- - gas atmosphere.
tion in the spray solution. :

2:2. Ino0z films

Doped indium oxide films on glass have become a favoured material for the preparation of
transparent, highly conductive and IR reflecting thin films in the last decade, although
indium is a quite costly metal. The In203 films are superior to SnO2 films because they can
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be prepared with higher conductivity and. IR reflectivity and also fine structures for pat-
terned electrode application can be etched more easily in these films. The deposition of the
films can be done by the different methods mentioned above. They all lead to more or less
the same material properties, provided that the films can grow with good crystallinity
which normally requires enhanced substrate temperatures. Various electron donors were in-
vestigated, e.g. on anion sites: oxygen vacancies and F, and on cation sites: higher valent
metals like Sn, Ti, Zr, Sb, Nb.5 The influence of the dope is often masked - and this is
the most confusing factor in the experimental data given by earlier authors - by addition-
al oxygen. This oxygen acts in two ways which both reduce the conductivity: electrons ori-
ginally sponsored from the dope are trapped and the mobility of the remaining electrons is
decreased. Both effects are independent of the material used as dope. Generally, at low dope
concentrations oxygen mainly influenges the mobility of the free electrons and at high dope
concentrations mainly their density.® Figure 3 shows the influence of the oxygen pressure

on the electrical properties of tin doped indjum oxide films. In the high pressure range the
electron density decreases following a p02°1/ relation, which can be correlated to the
trapping activity of additionally incorporated interstitial oxygen. At the borders of the
pressure range shown the mobility falls drastically. Low resistivity can be obtained over

a very broad region under mild reducing conditions. A similar but less pronounced behaviour
is observed in SnOj.

To compare the different dopes the oxygen effect should be eliminated. Samples with dif-
ferent dope materials and concentrations were spray-deposited and reduced to their resis-
tivity minimum. Figure 4 shows the electron density obtained versus dope concentration in
the films. '

In,0,: dopant N
2 a-a }S (6) vy
10 v-v gt ~
. — \d
em-3 :—: 2t
| - ’
N
101).
. a
19 1
mm* 10" 1 10 at%
Caope — ™

Figure 4. Free electron density N in Inp03, doped
with Sn, Ti or 2r, versus the concentration
of the different dopes cqope in the films.

Within a range of a few at% the experimental results roughly follow the straight line
which is to be expected if one dope atom sponsors one free electron. The highest free elec-
tron densities obviously result by doping with tin ang the absolute maximum of about
1.5 « 1021 em~3 follows from its solubility limits.7,8,9 Doping with titanium or zirconium
is less effective in the spray-deposited films.

3.3, Comparison of SnO> and In>0z films

The special features of both materials regarding their application as transparent heat
mirrors may be discussed by comparing the spectral reflectance and transmittance of dif-
ferent films of the same thickness. Such spectra are shown in Figure 5 for two tin doped
Iny03 films (ITO) and a fluorine doped Sn0Op £ilm.752 The plasma wavelength (arrows) in
In03 can be shifted to shorter wavelengths than in SnO,, which is a consequence of the
highér free electron densities obtainable. In addition, comparing a SnO2 film with an In203
film of roughly the same free electron density, a better infrared reflectance and a better
visual transmittance is observed in Iny03. This is the result of the higher mobility of the
free electrons in Iny03.
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Figure 5. Spectral reflection R and transmission T

: of two Inp03:Sn films compared with a
Sn02:F film, thickness about 0.3 um. The
plasma wavelengths are indicated by arrows.

Furthermore, the analysis of the mobility as a function of the free electron density
gives some insight into the limiting mechanisms of the conductivity of the materials. In
Figure 6 the mobility is plotted versus the density of the free electrons for Sn0p, doped
with F and for Inp03 doped with Zr, Ti or Sn. The different dopants in In203 result in u-N
data which fit quite well with one another on a more or less continuous line. The fully
drawn line is calculated for electron scattering by ionized impuritiesll, using the parame-
ters m* = 0.3 me and €p(w=0) = 9.5. In case of Inp03 the mobility roughly follows the fallir
u-N relation of the theory. In contrast, in SnO, nearly no influence of the free electron
density on the mobility is observed and the values are mostly too low. Anyway, from the
magnitude of u and the p-N behaviour in Inp0O3 at high free electron densities, ionized im-
purity scattering seems to be the most probable damping mechanism in both materials.
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Figure 6. Hall mobility u versus.free electron density N of
differently doped In203 and SnOp films. Full line
calculated for scattering by ionized impurities.

_This can be confirmed additionally by an analysis of the frequency dependent dynamic re-
sistivity p'(w) which can be derived from the optical data. Theories of different scattering
mechanisms lead to characteristic frequency dependences of the form p' - wV.11l In the case
of ionized impurity scattering the exponent is v = =3/2 for high frequencies w > wy. Figure 7
shows the dynamic resistivity p'(w) of some SnO, and Inp03 films. We find constant values at
low frequencies, i.e. wavelengths longer than the plasma wavelength which roughly agree with
the dc resistivity of the various samples. In the short wavelength region, however, the re-
sistivity p' decreases approximately as a function of w=3/2, which confirms the assumption
that ionized impurity scattering is the main damping mechanism of the free electrons in high-
ly doped tin and indium oxide. ‘
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The positive consequence of this effect is a visual absorption much lower than that esti-
mated from the dc values of the Drude model.

4. Applications of heat-reflecting filters

4.i1. Thermal insulation of sodium lamps

The discharge tube of a low pressure sodium lamp has to be kept at a temperature of about
270°C in order to provide the optimum sodium pressure of some 10-6 bar. The convection and
conduction losses of the dlscharge tube are eliminated by evacuating the envelope of the
lamp (Figure 8a) The remaining losses mainly consist of the thermal radiation of the dis-
charge tube since glass behaves almost as a black body in the infrared. For an uncoated
140 W lamp about 100 W are lost by thermal radiation. To reduce these losses the interior
surface of the outer envelope is coated with a filter as indicated in Figure 8a.

discharge tube reflected heat radiation

|
[jlj % T % “x e 41>)

1n503film

Figure B8a. Schematic diagram of a sodium lamp.
The dashed line on the inside of the

envelope indicates the heat-reflecting
filter.

In a first approach using SnOjp filters? the luminous efficiency could be increased from
about 100 1lm/W to 150 lm/W. Even better results have been realized with the latest version
of the-sodium lamp where In03 filters are used.12 A typical transmission/reflection curve
of an Inp03 film used in the Sodium lamp is shown in Figure 8b and makes evident that the
major fracéion of the infrared radiation is reflected onto the discharge tube. Sodium lamps
coated with InpOsz films achieve a luminous efficiency up to 180 1lm/W (laboratory models
even 200 1lm/W) wgich is the highest value among present day light sources.
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Figure 8b. Spectral transmission T and reflection R of
an Inj03 film as compared with the energy
distribution of a black body at 540 K radia-
ting into surroundings at 300 K, and the
position of the sodium lines at 0.59 um.

4,2, nghly efficient solar collectors

‘In -the most simple case a solar collector for photothermal conversion consists of a black
absorber plate through which the exchange fluid circulates. At least one glass cover has to
be added to reduce the convection losses of the absorber plate. To reduce the re-radiation
losses, which account for about two thirds of the total losses, one has to aim at a low
infrared. em1s51v1ty of the collector plate or at a high infrared reflect1v1ty of the adja-
cent glass cover. Figure 9b shows the case if a heat-reflecting filter is used. As a conse-
quence of the high reflectivity of the Iny0z film in the spectral range of the effective
“heat radiation the heat losses due to radiafion are reduced by almost an order of magnitude.
The remaining losses due to conduction and convection can be avoided by evacuating the col-
lector which can be realized by a tubular deslgn. Figure 9a shows the type I collector
developed in the Philips Research Lab. Aachen. ’ S .

100

%
) 80 —
Iny 04 fnlnj . »
solar \A‘f-~" —
rodiotion . *\3_‘ ' N 60
L0 P{350K)
20 —
0
0.2 05 1 2 5 10 20 pm 50 100
' wavelength A —————
Figure 9a. Cross section of Figure 9b. Relative spectral distribution of solar inso-
solar collector lation and heat radiation, transmission and
Philips type I. reflection of an Inpy03 film. Dashed lines:

additional anti-reflection coating.

The sunlight passes the outer tube and the: In203 film and is absorbed at the U-shaped
absorber tubes either directly or after reflection by the mirrored lower half-cylinder.
The incidence characteristic of this collector comes close .to that of a flat plate type.
The measured performance of a complete collector module con51st1ng of such tubes is
@+1= 0.77 with a loss coefficient between 1.5 and 2.0 W/meK which is about half that of
conventional flat plate collectors with two glass plates and selective absorber.
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4.3. Cool light irncznisscent lamp

In incandescen: la=ds only a small amount of their total radiation is emitted as visible
1ight. As shown in Tizire 10b, the major part of the radiation is emitted in the infrared
with a maximum at zZcis I um. To reduce the heat load of illuminated objects, an Iny0
rilter might be argZisz2 on the inner side of the front platelld, as indicated in Figuré 10a.

100 - —
LA .
80 — R
60 —
P (2650 K)
L0 —
cool
ight <
= 20
0 ' T li T T TTTTT
I\ 0o-5i0 0.2 05 1 2 5 10 20 pm 50 100
-Si
f:2m3 2 ' wavelength A ————=

Figure 10a. Incandascant lamp
with h=at-reflec-
ting filt=sr.

Figure 10b. Spectral distribution of the lamp, sensivivity
curve of human eye V(A), transmission and re-
flection of the applied filter. Dashed lines:
with protective and anti-reflecting SiOp coating.

An efficient. fil<er for application in incandescent lamps requires, as Figure 10b demon-
strates, a plasma wavslerigth close to the long wavelength limit of the visual sensitivity’
coupled with a stszep. Z,T-characteristic. This implies high electron densities and mobilities

which, however, czn ornly be realized up to the physical limits already discussed. Neverthe-
less, the filter showr suppresses two thirds of the heat load.

4.4, Improved hea: Znsulation of double-glazed windows

Heat losses throug:r windows play an important role in the energy balance of buildings. -
This applies even waer double-glazing is used because its overall heat transfer coefficient
of k = 3.1 W/m2K s several times higher than that of well-insulated brickwork which nowa-
days has k-values lower than 1 W/meK. In keeping with the present demand for lower enrergy
consumption there is za1 urgent need for a form of glazing whose overall heat transfer coef-
ficient is considerzbly lower than that of contemporary double-glazing. In these windows

100
%
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) . .", - ‘i_a }
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L% ° 40
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Figure 1la. Crosz =sction of Figure 11b. Spectral distribution of radiation P ex-

a doutl=-zlizzed

changed between two glass plates at about
windz-w.

273 K. V is the sensitivity curve of the
human eye, T and R the spectral transmis-
sion and reflection of an InpOz film
(thickness =0.15 um).
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about two thirds of the heat transport take place via thermal radiation between the glass
surfaces. This part can be reduced by coating the inner surface(s) of the panes with a
heat-reflecting layer of tin or indium oxidel5, as shown in Figure 11a. In Figure 11b
curve P represents the spectral distribution of the radiation between black surfaces that
differ relatively little in temperature. This curve is obtained as a temperature derivati
of the Planck function at 273 K and gives an adequate description of the radiative energy
flow between two glass panes.

In the spectral range of P the reflection of the Inp0z filter is about 0.85 correspond:
to a thermal emissivity of about 0.15. This means that tge radiation losses are cut down t
at least a factor of 6 while the transmission of light is almost unimpaired. A double-gla:
window supplied with this filter has a heat transfer coefficient of 1.9 W/m2K, An even lov
value might be obtained by filling the space between the panes with a gas of lower thermal
conductivity than air.
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High quality transparent heat reflectors
of reactively evaporated indium tin oxide

I. Hamberg, A. Hjortsberg, C. G. Granqvist
Physics Department, Chalmers University of Technology, S-412 96 Gothenburg, Sweden

Abstract

We report on transparent and heat-reflecting Indium-Tin-Oxide (ITO) films prepared by
well controlled reactive electron-beam evaporation of In,03+ 9 mol. % SnO, onto glass in
~ 5% 10~4 Torr of 0,. Typical results for 0.3 pm thick films deposited on substrates at
3009C were: visible light absorptance ¢ 2 %, thermal infrared reflectance 2 90 %, and dc
resistivity ¢ 3x 10-4 qQcm. Similar properties were found for substrate temperatures down to
150°C, whereas a rapid deterioration took place at still lower temperatures. After antire-
flection coating with ~0.1 um of evaporated MgF,, the visible transmittance became ~ 1 %
larger than that of the uncoated glass, while the infrared reflectance increased by a few
percent only. The ITO+ MgF, coatings show much weaker iridescence than the bare ITO films.

Introduction

Indium-Tin-Oxide (ITO) is a wide-bandgap n-type semiconductor which can be so heavily

. doped that the free-electron plasma wavelength falls in the near-infrared range. Properly
““prepared thin films of this material show a combination of excellent short-wavelength  trans-
mittance and long-wavelength reflectance, low resistivity, good substrate adherence, hard-
ness and chemical inertness1y2. Such films have interesting applications for example as
transparent and infrared-reflecting coatings on windows and on cover glasses of solar
collectors.

ITO films can be produced by many different methods3. In the present paper we riport on
films made by slow reactive electron-beam evaporation onto heated glass substrates®. This’
technique, though not useful for large-scale fabrication of coated glass, has the advantage
of permitting a very detailed control of the deposition parameters so that an accurate
optimization of the film properties can be achieved. As a consequence of this control, the
optical and electrical performance of our ITO coatings matches - or is superior. to = the
best data obtained for this kind of films prepared by any technique. In particular, the
absorptance of our optimized ITO films is so weak that an antireflection coating of eva-
porated MgF, yields a visual transmittance which is larger than for the uncoated glass
while the infrared reflectance remains » 90 %. Furthermore, the MgF, film efficiently wipes
out the interference coloufs (iridescence) resulting from small unintensional variations in
the ITO thickness.

?reparation of ITO films

The films were made by e-beam evaporation of ITO in the unit shown in Fig. 1. It comp-
rises a stainless steel vacuum chamber with LNjy-trapped diffusion pump, e-gun, vibrating
quartz microbalance, shutter, and substrates clamped to an electrically heated holder.
‘'The distance between e-gun and substrates is ~ 50 cm. The system was first pumped to

) Gauges
1 Heater
e
E$) ‘Q: Thermometer
xt
Q=
e-gun O, inlet
= /)]
| |-~— To pump

Figure 1. Schematic diagram of the evaporation system.
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~ 10-6 Torr and a constant O; pressure was then maintained by continuous inlet through a
precision leak-valve at full pump capacity. Uniform films were produced by evaporating
In203+ 9 mol. % SnOy (hot-pressed pellets from Kyodo International, Japan; 4N purity) from
the 8 kW e-gun by automatically sweeping the e-beam over the hearth. The evaporation rate
was monitored on a vibrating quartz microbalance, whose output was used to feed-back control
the e-gun power. In this way we maintained constant rates (generally 0.2 nm/s) up to ulti-
mate thicknesses of 0.3 to 0.4 um. Accurate film thicknesses were determined after deposi-
tion by use of a mechanical stylus instrument and several optical techniques. To provide
the needed temperatures of the substrates (Corning 7059 glass or standard microscope slides),
these were clamped to a copper plate held at a constant temperature in the 25= 400 - oc
range. Small resistance thermometers were used to measure the surface temperature of the
substrates during deposition.

Transmittance and reflectance of ITO films

Figure 2 shows near-normal transmittance (T) and reflectance (R) for a 0.42 um thick ITO
film evaporated in an atmosphere of 10-3 Torr of Oz onto Corning 7059 glass at ~ 310°C. The
dashed line indicates the transmittance of the uncoated glass. These data were recorded on
double-beam spectrophotometers with specular reflectance attachments; a Beckman ACTA MVII
instrument was used in the 0.3 - 2.5-um range and a Perkin-Elmer 580B instrument in the
2.5- 50-um range. The mean transmittance in the visible range is found from Fig. 2 to lie
~ 8 % below that of the uncoated glass, and the reflectance for room-temperature thermal
radiation is ~92 %. The transition between short-wavelength transmittance and long-wave-
length reflectance is very abrupt. The overall shape of our curves is in good agreement with
transmittance and reflectance data for the best films grepared by alternative techniques
such as sputtering5~7 and chemical wvapour deposition8:2. From Fig. 2 we note that the
absorptance (given by 1- T- R) is only a few per cent over the entire visible spectral range.
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Figure 2. Measured near-normal transmittance
and reflectance for an ITO film. The measure-
ment configuration is shown in the inset.

The optical properties of our optimized ITO films could be accurately reproduced over the
whole wavelength range by using the Drude free-electron model to account for the free
carriers in the films?. Typically, we found a plasma energy of 0.9 eV, a relaxation energy
of 0.1 eV and a high frequency (visible) dielectric constant of 3.5. These data compare well
with published results for sputtered ITO films3-7.

Film quality versus deposition parameters

The optical and electrical quality of the e-beam evaporated ITO films is dependent on the
deposition parameters - such as substrate temperature, oxygen pressure and deposition rate -
in an intricate manner. Films prepared by vacuum evaporation were opaque. Mass spectrometry
clearly showed a release of free oxygen during the deposition, so these films were metal-
rich. With low Oj pressure in the evaporation chamber (g 10-4 Torr) the visible transmitt-
ance increased continuously with increasing substrate temperature, Tgs UP to ~3509C. How-
ever, at sufficiently high O, pressure (2 5% 104 Torr in our experimental configuration)
high-quality films with properties like those in Fig. 2 were obtained provided that T was
sufficiently high. This temperature dependence is elaborated below.
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" The main part of Fig. 3 shows mean visible absorptance (averaged linearly over the-
0.5-0.6-um range) versus Tg for approximately 0.3 um thick films produced by evaporation .
in ~5x 10~4 Torr.of Oy at a rate of 0.2 nm/s. The scatter among the individual 'data points
is partly due to somewhat varying thicknesses. The curve is drawn only as a guide: to the
eye. The absorptance is seen to be low for Tg 2 150°C and to increase rapidly at lower
temperatures. At Tg =.320°9C the absorptance is as low as ~2 %; this value contains a sub-
strate absorptance of roughly 1 %, so the actual film absorptance-is in the one-percent-
range. The inset in Fig. 3 depicts spectral absorptance for four ITO films. An absorptance
minimum is found to lie in the mid-visible range in the films prepared at Tg 2 150°C.
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; Figure 3. Visible absorpﬁancerversus substrate
temperature. for e-beam evaporated ITO films. -

Figure 4 shows near-normal reflectance .at“10 um wavelength for the same ITO films as
reported in 'Fig. 3. A reflectance of. ~90 % is found at Tg 2 150°C, whereas a rapid deterior-
ation takes place at lower substrate temperatures, similar to the case of the visible
transmittance. :
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Figure 4. Infrared reflectance versus substrate
temperature' for e-beam evaporated ITO films.
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The dc resistivity is closely correlated with the infrared reflectance. Figure 5, which
pertains to the same films as in Figs. 3 and 4, shows the expected behaviour, viz. the re-
sistivity rapidly increases at Tg ¢ 150°C. At Tg > 300°C the resistivity can be as low as
~2x 104 Qcm. This is in agreement with some earlier results.
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Figure 5. Dc resistivity versus substrate
temperature for e-beam evaporated ITO films.

Antireflection coated ITO films

The refractive index of ITO films is rather high in the visible wavelength range (-~ 1.9
for our films) and their inherent absorptance can be very weak. Hence a suitable antire-
flection coating can provide a substantial enhancement of the transmittance by bringing
down the front surface loss. We used MgFp, which has a refractive index of 1.38. These
films were deposited onto the ITO coated glass at room temperature by resistive evaporation
from a molybdenum boat in a small standard bell-jar system. The reflectance from the tandem
coating was monitored continuously during the MgF, evaporation by use of a monochromatized
Hg lamp (wavelength 436 nm) and a photo-diode, and the deposition was stopped when the
signal was close to a minimum. The MgF; thickness was then ~0.1 um.

Figure 6 shows spectral transmittance for a bare glass substrate, after ITO deposition,
and after overcoating with MgF;. The film thicknesses are shown in the inset. The final
transmittance is higher than for the uncoated glass over the whole visible spectrum, as
indicated by the shaded area in the figure. It is also found that the interference fringes,
which are pronounced in the ITO+ glass structure, become much less apparent after the MgF,
coating.
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Figure 6. Spectral visible transmittance for an anti-
reflection coated ITO film on glass.
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If the ITO+ MgF, coating is to be used on a low-emittance window, it is essential. that
the antireflection“film does not significantly impair the infrared reflectance. This was
verified by spectrophotometry for wavelengths longer than 3 um. The measured near-normal
reflectance of the ITO+ MgFy films could not be distinguished from the correspondlng data.
for ITO only. At off-normal andles the MgF, played some role though. Figure 7 gives re-
cordings for 45° incidence onto the same structure as reported on in Fig. 6. The p-polarised
light exhibits a clear minimum at ~17 um wavelength as a consequence of the MgF, film,
whereas the s-polarised light is unaffected. These results are consistent with the pub-
lished!! dielectric function of crystalline MgF,. The increase of the integrated thermal
emittance provided by the 0.1 um thick MgF,; film is only a few per cent.
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Figure 7. Spectral infrared reflectance for
an antireflection coated ITO film.

Conclusion

Indium-Tin-Oxide films were prepared by reactive e-beam evaporation onto heated sub-
strates. Optical measurements showed that the coatings were excellent transparent heat-
mirrors. When deposited onto glass with a temperature 2 200°C, the visible absorptance is
so low that an antireflection film produces a transmittance in excess of that for uncoated
glass, and, more important, the iridescence of the ITO film is strongly reduced. Our ex-
perimental results were obtained with MgF, coatings, which are commonplace for antireflect-
ing optical components, but similar results could have been achieved with other materials.

It was also found that neither the ITO thickness nor the MgF., thickness is very critical for
giving low iridescence. Thus it requires less elaborate thicﬁness control to make acceptable

ITO+ MgF, films than to make single-layer ITO films of comparable quality.
2

"Good" ITO films were obtained at substrate temperatures as low as 150°C, and hence it
is possible to employ plastic substrates. Preliminary experiments using polyester sheets
(9 pm thick Melinex, Type 442; manufactured by ICI Ltd., England) showed promising results
though not yet as good as for deposition on glass. )

This work was economically supported by grants from the Swedish Natural Science Research
Council and the National Swedish Board for Technical Development. .
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Heat mirrors on plastic sheet using transparent oxide conducting coatings

o v Ronald P. Howson, Martin |. Ridge :
.~ Department of Physics, University of Technology, Loughborough LE11 3TU, United Kingdom

Abstract

A technique of jeactive d.c. magnetron sputtering with r.f. substrate bias has been
evolved to give metal oxide films which exhibit heat reflecting properties while remaining
highly transparert. Films of indium-tin, indium and cadmium-tin oxide have befn deposited
onto plastic sheet at room temperature at rates of greater than O.S’pm min,”

Preliminary assessments of durability .with accelerated weathering with exposure to high
U.'V. levels and high humidities have given very encouraging results. The properties
_achieved with a single coating of ahout 300 nm of oxide to a 50 um thick P.E.T. sheet are
visible transmittances of over 70% with heat emissivities lower than 0.3. These properties
are commensurate with them providing an enercy and cost effective addition to new and
existing windows.

Introduction

The techniques and design for optical.coatings for application in the utilisation of
solar eneray, and in increasing insulation, have to meet new standards. They will be
judced by their optical performance, like any coating, but also they need to meet the
difficult criteria of being able to be made in very large areas and at a cost which will
justifv their application with the energy that is saved. The coatings,. therefore, have
to bezrélagively simple and be able to be manufactured at a hich rate, the determining
factor in their cost. : o

‘One particularly important application of a selective optical filter is within the
domestic window. Two thirds of the heat transferred by a double pane window is by radia-
tion: hetween the two panes. Suvpression of this can lead to much greater gains in
performance than can be expected by going to vacuum or special gas filling, or even by
adding to the number of panes. A filter is, therefore, recuired which has a low heat X
emissivity, and hence a high I.R. reflectance, and a good visible transmittance to maintain’
good visual contact with the environment for the occupant and to allow solar gain to be
effectively utilised. It should be durable to allow the energy and financial return to be
obtained during its serviceable life. :

There are two general types of film available for this application: a very thin metal
film ?Tydwiched»between two dielectric layers or a semiconducting oxide with a high doping
level!t) s The active material in each case uses the properties given to it by the mobile
charge carriers it contains. The metal has a very hich density of these, and also exhibits
absorption due to inter-state electronic transitions, but if it is used as a very thin
layer and careful interference matching is achieved with the dielectric layers, than a very
agood performance may be achieved. Tg? best metal is silver, but copper or cold may also be
used with some loss in performance.( They do not provide a transition from being visibly
transmitting to infra-red reflecting in the optimum vlace for maintaining solar gain whilst
limiting radiative heat transfer, which is around three micrometres, but change around one
micrometre. The principal problem with their use is that the thickness reguired is close
to that where the thin film structure becomes that of a series of isolated islands, rather
than a continuous sheet, and the optical properties become useless. This thickness of
around 10 nm also allows little prctection acainst atmospheric chemical attack, mechanical
abrasion or heat resistance, where coalescence and island formation occur with a continuous
film. They do give very low emissivities and will find application where they can be well
protected.

Semi-conducting oxide films have prevﬁ?usly required high substrate temperatures to
achieve the desired optical properties.( They have to be thicker films which can also
show interference colours and in general cannot achieve such low emissivities as exhibited
by metals. They do, however, have the potential of being very durable and forming a very
simple optical system. .

It was our opinion that the properties of an oxide film were those required for a
universal coating technique for windows and that this should be also onto a flexible
plastic sheet. It is only this technigque which will allow the production of an element at
sufficient rate and cost and in sufficient volume to cause any significant effect in the
use of energy for home heating. The escalation in energy costs is such that a technigue
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for improving the performance of existing windows in a cost and energy effective way is
urgently reguired.

Techniques

Our original hypothesis was that the addition of energy to a growing film by exposure
to bombardment by neutral heavy ions should lead to properties being attained which were
nornall¥ §een only at hicher temperatures. This was tested with evaporation and sputtering
methods Only reactive methods using pure metal sources were considered in order to
achieve the simplest realisable system which could achieve high rates. This gave good
results with both systems but has proved to be symptomatic of a more important factor,
which is the careful control of the oxygen to metal ratio. With the high rate used it was
apparent that it was oxyoen cgas admission rate versus dep051tion rate that determined the
oroverties obtained. (5)" "mhe precision control of rate combined with a high rate capabil-
ity, and operation at a relatively high gas pressure to provide the reactive gas has led
us to the system of d.c. planar magnetron sputterinc of the metal or alloy in an atmosphere
of argon and oxygen. The ion bombardment of the substrate provided by a r.f. discharce
activates the oxygen reacting on the substrate surface to give higher rates of deposition.
In order to achieve optimum proverties in the films we have found it necessary to control
the power to theé sputtering source and the oxygen cas admission rate to within 0.1%. The
conditions were adjusted in accordance with the properties of the f£ilm continuously
monitored in a rol% foating apparatus. This apparatus is described in a further paper in
these proceedings.,
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Indium 7Tin Oxide (I.T.0.) on class compared with the actual detailed measurements
of » an? 7 shown in a dotted line.
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Results

The optical properties of £ilms of indium 10% tin oxide, indium oxide and cadmium 2:1 tin
oxide are shown in Figures 1 throuch 3. Indicated on these ¢raphs are the theoretically
expected properties using simple dielectric and Drude theory diy}ved from the electrical
properties and the film thickness which are listed in Table 1. Samples of indium oxide
and indium 10% tin oxide films on plastic were subject to weathering tests including
temperatures cycling in a high humidity with a high U, V. exposure and showed good
durability. Some film damage was apparent in the most severe case which was found on
inspection to be due to differential expansion, but in these cases in many films bubbling
of the surface had occurred without breaking. Attention is obviously needed to create the
correct stress level in the films that are produced. S ’

Figure 2
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Reflectance (R), Transmittance (T) and Absorptance (A) calculated from the
parameters provided by the electrical and optical measurements on a film of
Indium Oxide (I.0.) on glass compared with the actual detailed measurements
of R and T shown in a dotted line.

Detailed parameters are given in Table 1.
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Figure 3
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Reflectance (R), Transmittance (T) and Absorptance (A} calculated from the
pvarameters provided by the electrical and optical measurements on a £ilm of

Cadmium Tin Oxide (C.T.0.) on glass compared with the actual detailed measure-
ments of R and T shown in a dotted line.

Application

The application of such a coated plastic £ilm as a 'stuck-on' element in a single pane
window, as a suspended element in the centre of a double pane window and as suspended
additional element to an existing single pane is considered in the Figures 4, 5 and 6.

It is our belief that the addition of a lightweight element to the interior of an existing
window can result in a genuine cost-effective improvement to the insulation of a building
which maintains solar gain. The simple 'stuck-on' film does not offer a real solution as
it is even more liable to cause condensation on the surface, which destroys the effect of
the low emissivity coating. A sheet stretched in a frame offers a much higher gain in
performance with the advantages of easy replacement of the sheet if it is damaged. The
licht weicht also allows application in many situations where the weight of a glass
element would be an embarrassment. A plastic sheet coated both sides with an optical
filter stretched in an aluminium frame and attached in a simple way to an existing single
pane window could lead to a performance considerably better than existing triple glazing.
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Data for Indium Tin Oxide, Cadmium Tin Oxide and Indium Oxide.

Parameter I.T.O. c.7.0. I.0.
Relative electric permittivity -6 4 4 3.5
Wavelencoth for reflectance minimum (x 10™°m) 1.2 1.9 1.45
Plasma wavelength (x 107°m) 1.3 2.5 2.0
Plasma frecuency (x 1030) 1.45 0.75 0.94
Sheet resistance ( /2; 17 24 30
Film thickness (x 10=7m) 330 280 336
Carrier density (x 1026m=3) N 6.1 3.4 2.1
Electrical mobilitv (x 10~4m2v1ls™%) 17 30 29
Carrier relaxation time (x 10~15s) 2.8 5.8 2.6
Effective mass 0.29 0.34 0.16

Table 1



The presence of a low emissivity surface on the inside of the window has a large effect
upon the radiative environment experiepced within the room. For a temperature difference
between the room and the outside of 22°C the eguivalent black body temperature seen by an
occupant goes from 14°C below ambient to 5°C for a coatinc with an emissivity of 0.3 and
1.7°C for one with a value of 0.1. A double glazed structure has the effect of reducing
this to 7°C which falls to 0.79C if a coating, facing the exterior pane, is used with an
emissivity of 0.1. If an additional coating is applied facing the room, or the pane is
transparent to heat radiation, then this £falls to 0.5°C., These figures become 2.2°C and
1.7°%¢ respectively for a coating with an emissivity of 0.3. If two additional panes coat-
ed both sides with a surface having an emissivity of 0.1 are added to a single pane, then
the equivalent black body temperature falls to 0.4°C. This is lower if only the centre
element is coated. A value of 1°C is obtained if an emissivity of 0.3 is used. 'Normal'
triple glazing gives a value of 4.5°C. '

Conclusion

The properties of metal and alloy oxide films procduced at hich rates onto plastic sheet
has been described. They reflect more than 70% of the heat spectrum whilst being
transparent to more than 70% of the visible spectrum. Such a process offers the
possibility of an element being provided for both new and existing windows which will
allow an improvement in the insulating performance for little penalty of weight or cost.
The process is adapted to the production of very large areas of sheet which could make a
significant impact on national energy consumption. The availability of such a large area
filter allows the concept of a window insulation performance similar to that of a well
insulated wall but having the advantage of admitting solar radiation to heat the house
whilst maintaining visual contact for the occupant, making the domestic window a very
effective utiliser of solar radiation. ’ ’
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Transparent heat insulating coatings on a polyester film

Kiyoshi Chiba, Shigenobu Sobajima, Utami Yonemuri, Nobuo Suzuki
‘Central Research Laboratories, Teijin Ltd., Hino, Tokyo, Japan

Abstract

Multi-layer coatings of metal-dielectric type were prepared on a poly(ethylene’ -
terephthalate) (PET) film using chemical and physical preparation techniques. Hydrolysis
of tetrabutyl titanate (TBT) followed by condensation gave rise to well-controlled
transparent dielectric layers with relatively high refractive index and a silver layer
was ‘prepared by vacuum evaporation. Changes of chemical coating condition gave various
types of optical characteristics. This film reduces energy dissipation from a single
windowpane by around 35%. : ’

Introduction

Transparent heat insulating coatings are well known to be effective to control o
radiative heat losses and to reduce energy consumption in various applications in the field
like industrial and architectural sectors.(1l) Many types of these coatings on plastics
films have been ‘proposed. and studied by several researchers(2) They are classified into
three groups. The first:is the type of thin metal layers such as Au and Al. Aluminum on
poly(ethylene terephthalate) (PET) film is used for sun-shading aEplications; but it has
large amount of absorption losses at visible wavelength region. (3 Gold coating on a PET
film has been used for heat insulation, although the material is too expensive to be used
widely. Second group is transparent semiconducting materials such as Sn0O,, and In,03-5Sn0;
(ITO). This type of coatings should be formed as relatively thick layers because of much
lower electroconductivity compared with metal coatings. For example, ITO coatings should be
thicker than around 4000 Aif it is required to reflect more than 80% of infrared ray of the
wavelength of 10 um. There are several reports(2) to prepare ITO-coating on-a PET film for
this purpose by means of réactive evaporation or reactive sputtering. However preparation
rate is actually limited by low deposition rate of metal oxide coatings. Third type is the
metal-dielectrié¢ multi-coatings, where visible reflection is extremely reduced on account of
interference effect while high infrared reflectance is preserved.(4) This type of coatings
has a great potential from the view point of good - :

performance and productivity. Fig. 1 shows the ' . :
basic structure of this type of coatings. Ti0,,ZnS DIELECTRIC .
Typically. a thin metal layer like Au or Ag is
sandwiched by two transparent dielectric layers Ag,Au METAL
with large index of refraction such as TiO,, TiOy, ' '
7n0, ZnS, Bi,0,, Si0, etc. As far as the metal Ti0,,ZnS - DIELECTRIC
oxide layer is prepared by means of reactive ' : ‘
evaporation or reactive sputtering, it is not easy ' SUBSTRATE
to prepare this film stably at high rate, with good '
uniformity in large area, and with reasonable
economics. -

In this report, the third group of multi- Fig. 1. Concept of metal-dielectric
coatings was prepared by entirely different transparent heat insulating coatings

approach; the dielectric layers were formed by

means of hydrolysis of metal alkoxide such as - .

tetra-alkyl titanate,and zirconate, while the metal layer was formed by vacuum evaporation.
Metal alkoxides are known to be hydrolyzed to form a network structure consisting of metal
oxide .such as titanium oxide, and zirconium oxide. Since the refractive index of the
prepared layer is higher for tatanium oxide than for zirconium oxide, tetra-alkyl titanates
were chosen for chemical coating materials. (5) . : cr

Experimental procedure

PET films of thickness of 25 or 75 um were used as substrate. Chemical coating was
applied by using a spinner apparatus equipped with optical monitoring system shown
schematically in Fig. 2. A simple type of spinner was constructed inside a chamber made of
acrylic plates. The spinning speed was set at either 1000 or 1400 rpm. A 1 ml pipette was
positioned at the top plate of the chamber located away from the center of the spinning
plate by 5 mm. With a rubber bulb 0.3 ml coating solution was poured for about 2 sec on 'the
surface of PET film attached to the aluminum plate rotating at proper speed. A 1 mw He-Ne
laser beam was introduced on the film surface at normal incidence, adjusted by a mirror
after attenuated by a factor of one-fiftieth. A small hole of 1 mm diameter was drilled in
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alminum spinner plate located 20 mm off
the center of the plate.
the drilled position a rectangular prism
(5%x5 mm) was bonded to deflect the beam
direction. By adjusting the optical path
properly, the monitor laser beam which was
synchronously transmitted was detected by
a photo detector and displayed on an
oscilloscope. The chamber was usually
kept at 20°C and 60% RH. When more humid
condition was needed, ultrasonic
humidifier was used.

Tetrabutyl titanate (TBT) was used
for coating materials because it shows
controllable stability in the coating
process. For metal layer, silver was
chosen due to its good optical property.

Vacuum evaporation was carried out at
a pressure of 2.7x10°3 Pa and the
evaporation rate was 30 A/sec.

Surface analysis of the film was
performed by x-ray photoemission spectros-
copy (Hewlett-Packard) and ion microprobe
mass analyser (Hitachi IMA-type 2).

At the bottom of_

ATTENUATOR

1]

MIRROR
Illlllllllﬂﬂll
CHAMBER RUBBER / T U He-Ne LASER
BULB APERTURE
1m1-PIPETTE
. soLuTIY FILM FOCUSING:
| LENS
| YpHoT
— ,DETECTOR
ULTRA SONIC
HUMIDIFIER APERTURE
SPINNER O0SCILLO-
SCOPE
Fig. 2. Experimental setup of the

spinner apparatus equipped with
the optical monitoring system

Measurement of heat insulating property was carried out by using a heat flux meter

(Showa Denko HFM-}MU).

Preparation of trilayer coatings on a PET film

Many factors have been investigated to prepare trilayer transparent heat insulating

coatings on a PET film.

uniform in thickness and optical properties not to damage interference effects.
trilayer structure, the dielectric layers whose thickness is 200-500 A

thickness uniformity within % 10%. This
requirement was fulfiled by utilizing TBT
solution which has good coating capability
on PET and silver surfaces.

0.3 mlL of 5 wt% TBT-n-hexane solution
was poured on a 75 um-PET film surface
attached to spinner plate spinning at 1000
rpm and the film was dried for 2Z min at
120°C. Then 140 & silver layer was vacuum
deposited on it at the rate of 30 A/sec.
and 2.7x10-° Pa. In Fig. 3 the dashed
line shows the spectrum of the film formed
to this extent, where fairly good trans-
mission at the wavelength around 500 nm is
observed. Finally the top layer was
coated at the same conditions as the first
coated layer. The solid line shows
observed spectrum of the trilayer coatings
on PET film prepared in this manner. This
spectrum shows good optically selective
properties; almost 80% is transmitted at
500 nm wavelength, while more than 97% of
infrared is reflected at the wavelength’
larger than 2.5 um.

Changes of concentration of the
solution lead to different spectrum
selectivities as shown in Fig. 4. Careful
choice of concentration makes it possible
to obtain desired spectrum. Fig. 5 also
shows computed curves of spectrum where
the refractive index of the dielectric
layer is assumed to be 2.0. Comparing
these two figures, it is indicated that

- TRANSMITTANCE(%)

1

Chemically prepared layers have to be formed smooth and kept

In the
“is desired to have

00 T T Y T

L 4
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BT ]
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]
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- Fig. 3. Measured selective transparency

and infrared reflectance of prepared
film
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Fig. 4. Concentration dependence of
selective transparency of trilayer
coatings.

Thickness of the silver layer: 140 )
The figures represent concentration of
TBT/n-hexane mixture
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Fig. 5. Calculated selective transparency

The figures represent,thickness of the
constituent layer in A

the optical properties of the film are able to be controlled even in the thickness range

less than 500 R.

used.

Effect of the solvent

previous section.

T(%)60~

These results were also confirmed when conventional coating method was

Initial stage of coating process was observed using monitoring system described in the

75

45

SOLVENT-
POURED

2 SEC
(a) n BuCH

Fig. 6.
on an oscilloscope.

Coating condition:

Advantages of this system are as follows.

(1) Laser beam monitors

75
T(%) 60—

45

SOLUTION-
POURED

2 SEC

(b) 5 wt% TBT/n-BuOH

Example of coating dynamics displayed

20°C, 60% RH

Substrate: Ag (140 &)/TBT-coated (300 R)/PET film
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75
T(%)60-

45

——et

2 SEC

SOLVENT-
POURED

(c) n-heptane

limited small portion synchronously.
Therefore the variation in the film
surfaces does not affect detected signals.
(2) When coating process of an upper
dielectric layer is monitored, changes of
detected signal are enlarged by interfer-
ence effect associated with metal/
dielectric/PET film base.

Many kinds of solvent have been inves-
tigated. Fig. 6 (a)—(d) show typical
examples observed in the series of runs.

In Fig. 6(b) the solution is composed of
n-BuOH and TBT (5 wt%) and in Fig. 6(d)
n-heptane and TBT (5 wt%). For comparison,
Fig. 6(a) shows the case of pure solvent

of n-BuOH and Fig. 6(c) n-heptane
respectively.

These figures represent time-resolved
process where as -coated liquid layer
changes to transform into thin solid film.
Fig. 6(b) shows this process clearly.

From the interference pattern the thickness
of as-coated layer is estimated as around
5-7 uym. It decreases at the rate of more
than 1 um/sec at the thickness in excess of
S um and 0.4 pym/sec at less than 2 um
respectively. In the highly diluted
solution, difference between solution and
pure solvent is not observed during this
stage. Then at the right end of the figure,
there is an abrupt rise of the curve
corresponding to the formation of the solid
film. This is also indicated from the

—_—
SOLUTION- 2 SEC
POURED

Fig. 8. Effect of humidity on

the coating dynamics

5 wt% TBT/n-BuOH
22°C, 85% RH

Solution:
Condition:
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calculated curves in Fig. 7. Namely, under the constant speed of evaporation, the
transmittance of the trilayer film changes as the thickness decreases. For the solvent of
refractive index 1.4 and the solute of 1.5 (TBT), the transmittance of the trilayer film is
represented as broken line; and, for the same solvent and the solute of 1.9, the interfer-
ence is calculated as dotted line. The latter curve also corresponds to the case, in which
the TBT, whose refractive index is 1.5, undergoes any chemical reactions during or at the
end of the evaporation and changes its index up to 1.9. Thus, the experimental curve and
the calculated pattern both indicate that a certain chemical reaction occurs either during
or at the end of the evaporation process. In TBT-n-heptane mixture, this whole process
occured much faster than in the case of TBT-n-BuOH mixture. From many trials it was
concluded that this deposition process is reproducible and controllabe.

Fig. 8 shows another observation at highly humid condition where 5 wt$% TBT-n-BuOH
mixture was coated at 85% RH and 22°C. In this case clearness of interference pattern
-diminishes significantly. It must be due to precipitation of scattering nuclei in the film,
which are composed of particles of titanium oxide and hydroxide. When the mixed solvent is
used, both deposition rate and environmental stability can be controlled simultaneously.

Troper chcice of tiie sclvent could precduce the different state of as-coated layer.
Fig. 9 shcws an example of quite different pattern from Fig., 6(b). Between these two
patterns, coating conditions are exactly same except for the solvent. The kinds of the
sclvent do not only give rise to difference at this state but also influences the final
optical rrcperties of the trilayer coatings

Effect of drying =~ ’ o 100 T N v T

As-coated dielectric layer contains L -
some amount of organic contents :
consisting of unevaporated solvent and
unreacted elements. ‘Although the organic
contents decrease as aging proceeds,

.drying accelates this step. "Fig. 10 shows
typical spectrum changes of trilayer
coatings before and after drying for 2 min
at 125°C. The dashed line shows as-<coated
spectrum while solid line shows the one
after dried. Chemical analysis also
indicates the carbon-content of the layer
decreases to about 2—4 wt% after this
processing. The content decreases further
to the level less than 1 wt% when.aging
proceeds. But no significant change in‘ :
the spectrum.is observed after drying. v e ~= AS—COATED
The drying process is also controllable

TRANSMITTANCE (%)
(o)
(@]

and reproducible. ' —— AFTER . .

- s DRYING FOR 1

Stability of the silver layer deposited 2MIN AT 125

on chemically formed dielectric layer 0 . . L N

' 400 500 600 700 800 -900
In this experiment, silver was

deposited by vacuum evaporation. Two WAVELENGTH(nm)

types of deposited state have been

reported to exist in evaporated'si%ver (6) Fig. 10. Spectral changes of the

coatings when applied on glass surfaces. A  ‘trilayer coating before and after

One is quite similar to massive silver of
good electrical and optical properties; _
another is of poor electrical conductivity
and of large amount of optical scattering. ' '

Similar phenomenon was observed when silver is deposited on TBT-coated film surface.
Depending on the ‘thickness of the silver layer, the transmittance of the composed film
variot as shown in Fig. 11. There are also shown the theoretical curves which were
compuied Lased on the optical constants as the bulk material. For the thickness more than
around 100 A, the observed transmittance of the prepared coating agrees well with the
computed curves: while for the thickness less than around 100 R, discrepancy exist between
them. In the latter region, the electrical and mechanical properties of the silver layer
are much pogrer.. Also, the stability of the silver layer is inferior for the thickness
around 100 A. According to this instability, as-deposited silver coatings frequently turn
poor state, when the thickness is close to around 100 A. This instability can be improved
by changing of the properties of the metal layer by, for instance, alloying with gold.

drying

Properties of transparent heat insulating coatings
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Optical properties

A chemically prepared titanium oxide
coating is formed in completely different
mechanism from physically prepared one such
as by vacuum evaporation and sputtering
process. In the chemical reaction the thin
solid coating is formed from relatively
-thick coated layer. Therefore it lead to
small amount of inhomogeneity and irregu-
larity in the coating when film formation
rate is relatively high.

Surface analyses were carried out to
investigate prepared films using the x-ray
photoelectron spectroscopy (XPS) and the
ion microprobe mass analyzer (IMMA). Fig.
12 shows XPS spectrum of the surface of the
trilayer coatings on a PET film. Fig. 13.
also shows in-depth profile of silver of
the coatings by IMMA analysis. From these
characterization techniques, some indica-
tions are given as follows: the titanium
oxide layer is clearly formed; the trilayer
coatings are formed well; but, some amount
of uncovered silver surface is still
observed. This inhomogeneity can be
improved by proper choice of the coating
conditions.

The index of refraction depends on
final residual organic content and state of
network structure. Typical value of
prepared titanium oxide from TBT solution.
is around 1.9-2.0 at the wavelength of
500 nm. Fig. 14 shows refractive indices
prepared by various techniques for
comparison.

In Fig. 15 a typical spectrum of

1 0 - T - T T

TRANSMITTANCE (%)
wn
Q

COMPUTED
——— Ag/DIELECTRIC(n=2.0,
400R8)/PET FILM

-——— Ag/PET FILM
L EXPERIMENTAL ' q’
oo ® Ag/TBT—COATED/PET FILN‘ :
o . (400R)
50 100 150 200 250
THICKNESS(R)

Fig. 11. Transmittance of the silver
coating as a function of thickness at
a wavelength of 500 nm

prepared transparent heat insulating coatings

on a PET film is shown at the wavelength
from ultra-violet to infrared region. The
structure is TBT-coated layer (270 R)/Ag
layer (150 R)/TBT-coated layer (270 A)/
PET film (25 um) which shows good optical
selectivity.

. . )
Heat insulation characteristics '\

Since infrared reflectance of the
trilayer coatings is very high, the

prepared coatings show good heat insulation.

Its effect is well represented by K-value
which is defined by the following equation.

Q:

Where Q is the heat flux (Kcal/m2h), K the
heat transfer coefficient (Kcal/m2deg h),
and AT the temperature difference (deg),
respectively. K-values of the film were
measured at various application forms where
temperature is 20°C in inner area, and 0°C
in outer area and wind of 3 m/sec blows at
outer area. For single window pane K-value
is 5.3. When the film is attached as its
coatings faces inner area it shows 3.5.

For double glazing spaced by 10 mm-air it
is 2.8. When the film is attached to the
inner pane whose coatings face outer space
it shows 1.8. These results suggest a
"single window pane attached by the film
reduces energy dissipation by around 35%,
and a double glazing attached by the film

K x AT

1s

INTENSITY (arb.units)

500
BINDING ENERGY (eV)

200

Fig. 12. XPS spectrum
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Fig. 13. IMMA depth profile of
silver of the trilayer coatings , (measured at 500 nm)

has same degree of insulation
effect as a triple glazing. These
heat insulation characteristics
are very promissing for practical
applications in the industrial

and architectual sectors.

Conclusions

Transparent heat insulating
coatings of metal-dielectric type
were prepared on a poly(ethylene
terephthalate) film using chemical
and physical coating techniques.
Even in the thickness from 100 to
500 & chemically prepared titanium
oxide layer has shown controllable
properties. Therefore optical
selectivity can be controlled
using proper coating conditions.
The present preparation method
can be applied to the convention-
al coating apparatus like
roll-up machine for large scale
production.

As a heat insulator the
prepared films have shown good
characteristics capable of large
amount of energy saving in
various fields.
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Performance and sputtering criteria of modern architectural glass coatings
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Abstract

Architectural glass coating has gained relevance in the entire energy consumption dis-
cussion worldwide. This affects solar control films for the reduction of climatisation
costs in hot climate regions and heat mirrot coatings to reduce energy costs for room hea=
ting in regions-of moderate climate conditions. Both types of coatings are deposited in a
high rate sputtering process. The specific requirements to the magnetron cathode to reach
special film properties are described. For the solar control films a low magnetic field
strength version of the magnetron cathode is used to improve film hardness. For the heat
mirror coatings a high magnetic field strength version of the magnetron cathode is des-
cribed, especially to prevent the oxidation of IR-reflecting intermediate metal film. Opti-
cal values of solar control films on the base of stainless steel and titanium are given.
Special colour effects, especially in reflection are described. Heat mirrors aré exhibited
as three films systems with silver or copper as the intermediate metal films. Transmission
and reflectivity values are reported. : ’

Introduction

Energy costs have been increased immensely through the last few years and architectural
glass coating has gained a growing importance for heat insulation of building windows.l Two
types of coating are applied depending on the geographic and typical wheather situation. So-
lar control films exhibit a low transmission over the visible (typically 8-20 % at £5C nm
wavelength) and reduce energy transfer from the solar radiation into the buildings interior.

Keat mirror coatings are nearly transparent in the visible and have a high reflectivit;
in the far infrared. This wavelength selective filter keeps heat radiation inside the buil-

dings. Monolayer coatings as well as multi-film systems are used.

Beth types of glass coatings can be deposited economically in an in-line production
plant using the high rate sputtering process.4 High rate sputtering additionally offers the
advantage to obtain special film properties as adhesion, hardness or high purity by choice
of the special types of cathodes as will be shown.

A 1 um thick indium-tin-oxide coating for heat mirrors exhibits a transmission of about
80 % a2t 550 nm wavelength and 90 % in IR-reflectivity.d Moreover, the layers give a variety .
of colour adjustable in reflection of the coated panes depending on the particular thick-
ness, whereas colour in transmission is nearly neutral. Because of the high materizl costs
these indium-tin-oxide-layers are not used commercially up to row. The most common mulei-
film coating for heat mirrors is the gold-bismuth oxide film system.6 As gold prices were
raised immensely, gold had to be replaced by cheaper metals, as copper or silver.’.,

So three film systems oxide / metal / oxide have been investigated intensively and these
film systems have been transfered to the recent production of architectural glass coatings
with copper or silver as the intermediate metal layer.

The IR-reflectivity of these coatings has to be fixed via the conductivity of the metal
films which has to be optimized for a high transparency in the visible. Especially in in-
line production machines, when oxide and metal are sputtered simultaneously, one has to
take care that the silver or copper film oxidation is kept at a minimum tolerable level.
The transparency has to be optimized by adjusting the oxide layer thickness. Desired ef-
fects concerning the colour of the coated panes (in reflection) can be gained by choosing
a non-symmetric set-up of the film system with different film thickness of the toth oxide
layers.

Because of the special situation solar control films are reasonably used on one pane
windows. For this reason this kind of coating additionally has to be resistant to scratch
and cleaning treatment. This demands hard and well adherent coatings.

The heat mirror coatings are usuélly used in two or three pane windows, where the coa-

ting is placed on one of the inner glass surfaces. So there are no major requirements for
the mechanical properties of this kind of coating. :
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Experimental

The experiments reported have been carried out on a load-lock two-chamber plant type
A 900 H2 (Leybold-Heraeus GmbH). The coating chamber is pumped down by a turbomolecular
pump TMP 1500 9 with a pumping efficiency of 1500 1/s. The residual gas pressure of the
coating chamber is typically 5 x 10-5mbar. Two high rate sputtering cathodes PK 750 with
alternatively directly or indirectly watercooled rectangular targets of 750 x 230 mm? in
size are installed. Multi-layer coatings are deposited in multipass mode.

The cathodes with 230 mm in width are standardized Leybold-Heraeus-cathode types and the
length of the cathode can be chosen for the special application. From the experiences up to
now experimental results can be transferred without major problems from the 750 mm-cathode
to larger ones up to 3.50 m in length. ’

The cathode profile is given. in Figure 1. The typical magnet arrangement 'in the magne-
tron cathode is shown. By means of the magnetic field the plasma expansion is restricted to
a definite distance in front of the target and the particle density is maximum. By means of
this effect the sputtering rate is optimized. 0 Thus the plasma can be confined not to touch
the substrate for a given geometry. On the other hand if a self biasing effect of a floa-
ting substrate is desired the magnetic field strength of the magnet array has to be ad-
justed so that the substrate itself gets in contact with the plasma. Figure 2 shows schema-
tically the situation for two different magnetic field strengths. Keeping the target-sub-
strate-distance constant in the second case the magnetic field strength is weakened and the
plasma expansion is ‘enlarged. A considerable surface potential will arise.

PLASMA PLASMA
|
N
N \\\ \\\ \\\L N \\\
_§ \\\ TZZ
N gWATER COOLING% N
; §° el |
4 /E ; CATHO
[._j;y e CATHODE ATHODE
' / / ASS GLASS
/ TARGET SEALING- SUBSTRATE SUBSTRATE
CLAMBS
Figure 1. Cross-section of the magnetron Figure 2. Schematically sketched expansion
cathode PK 750 (Leybold-Heraeus GmbH) of the plasma cloud for a high and low mag-

netic field strength version of the magne-
tron cathode

For t?e experimgnts described the target-substrate distance is 100 mm. The maximum sub-
s?rate dl@en51ons in the sputtering plant used are 40 cm to 40 cm. The substrates are moved
lipearly in front of the cathodes. The speed of substrate motion is adjustable.

The power supply of the high rate sputtering cathodes is current controlled with a maxi-
mum current of 60 Amps. '

. Three gas lines are installed, flow controlled separately. Gases are mixed before enter-
ing the gas inlet system, which is mounted in front of the target. .

Solar control films

Various materials have been investigated for use as solar control films. Stainless steel,
for example, is attractive from the point of view of target material costs. However, proper-
ties of sputter deposited films are different from those of the bulk materials. Sputtering
stainless steel results in coatings which actually are quickly corroded by the ambient at-
mosphere. So a protective overlayer is necessary.

Chromium is one of the most favourbale candidates for solar control films. The experi~
ments show that Cr §hould be sputtered in a semi-reactive process in an oxygen/argor mix-
ture. The pure Cr films would not achieve the hardness which withstands a typical scratch
test.
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Metal compound films as TiC are also suitable for solar control films. They are hard so
that they are also used for tool coating.1l The transparency of these films can be influ-
enced by varying the carbon content during the reactive sputter process.

The colour in reflection of the coated panes can be varied, if a film system of metal
oxide plus TiC, for example, is used.

Requirements to the sputtering process

Because of the special applications coatings for solar contrel films have to be opti-
mized in hardness and adhesion. For coatings on metals or other conductive substrate ma-
terials bias sputtering would be applied to improve hardness as well as adhesion. __

With glass as an electrically insulating substrate a bias voltage cannot be used if one
consideres an in-line production plant with panes of up to 3 m by 6 m size. A movable sur-
face contact to the conducting layers would not deliver satisfying results because of the
high series resistances and the correlated voltage drop over the large substrate area.

Coating the glass panes at elevated temperatures does not work as the panes could break.
But basically there is a possibility to influence the mechanical properties of deposited
layers even on glass substrates in a 'quasi-bias' sputtering process. If an insulator is
immersed in a plasma an electrical surface potential on the insulator surface will arise.
This is due to the high electron mobility. In the plasma electrons immediately will be
weakly bound to the glass surface to produce a negative surface potential. As a conse-
quence ions will be attracted impinging the glass surface. For this reason the plasma con-
finerent of the magnetron cathode must be adjusted exactly to the given geometry. Then the
substrate gets directly in contact with the plasma (Figure 2), and the surface potential
will be raised to approximately 60 V - 70 V. The current density to the glass surface will
be increased. In this way the hardness and the adhesion of the deposited films can be im-
proved significantly. ‘

For the deposition of TiC, for example, a reactive high rate_sputtering process is ap-
plied. The total gas pressure is kept relatively low at 2 x 10-3mbar Eo prevent backsput-
tering. The reactive gas is C,H, with a partial pressure of 3,5 x 107 "mbar. The resulting
deposition rate is 5 nm/s with a power load of 11 Watts/cm?. The deposition rate and the
hardness of the TiC-films are found to be very sensitive against only small - variations
of the C,H,-partial pressure. .

Results ’

Transmission and reflectivity curves of sputter deposited stainless steel films are plot-
ted in Figure 3 and Figure 4. Reflectivity is shown to be about 20 % to 35 % over the vi-
_sible, depending on the correlated transmission values (8 %, 14 % and 20 % respectively).
Obviously these films show essential absorption. Reflection curves are rather flat, so that
the colour in reflection viewed from the glass side appears greyish neutral.
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Figure 3. Transmission curves over the vi- Figure 4. Reflectance curve over the vi-

sible for stainless steel coated single
panes, related to transmission values in
Figure 3

sible for stainless steel coated single panes

In Figure 5 and 6 the transmission and reflection curves of a TiC-coated glass pane are
shown. The colour in transmission and in reflection again is greyish.
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Now investigations have been done to influence the colour, especially in reflection,
viewed through the glass panes (from the outside of the building). For this purpose a 3n0,-
underlayer has been deposited on the glass substrate. The TiC-film is coated on this oxide.
By means of interference effects of the tin-oxide films, now the colour in reflection can
ne varied. In Figure 7 three curves are shown for the reflectivity over the visible, mea-
sured through the glass pane. The transmission curve is not affected considerably by the
tin oxide layer. Varying the tin oxide layer thickness the reflection maximum can be shifted
from brown, green, blue to violet or even red.

Colour variations can be measured in re-

Reflectivity flection. In Table 1 colour measurements for
* Tic these TiC and TiC + Sn0O,-coated panes are
1 given using a MACBETH-colourimeter.
TiC
304 e S0z .
1' G'“”""""" The L*-values indicate the integral re-

flection intensity over the visible, the A*-
values indicate a green colour if the sign
is negative and a red colour if the sign is
positive. B*-values are standing for blue if

20+ negative and yellow if positive.
Sn02+ TiC The pure TiC-coated pane measured through
1o ~the glass is nearly neutral in colour
Wavelength / nm (A*=-0.97, B*=1.02), whereas the both SnO,=-
im0 500 600 700 800 800 TiC coated panes show colour variations. The

first one is significantly blue (A*=-0.17,

B*= -15,92). The second one with A*=+10.57
: (red) and B*= -22.05 (blue) appears violet.

Figure 7. Reflectance curves over the vi-

sible of a TiC and two TiC + SnO,-coated

single panes. The Sn0O,-film thickness is

800 & and 1100 &

Table 1. Colour measurement of coated panes
(measured in reflection through glass, coating in position 2)
B#

film system L* A*
TiC ({7 % transmission) 63,9 - 0.97 1.02
Sn0, (500 &) + TiC 46.9 - 0.17 -15.9
Sn0, (1100 R) + TiC 45,0 10.5 -22.0
As: * red B‘; + yellow
‘ - green * = blue

Comparing the hardness and adhesion of the various films one has to state that §he me-
chanical properties of stainless steel and TiC are quite similar. Especially TiC-films can

be optimized for hardness as the properties are significantly influenced by the carbon con-
tent in the film (C,H,-partial pressure during deposition).
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On the other hand a AES-depth profile of a TiC-film shows an oxidation of the TiC-sur-
face. Therefore the film hardness seems to be improved by the hard TiO,-surface, generated
by oxidation from the atmosphere under room temperature. Annealing TiC-films in air results
in a proceeding TiO,-depth as can be seen from Figure 8 and Figure 9, which show AES-depth
profiles of TiC-films after 1 hour annealing at 100°C and 300°C, respectively.
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Figure 8. AES-depth profile of a 1 h/ Figure 9. AES-depth profile of a 1 h/300°C
100°C annealed TiC=-film on glass annealed TiC-film on glass

The 'surface region is defined arbitrarily as the depth, at which the carbon concentra=-
tion reaches 15 atom %. 1t is shown that the carbon concentration drops as the oxygen con-
centration is raised. The surface region grows with higher temperatures from apprcximately
20 & at 100°C to approx. 90 & at 300°C.

The film uniformity available is less than 2 percent variations in transmission over
large scale substrated up to 3 m by 6 m.

Heat mirror coatings

Copper and silver are used replacing gold for an IR-reflecting film. These heat mirror
coatings are deposited as a film system of oxide/metal/oxide. A typical metal film thick-
ness is 80 & to 100 R for silver and 100 & to 150 & for copper.

. The electrical conductivity defines the IR-reflectivity. So a correlation between square
resistance and IR-reflectivity can be given.

The metal fim deposition process itself must provide the deposition of a pure metal film
with highest conductivity or lowest specific resistance. Residual impurities would also in-
fluence the specific resistance resulting in absorption and lowered transmission over the
visible.

The oxide layers (Indium-tin-oxide, titanium oxide for instance) are used for improved
adhesion, as a protective layer and for optimization of the transmission. Moreover, colour
effects as desired can be influenced, especially if a non-symmetric set-up of different
gilm thicknesses is applied. Typical oxide film thicknesses are in the range of 400 & to

00 8. :

Requirements to the sputtering process

For the deposition of a high purity metal film the ratio of sputtered particle density
to residual gas particle density has to be maximized. That means for a given residual gas
pressure, that the deposition rate must be as high as possible.
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And a high sputtering rate supports nucleation in the films deposited so that the stabi-
lity of the films against long-term effects will be improved.

From both boints of view best results have to be expected if the low rate areas of the
stationary sputtering distribution are shielded so that only high rate areas contribute to
the film deposition.

Therefore a special shielding is used for a metal film deposition as can be seen from
Figure 11. The oxygen concentration in the reactive oxide sputtering process has to be mi-
nimized carefully just for the deposition of fully oxidized oxide films but preventing the
incorporation of exceeding oxygen particles. This would cause long-term oxidation by diffu-
sing oxygen particles. The oxide sputtering process is described in detail in ref. 3.

Furthermore, for this application the target should be directly water cooled for a maxi-
mum applicable power input for high rates. The magnetic strength should be high (more than
280 Oe), so that the plasma confinement is determining a relative small sputtering area of
high local sputtering rates.

The IR-reflectivity is decreased as the metal film is oxidized. This oxidation can occur
during the deposition process, especially if the oxide and the pure metal film is sputtered’
simultaneously. The experiments show that the sheet resitance of the metal film is not af-
fected by the first oxide film. More critical is the deposition of the second oxide film
deposited on this metal film. If the metal film enters the reactive gas atmosphere with
an essential oxygen gas partial pressure the sheet resistance of this film is slightly in-
creased by about 10 %, equivalent to a change in the IR-reflectivity of only 1-2 percent.
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Figure 10. Ion current density versus probe- Figure 11. Normalized stationary deposition

target distance for a high magnetic field rate distribution for a target-substrate di-
strength version of the magnetron cathode stance of 90 mms. A special shielding is
PK 750 . used for the only utilization of the high de-

position rate plateau.

However, if this metal film now gets in contact with the plasma and the oxygen gas, a
drastical increase of the sheet resistance from 10 Ohms to 60 Ohms, for example is ob-
served. This is caused by a high degree of oxidation, induced by the charged particles
energy and thermal energy. For this reason, the magnetic field strength of the magnetron
cathode must be adjusted so that the palsma is confined to a narrow area in front of the
target, not to touch the substrate directly (see Figure 2). In this case also the heat load
of the substrate is minimized.

Using such a high magnetic field strength version of the magnetron cathode the charged
particle density is minimized at the substrate position as can be seen from Figure 10.There
the ion current density is plotted versus the target-probe distance. The high ion current
density directly in front of the target indicates the strong plasma confinement.
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With this version of.the magnetron cathode, the square resistance of the metal film is
only increased by 10 to 15 percent during the second oxide film deposition. This is tole-
rable. - ’ : ) .

Results

The IR-reflectivity can be measured very quickly measuring the square resistance. In
Figure 12 the IR-reflectivity is plotted against the square resistance. These measurements
are carried out for copper and silver as intermediate metal layer between various metal
cxide films. There are some considerable deviations between the various materials.

AN

Figure 13 gives the transmission curves of TiO,/Ag/TiO, and TiO,/Cu/TiO, over the vi-
sible. The corresponding IR-reflectivity at 8 um wavelength is 89 % to 90 % for TiO,/Ag/TiO,
and 35 % for TiO,/Cu/Tio,.
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Figure 12.  IR-reflectivity gmeasured at 8 um Figure 13. Transmission curves over the
wavelength)vs. the sheet resistance visible for TiO,/Ag/TiO, and TiO,/Cu/TioO,

The oxide film thickness is 450 A&. The transmission at 550 nm for the silver system is
~about 80 %, for the copper system about 70 %. In Figure 14 the reflectance values over the
-far infrared (tetween 2 and 9 um wavelength) are shown. If the intermediate metal layer is
slightly oxidized, the transmission values and the IR-reflectivity are lowered..

The resulting effect is illustrated for silver in Fig. 15 and Fig. 16. AES-depth profiles

of an almost ideal In,0,:Sn0,/Ag/In,0,: SnO, and of the same system with a partially oxi-
dized silver film are shown,
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Figure 14, IR-reflectance curves for TiO,/. Figure 15. AES depth profile of an alomost
Ag/Ti0, and Ti0,/Cu/TioO, ideal non-symmetric ITO/Ag/ITO - three film
, ' system

In the first case one observes a significant decrease in the oxygen signal to less than
5 %, when the silver peak goes up to 95 %. '
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Figure 16. AES-depth profile of a ITO/Ag/ITO-system with a broadened Ag-region

In the second case (Figure 16) the silver region is broadened. The maximum value is only
about 60 % and the oxygen signal does not drop to less than 20 %. This second coating ap-
pears blueish in transmission. The transmission maximum does not exceed 65 %.

Colour measurements in reflection of TiO,/Ag/TiO, and TiO,/Cu/TiQ,-coated panes are given
in Table 2. The silver system appears blue in reflection whereas the copper system is green
in reflection, corresponding to the slightly red colour in transmission.

Table 2. Colour measurement of coated panes
(measured in reflection through glass, coating in position 2)

film system L* A* B*
110, /Ag/T10, 41.4 1.4 -10.6 K
TiO,/Cu/Tin 53.0 -7.4 1.5 ' '

Variations of the absolute transmission value again can be kept at a level of less than
2 percent over large scale substrates. But, moreover, the colour variations which are more
sensitive to the human eye can be kept to not observable deviations.

Conclusions

High rate sputtering processes have gained a high sophisticated state of the art. Process
contrcll as well as process performances are of high reliability and successfully used in
recent production lines. Especially the adjustment of a special version of the magnetron
cathode to a special application offers the full utilization of all advantages of the high
rate sputtering process. Solar control films are sputter deposited in a low magnetic field
strength version for the improvement of the film hardness as required. Heat mirror coatings
use a high magnetic field strength version to prevent a close plasma contact to the sub-
strates, as the metal film oxidation has to be avoided.

Solar control films are deposited with optical and mechanical properties to meet the re-
cent market requirements. Moreover in wide ranges a desired colour variation can te reached
using an additional metal oxide layer.

Three films heat mirror‘coatings with silver or copper as the infrared reflecting inter
mediate layer exhibit transmission values of approx. 80 % in the visible for silver and TC%
for copper while IR-reflectivity is in the range of 85 % to 90 % at 8 um wavelength.

Both types of coatings are successfully used in recent production lines.
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Production techniques for high volume sputtered films

Albany D. Grubb, Thomas S. Mosakowski, Walter G. Overacker
Airco Temescal, Solar Products, 2850 Seventh Street, Berkeley, California 94710

Abstract

Production techniques have been developed and proven in a production facility owned and
operated by Airco Temescal in Carleton, Michigan. This plant deposits single-and multilayer
films by sputtering on glass for architectural applications. Other plants have been built
for handling glass substrates up to 100 inches wide to 144 inches long with average line
speeds up to 12 feet per minute. This proven technology is applicable to the manufacture
of other products, such as mirrors and glass with conductive coatings in large quantitites.

Introduction

Since the 1950s Airco Temescal has had a reputation for building large, thin-film vacuum
coaters employing evaporation and utilizing electron-beam guns as the heat source. By the
1970s, the problems of achieving coating uniformity and of working with multiple sources,
high vacuum, and the high voltage of electron-beam guns had made clear the need for some al-
ternate method of deposition. Fortunately, we had already started developing a new type of
sputtering source, with the objective of dramatically speeding up the traditional dc sput-
tering process. Our work produced a magnetically enhanced cathode of linear construction.
We could see quite early in the game that our new sputtering source was ideally suited to
coating large, flat surfaces, so we immediately began to consider glass-coating applications.

Developing a sputtering technology for glass

To be compatible with glass-industry requirements, we thought in terms of a truly in-line
system in which raw glass would go in one end and the coated product would come out the
other. We decided to handle the glass horizontally and sputter downward. To combat the
prevailing skepticism concerning the feasibility of sputtering downward, we built and in-
stalled a pilot unit in our Berkeley, California, facility. The pilot unit had one lock for
both entry and exit and a single sputtering zone capable of accepting two cathodes, each 54
inches long. Research efforts in that system aided us in the design of vacuum components
and sputtering sources that clearly demonstrated downward sputtering as the best approach.
The technology was not perfected easily, but suffice to say an excellent product is now
being produced by this method every day with materials-handling that is infinitely simpler
than it would be if we were loading work carriers for either vertical or upward coating.

Once in command of the technology, our next objective was to introduce it into the market-
place. To do this, we built a plant in Carleton, Michigan, whose output was dedicated to
the needs of the adjacent Guardian Industries Corporation. The glass is trucked to the
Airco Temescal plant, coated, and returned to Guardian Industries. The Airco Temescal plant,
which went on stream October 1, 1977, coats lites of glass up to 78 inches wide by 135 inches
long. The coater is equipped with six cathodes in two individual process chambers to pro-
duce the wide variety of coated architectural films marketed by Guardian Industries. The
Airco Temescal plant normally operates two shifts, although on occasion it has operated a
full three shifts, six days a week. With target changing and equipment cleanup occurring
during scheduled downtime, our experience indicates equipment availability, including un-
scheduled maintenance, to be over 90 percent of scheduled uptime. Load-to-load time varies
with the product, in a range between 1 and 2 minutes, with an average of approximately 1.5
minutes.

Facilities for research and development

Glass coating is in its early stages, and the need for more efficient films will continue,
particularly with the escalating cost of energy. With this in mind, we set up a research
and development laboratory in Concord, California, in 1981. A pilot line-coater designed to
handle glass lites 1 meter wide by 2 meters long is scheduled to begin operation at the new
facility early in 1982. 1In that pilot system, we have designed a vacuum coater with more
flexibility than any other yet built for production. That system has four successive coat-
ing chambers, each of which can be equipped with two cathodes. Each chamber can be effec-
tively isolated from adjacent chambers so that dissimilar coatings can be put down in suc-
cession--a metallic oxide in the first chamber, for example, followed by a metal and then by
another oxide. We have developed techniques for this whereby a metal very sensitive to oxy-
gen can be deposited in a chamber adjacent to a chamber in which an oxide is being laid down.
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Figure 1

This machine offers unequaled development capabilities, for which we have lined up a number
of projects that we are confident will lead to exciting new products. We are supporting the
pilot system with state-of-the-art equipment, from the latest in film-measuring instruments
to a variety of environmental testing units to be used in evaluating the durability of our
coatings. In addition, our research and development facilities include a small in-line lab-
oratory coater and a batch-type box coater for film development. The small in-ldine system
is used to coat samples up to 6 inches by 12 inches in order to establish material proper-
ties and process parameters for scale-up to the l-meter by 2-meter pilot system. Fundamen-
tal to all this activity are the facilities of the Airco, Inc., Central Research Laboratories
in Murray Hill, New Jersey, which is dedicated to basic research.

Equipment

Our eguipment is varied and flexible. Figure 1 shows the patented Airco Temescal planar
magnetron cathode that represents the heart of the in-line system. The cathode is suspended
from a cover plate that forms part of the top of the process chamber. Because all utilities
pass through the plate, the complete cathode assembly can be removed quickly. Most targets
are 13 inches wide, and of a length compatible with the width of the glass being coatecd. The
large-inventory targets are bolted onto the cathode structure from the front. The erosion
path on the target forms the racetrack pattern characteristic of magnetically-enhanced sput-
tering. Approximately one-third of the target material is sputtered onto the glass. Since
the Airco Temescal architectural films employ inexpensive materials, the remaining two-thirds
of the target material is commonly scrapped. Of course, in dealing with expensive materials,
the unused part of the target would be recovered. Incidentally, Airco Temescal has been
awarded a patent on the cathode described, in the United States, Canada, and the United
Kingdom.

The in-line system at the Carleton, Michigan, plant is shown from the inlet end in figure

2. At right is the conveyor on which a full load of glass is held until the processor starts
it through the washer. The washer is followed in line by a hooded station where the glass is
held before it enters the load lock. Holding the freshly washed glass in a hooded station

with filtered air at a slight positive pressure keeps the washed glass free of dust parti-
zles.

-7



Valve Key

V-1 —Entry load lock
V-2—FEntry bold chamber

V-3—Entry process chamber (buffer zone ) @
V-4 —Exit process chamber (buffer zone )

V-5 —Exit hold chamber
V-6—Exit load lock
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Figure 3
A. Loading conveyor K. Exit load lock S. Backing booster pumping
B. Holding conveyor L. Exit washer system
C. Inlet washer M. Exit inspection T. Exit-lock pumping system
D. Entry hold station N. Exit hold station U. Stairs
E. Entry load lock 0. Unloading conveyor V. Process gas supply
F. Entry hold chamber P. Inlet lock pumping W. Control console
G. Entry buffer zone system X. Sputtering power supplies
H. Coating zones Q. Dual pumping plenums Y. Motor-control center
I. Exit buffer zone R. Diffusion-pump backing Z. Stairs to inspection booth
J. Exit hold chamber boosters
The entire in-line system is represented schematically in figure 3. Holding conveyor B,

shown in figure 2, is followed by inlet glass washer C, in which a lite of glass is cleaned
with detergent and scrub brushes and'then rinsed and rotary brushed. The deionized rinse
water is blown off using air knives, top and bottom. The lite of glass then moves into hold
station D, where it is held until load lock E has been cleared, valve V-2 is closed, and
valve V-1 is opened. The glass moves quickly into the load lock, and valve V-1 is closed.
The high-capacity pumping system utilizes a large Roots-type pump backed by multiple mechan-
ical pumps to pull the load-lock pressure down to the low-micron range in about half a min-
ute. The glass then moves into entry hold chamber F, which is diffusion-pumped to a pres-
sure less than 1 micron. When valve V-3 is opened, the glass moves into the main processing
chamber. 1In section G, the buffer zone, the glass is accelerated to catch up with the glass
ahead of it so that, as the pieces of glass move under the cathodes, they present a virtually
continuous surface with only small spaces between pieces. Figure 3 represents a system
having three coating chambers (H), each containing three cathodes. This arrangement permits
the manufacture of a full range of products, from conventional architectural films to oxide-
metal-oxide low-emissivity (low-E) films. The exit equipment (I-N) is similar to the en-
trance equipment. Note, however, second washer L, which washes the glass a second time to
expose any imperfections in the coating. (This is a better time to find imperfections than
months later, when the lites are glazed into a building.) The finished product goes through
an inspection station, brightly lighted from below. After that, the glass is unloaded from
the exit conveyor for shipment. Typically, control console W is located on one side of the
system and the power supplies and pumping equipment on the other. The final layout, of
course, depends on the space available and on user preferences, but we recommend that pumps
and power supplies be as close to the line equipment as oossible.

The upper portion of the typical control panel pictured in figure 4 displays a schematic
arrangement with lamps to indicate the condition of every pump and valve in the vacuum part
of the system. Below the vacuum-system schematic is a map of the complete line, on which
lamps also indicate the condition of system components.

In normal operation, the entire coating process is controlled by a solid-state processor.
Processes for individual products are controlled by front-panel settings. Operating troubles
are quickly diagnosed using a cathode-ray-tube (CRT) display. With such control, a single
experienced operator can operate the complete system--supported, of course, by materials-
handling people on both ends of the line.
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Figure 4

Although we have standardized on systems of the sizes considered in table 1, we have made
systems of other dimensions, as well. Standard systems handle glass from 48 inches to 100
inches wide, up to 144 inches long. The equipment is generally capable of a l-minute load-
to-load cycle, although the cycle for any given product depends upon the particular process
applied. High humidity can affect cycle time adversely unless special provisions are made,
such as venting the load lock and unload lock with dry air. On-stream time for these svs-
tems, as mentioned earlier, is approximately 90 percent of scheduled uptime. Shrinkace is
typically 4 percent. The loading factor varies greatly from one installation to another,
depending on the product; where stock sizes of glass are handled, the loading convevor can
be almost full, whereas in other situations, where small pieces or varying sizes of aglass are
handled, the loading factor declines. The 70-percent loading factor from which the annual
capacities displayed in table 1 were calculated is conservative.

All in-line systems manufactured in the Airco Temescal plant in Berkeley, California, are
set up and operated there for customer acceptance. Figure 5 shows an architectural g¢lass
line in Berkeley being prepared for testing. The test layout in the plant 1s the same as
the customer will use in his plant, so all of the manifolding and wiring is cut to length,
which facilitates final installation.

Figure 5
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Productivity

Glass size

Width (max.) =-inches 48 84 100
Length (max.) -inches 96 144 144
Thickness - inches e 0.1 t& B.5 --
Cycle time and output

Cycle/hour 60%* 60* 60%*
Area/cycle-sqg. ft. 32 84 100
Area/hour-sq. ft. 1920 5040 6000
ilours/day 24 24 24
Days /week 5 5 5
wWeeks/vear 50 50 50
Area/year-sq. ft. 11,520,000 30,240,000 36,000,000
On-stream time as percen-

tage of scheduled time - % gg&* 9Q** 9@ >
Product loss due to coating

approximate - 3% 4 4 4
Loading Factor (varies, de-

pending on the product) - % 70 70 70
Capacity/year based on

above sg. ft. 7,000,000 18,000,000 21,500,000

*The equipment is ca-
pable of 1.0-minute
cycle time, although
some films require a
longer cycle of up to
1.5 minutes. High
humidities require
longer pumpdown times,
which, without special
consideration, will
also elongate the
eycle.

**Experience at our
Carleton plant indi-
cates on-stream time
of 90% 1is possible
with preventive and
scheduled maintenance.
Preventive and sched-
uled maintenance
should be performed
on weekends if the
production schedule
is 5 days per week,

3 shifts per day.

The system shown in figure 6 was built for making first- and second-surface mirrors. This

system coats glass lites up to 100 inches wide by 144 inches long in a l-minute cycle.

Since

it deposits a single metal film, the system includes only one process chamber, rather than

three.

If the value of silver rises--as seems inevitable--we foresee a demand for many such

systems to replace the expensive silver mirror coatings with less expensive coatings of alu-

minum and other metals.

Figure 6

The cathode service fixture shown in figure 7 is used for changing targets and cathode

servicing.

holds the cathode (which can be 3 meters long)

When a cathode is lifted out of the system,

it is facing downward.
and turns it over for easy access.
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Figure 8

:LS-1600 system in figure 8 resembles the small laboratory unit used for film

deve’ 1t Airco Temescal in Concord. The system pictured accommodates three cathodes
and coa.. _.z3s 12 inches by 12 inches.

Figure 9

The l-meter by 2-meter pilot unit installed in Concord appears in figure 9 as it was
during assembly in Berkeley.

Materials

The dc planar magnetron sputters virtually any metal or metal alloy. As mentioned earlier,
Airco Temescal architectural films do not use expensive materials. They generally employ
stainless steel, titanium, copper, aluminum, chromium, and alloys of those materials. The
coating systems deposit transparent protective topcoats as well, particularlv for monolithic
glass; they commonly deposit titanium dioxide or titanium nitride using reactive dc sputter-
in (Incidentally, Airco Temescal systems do not use radio-freguency (RF) sputtering, as
it is entirely too slow and its requirements far exceed the state of the art for power sup-
plies and RF shielding.) The systems described here can also deposit metallic oxides such
as indium tin oxide for either their electrical or ther optical properties. Because the sys-
tem does not employ substrate heating, it can deposit an indium tin oxide film at essentlalL

mperature, to give a resistivity as low as from 10 to 20 ohms per square. Indium tin
in also be used in low-E films having high solar transparency. Dielectric multilaver
other metals offer an alternate potential for low-E work. In addition to the mir-

\tioned earlier, Airco Temescal systems also produce first-surface mirrors using ma-
like corrosion-resistant chromium and stainless steel, which are extensively used
protective topcoats.
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Applications

The major uses for architectural films today, of course, are in commercial building. A
oreat amount of research is under way around the world to evaluate and expand the present
applications. A good example is the Crystal Pavilion built in Cambridge, Massachusetts, on
the campus of Massachusetts Institute of Technology by a group headed by Professor Tim
Johnson (figure 10).

Figure 10

The objective of the building is to demonstrate that 100 percent solar heating can be
accomplished in the northern United States even on cloudy days, as long as the outside tem-
perature is greater than 40 degrees F. This structure is glazed with Airco Temescal low-E
coated glass. In a different application, the reflective coating on an automobile "moon
roof," shown in figure 11, adds comfort to driving by preventing heat buildup inside the
GAE

Figure 11

We foresee many further applications in displays, solar collectors (both reflecting and
absorbing), special films for different building exposures, and the like. In fact, new ap-
plications for this exciting technology are the main thrust of our Concord research and de-
velopment facility--which, incidentally, is available for you to see.
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Conclusion

The technology has been proved in more than four years of production experience in
Carleton. Costs are known, in-plant training is available, and the technology is supported
by an aggressive research and development program for new products.

In-line systems have recently gone on stream in Sweden and in Italy. The mirror coater
shown in figure 6 went into production at the end of 1981, and an architectural-glass plant
is just starting up in Canada. A unit is under contract in the United States and another
in Mexico and we are looking forward to more. We would be glad to hear from you.
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Reproduced by permission of SPIE (The Society of Photo-Optical Instrumentation
Engineers), Bellingham WA, ©)'1982 and by permission of the author,

Optical coatings by conveyorized atmospher'ic”'
chemical vapor deposition (CVD)

o Nicholas M. Gralenski
Watkins-Johnson Co., 440 Mt. Herman Rd., Scotts Valley, California 95066

. Thin films. We're considering their impbrtance and use in great quantity. But how do you get
thin films?- especially in ‘great quantity, big sizes, high quality and still cheap?

"Thin" , where coatings are concerned is often defined as less than one mil or sg. "Thick"
films are more than a mil or so. For optical coatings we're often in the tenth micron (1000 A, 0.004 mil)
range or less.

We usually think of vacuum for controlled thin film deposition (evaporation, sputtering, low pressure
CVD etc.). But vacuum has its limitations; especially high equipment costs, high process cost, slow
_ coating rate, molecular dissociation etc. ,As the production requirement gets bigger, vacuum processes
' get more prohibitive.

Another method which has been in use for many years is liquid spray. Tin oxide coating on glass
is commonly ‘done this way. In this method .2 solution is prepared for spraying against a hot glass
surface. It is a variety of CVD in that the sprayed droplets are supposed to evaporate on their way
towards the hot surface and then react as a gas to produce a coating. A review of Fig 1 however,
shows this can be a very tall order for reliable quality results. It is a deceptively simple arrangement;
like paint spraying but the coating is never in the liquid state. Droplets of various size and velocity
leave the nozzle. Some may actually splatter as liquid on the hot glass. Others vaporize very early
but then the dissolved salts are left as dust and smoke. Some material reacts too early forming
particles which end up as inclusions in the coating. Precipitates which accumulate at the spray nozzle
blow off to form defects. The glass is warped by the cool spray. Sometimes an alcohol laden spray
bursts into flame or explodes when conditions aren't quite right. A very small proportion of spray ends
up as coating. The rest must be drawh off in a veritable tornado of noxious fumes. . In spite of the
problems, respectable results can often be achieved and it is a tempting method for big sheets and big
production. The usual limitations are micro roughness, inconsistency, warpage and lots of pollution control.

Dip coating is another method which is used. Carefully cleaned glass in a carefully controlled atmos-
phere is dipped into a carefully prepared solution. The glass is carefully withdrawn, leaving a thin
chemical layer (on both sides) which is dried and fired. Although exceptional uniformity on big sheets
can be achieved, the process and firing can be tricky. The coatings can be porous and contaminated
with solution residues.

About ten years ago, work began at Watkins-Johnson to develop a coating method which could rival
vacuum in control, yet rival liquid spray, dip coating and others in productivity and cost effectiveness.
The work grew out of conveyor furnace technology. Figure 2 shows such a machine; horizontal,
atmospheric pressure, fully conveyorized. In operation, work is simply loaded on the moving belt. Heat
up rate, time at temperature, atmosphere control and cool down temperature are all controlled automatically.
This particular machine has a 14 inch wide belt, is 40 feet long and was made for electronic thick film
firing. :

) Figure 3 shows the interior design principles. An endless wire mesh belt moves through a metal
muffle which provides atmosphere and dust control. Heating is electric. Gas purging and vent control
are provided. Work is simply loaded on the belt, goes through automatically, comes out done. The
forte’ of such an arrangement is that it is very production oriented and very cost effective. It has
been the object of the CVD development work to produce thin as well as thick films that. way.

Figure 4 shows such a furnace concept adapted to produce thin films by CVD (Chemical Vapor
Deposition). The furnace is required because chemical vapors are reacted by heat to produce a coating.
However, only a small section, the coating chamber, contains chemicals. Otherwise the chemical reaction
would be uncontrolled and the muffle would soon be filled with dust and debris. The actual furnace,
smallest size, has a 4 inch wide belt, is 15 feet long overall and has a coating chamber 5 inches long.
Gaseous chemicals flow towards the coating chamber and into the dispenser or injector. Reactive chemicals
are kept separated until they enter the furnace. The gases flow towards the substrates, which are
moving continuously through the coating chamber. The reaction produces a coating and the by products
are vented out. It's important that the chemicals be carefully metered for good coating control. It's-
equally important that the venting be carefully metered. A controlled chemical atmosphere is being main-
tained in the coating chamber while work and belt move through continuously. If the vent rate is too
:il;w, chemicals drift into the furnace muffle. If the vent rate is too fast, chemicals have insufficient

e to react. o
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Since the coating chamber takes up such a small part of the furnace length it's quite feasible to
have more than one.

Figure 5 shows a multi stage concept. Multi stages pile up a heavier coating at a higher belt speed or as
the figure shows, produce several coatings in one transit. This is a hypothetical combination where a
silica coating is applied in the first chamber, tin oxide in the second, pure silicon in the third, more
silicon in the fourth and pure nickel in the fifth. ‘

Figure 6 shows a closer look at one of the coating chambers. Chemical vapors flow through the
injector, produce a coating and are vented out. Curtains or flapper doors help to isolate from the rest of
the muffle. '

Figure 7 shows more detail. The actual coating zone is inside the vent assembly which is separate
from the chamber and muffle. For periodic maintenance the entire vent assembly which includes the
injector (about the size of a lunch box) is lifted out. The furnace itself does not have to be shutdown
or cleaned. A spare vent assembly is dropped in and the furnace is back in production in minutes.

One of the important components in the machine is the injector. Considering that the coatings are
often a millionth of an inch or so and the coating tolerance much smaller than that, one might expect that
the injector would have to be impossibly precise and a nightmare to maintain. Although precision is
important, it's not that extreme. The design details also have an important bearing on whether the
structure can be achieved in a practical way.

Figure 8 shows the design principle which has given us the best results. Three tubes are positioned
triaxially. The tubes are small (the largest about 5 millimeter diameter) because the usual gas flows are
small. The object is to keep the reagents completely separate to avoid prereaction and fouling. At the .

" same time they must mix together efficiently in the furnace to produce the coating reaction. At the exit
there is a short laminar flow region consisting of the two reactive gases separated by a thin inert gas
curtain. The gases begin to heat up, mix together and prereact before coating the substrate which is
about an inch away. Very complicated processes are obviously going on in this one inch space.

The triaxial tubes would only be suitable for a tiny coating area.
Figure 9 shows this structure stretched out across the width of the belt.
It is one thing to make a diagram, but another thing to make the hardware.

Figure 10 shows more closely how the structure is actually produced. Two metering slots are used
to supply each gas flow. This enhances uniformity and makes a symmetrical structure.

Figure 11 shows a production model tin oxide coating furnace. It has an 8 inch wide belt and is about
30 feet long. The cabinet in the center is where initial chemical dispensing takes place. In this case
there are four chemicals, all liquids, kept at constant temperature and evaporated in a carrier gas before
going to the injector.

Figure 12 shows tin oxide coated glass exiting the furnace.

Figure 13 shows silicon wafers exiting a smaller furnace. The coating is phosphorous doped silicon
dioxide. In principle, any coating can be produced this way but the chemistry and numerous other
parameters have to be worked out for each one. Belt speeds are typically one foot per minute but range
from about 6 inches to 24 inches per minute. The effective coating rate is about one micron per minute.

Figure 14 shows titanium dioxide coated solar cells exiting a 12 inch furnace. The coating is 700
angstroms thick, the belt speed 15 inches per minute.

. “Figure 15 shows a 3 stage machine recently completed for the semiconductor industry. Semiconductor
coatings are extremely critical. Extensive studies have been made which show that coatings made th15
way are indeed suitable for critical requirements. .

CVD often has a witchcraftish character to it because of the many subtle parameters at work. Consider
two part coatings such as antimony doped tin oxide or phosphorous doped silica. The two reactions are
almost certain to proceed at different rates. That would mean the chemical proportions in the gas would be
different than the proportions in the film.

Figure 16 shows that historically this is so. Data which falls on the dotted line in the chart means
the chemical proportions in the gas phase exactly match the proportions in the coating. Typically reported
data falls substantially to the right where as the Watkins-Johnson coatings are right on target. This
strongly implies that the Watkins-Johnson process is controlled by chemical delivery rather than reaction
rates. It means the equipment, rather than the chemistry, has the control.

Figure 17 shows the coating rates are much higher than for earlier methods. It also shows the
working areas, the plateaus, are much broader and there fore much easier to control
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Chemical reaction rates approximately double for every 10 percent change in temperature. This would
imply that CVD process temperatures would have to be tightly (and expensively) controlled. '

" Figure 18 shows however that the tin oxide on glass process is substantially independent of tempera--
ture In the vicinity of 500°C. The reason for this is that the chemical efficiency is very high. The
reaction rate is limited by the chemistry at low temperature but by delivery rate at high temperature. If
the chemicals are all used up, it just doesn't make much difference if the temperature goes higher.

Conveyorized CVD furnaces are now being used to produce coatings for digital displays, touch
. switches, flash tubes, smoke alarms, semiconductors and solar cells. Years of production history have
been accumulated and millions of parts made. Tin oxide, silicon dioxide, silicon nitride, poly silicon,
amorphous silicon and titanium dioxide coatings have been made this way. The coatings can be doped.
Multilayers can be applied. New coatings are being developed. Bigger furnaces are being built (we can
do 14 inch widths now). As the technology advances, the product list will include electronic components,
solar heating, infra-red reflecting glass and architectural applications.
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Fig. 13 Coated Semiconductor Wafers Exiting
Furnace (1vave 1)

Fig. 14 Titanium Dioxide Coated Solar
Cells Exiting Furnace. (10981-2)
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‘Vacuum roll coating equipment

Ernst K. Hartwig
Leybold-Heraeus GmbH, Roll Coating Division, Wilhelm-Rohn-Strasse 25
D-6450 Hanau 1, Federal Republic of Germany

Abstract

Vacuum roll coating equipment is built for an increasingly large number of different
products for various applications. A variety of technical solutions with regard to the
main functional construction groups allow the coating equipment to be taylored according
to the given requirements of special products. With a system of interchangeable groups it
is possible to compose specialised  vacuum roll coating equipment.

Introduction

Thinvfilm technology applied to rolled flexible web materials is called High Vacuum Roll
Coating. High vacuum roll coating is most important for industrial high volume application.

Among the numerous reasons why the thin film vacuum coating process continues to gain’’
such popularlty, two of them are of great: 1moortance for web- shaped materials:

- The same or almost identical properties can be obtained by vacuum coating a materlal -
as w1th material in solld form - with much less material consumption.

- Thin f11m vacuum coated materials have useful properties which the same materials in
solid form do not possess.

These two factors are the main economical and technical reasons why such a large number
of vacuum coated products are now entering the market. It therefore must be distinguished
between two groups of products:

- Substitutes
- Completely new products

Because of its high volume application, one source of new roll coating products may be
thin film products, up to now based on non-flexible carriers. This may be is one lmportant
reason why a paper about roll coating equipment should be placed in thls Conference.

Product applications

The following products are made of high vacuum coated web shaped material:

Decorative products : ‘ ‘Metallized paper. Metalllzed Fabrics

Hot stamping films ) Labels, especially for Curtains

Reflective road 51gns - i beer, champagne, wine Overcoats

Labels and liquor bottles Jackets

Packaging (paper, film laminates) . . Shoes

Garlands Cigarette bundling tissue Gloves

Metallic yarn. (Lurex) - . Electro-sensitive paper Insulated drapery
Metallic wall coverings - Tents and sleeping bags
Furnictional products Spvecial products

Thin film capacitors Evaporated window films - monolayer and multilayer
Food packaging Sputtered window films - monolayer and multilayer
Coffee packaging : Conductive transparent films

Wall insulation High barrier products (oxygen, water vapour)
Aircraft wall insulation Reproductive materials
- Cryogenic insulation Magnetic tapes

Flexible duct work insulation Optical application (not ‘window films)

Light reflectors (copying machines)
Solar energy reflectors

Cable wrappings

Insulated blankets

Wound dressing
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Basic design of roll coating equiment and process engineering concept

Most complex equipment and process descfiptions have a very limited period of validity.
Research, development and experience cause changes to the equipment for known products
almost as often as new product requirements create the need for change.

Despite this constantly changing state~of-the-art, there exists an unchangeable basic
design for all vacuum roll coaters which consists of the following three main construction
elements:

- A source which holds the coating material and causes its transfer to a base material.
~ A holding and transport system for the base material.
- A vacuum to enable the process.

In roll coating, the flexible base material on which the coating is deposited is a web.
The material is exposed to the source for coating under vacuum whilst moving.

There are numerous technical solutions available to be incorporated into a plant, the
selection and combination of which is depending on the particular purpose required.

The detailed spécifications of a plant are determined by:
- The coating material, its properties and the thickness of the coat to be applied.
- The number of coats to be applied in one cycle.
- One~side or two-side coating. |
- The kind of substrate, its thickness, width and length.
- The required output.
- Economical considerations.

Processing sequence

Production of coated@ film in a high vacuum roll coating plant proceeds in the following
stages: :

- Fitting the roll of substrate into the transportation, guiding and winding system.
- Evacuating the chamber in which the coating process takes place.
- Activating the coating source Or sources.

- Starting the winding system which conveys the substrate past the coating source or
sources.

- Evaporation and condensation of the coating material on the substrate as a thin film.
- Breaking the vacuum and cooling.

- Changing the roll of film (in semi~continuous plants) or maintenance of the plant (in
the case of continuous air-to-air plants).

The following sections describe the existing possibilities of variation. A roll coating
plant of modular design can be adapted optimally for the manufacture of a certain product.

Roller arrangement, film guidance and winding system

The overall design of a plant in respect of its roller arrangement, film guidance and
winding system is decisively influenced by the question of whether the plant is to be
operated continuously or semi-continuously. Which form of operation is chosen depends
not only on technical considerations, but is influenced to a great extent also by econo-
mical aspects.

Semi-continuous operation

~ In a roll coating plant designed for semi-continuous operation, the roll of substrate is
situated inside the vacuum chamber. Here the roll is unwound, exposed to a source and re-
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wound again under vacuum. The working cycle consists of four steps which are:

'~ Pumpdown

- Evaporation :

- Venting and cooling
= Re—charging

The working cycle chart, Figure 1, illustrates the relationship ‘between these four
different states. The higher the percentage of time spent on.evaporating, the greater is
the plant efficiency or productivity. With regard to the substitute this means: The
efficiency is increasing with the increasing roll diameter (limited) and decreasing with
the thickness of the web.

Figure 1. Example for a working cycle. Figure 2. Schematical diagram of
a semi-continuous plant. -

Semi-continuous roll. coating is the process preferred at the moment, as it has a greatj
number of important advantages in comparison with other processes: .

- High flexibility of the system for processing various base materials and.prqdugtsz

- Very favourable winding conditions, no air- telescoping on high speed low tension ".
.rewinding. ) .

- Ideal dust-free and scratch-free winding conditions for freshly-applied, sensitive
coats.

- Technical and economical superiority with thin films or less than 90 um;“

Continuous operation with air-to-air plants

In those roll coating plants that operate continuously, the roll of substrate and the
one on which the coated film is wound are situated outside the vacuum chamber. .The sub-
strate must therefore enter and leave the vacuum chamber through locks. The air-to-air
plants, Figure 3, closely reach the ideal of 100 % utilization of the operating time for
coating purposés. They are designed in such a way that the working cycle is interrupted
only when maintenance is required. There are, however, still being difficulties expe-
rienced at the moment in realizing this concept.

Figure 3. Schematical diagram of an air-to-air plant.f
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The latest plants running at high speeds require sophisticated lock systems and a flying
splice winding system which allows roll changing without stop. The design of such plants
is, of course, considerably more complicated. The gain this system is offering is much
lower than its price increase justifies in comparison to semi-continuous plants.

The key to the technical success of air-to-air plants can be found in the lock system
which must be capable of transporting the film material into the vacuum chamber for coating
and out again afterwards without damage. A further source of numerous problems is the
maintenance of the thermal evaporation sources during long term continuous operation.
Extensive efforts are being made for solving these problems. ‘

Coating materials and substrates

Practically all metals, many of their oxides and alloys and also a considerable number
of other elements and compounds are suitable for deposition as thin layers on substrates in
a vacuum cocating process.

The criteria for the selection of a coating material are its price, its availability and
the nature of the coating process itself, i.e. whether it will be complicated or not.

The majority of all the roll coating plants built up to now operate with aluminium as
coating material. Vacuum-deposited aluminium has good electrical properties,. good reflec-
tion properties, as well as decorative appearance. It adheres to the substrate well, has
a relatively low melting point and a good corrosion behaviour.

Aluminium is available in wire form and is therefore well-suited for continuous feeding.
Its price is relatively low, and the world's reserves of aluminium are larger than those of
other metals. The coating costs are lower than for any other metal, with the exception of
zinc. .

Aluminium can be expected to remain the most widely used coating material for many years.
The shares of other materials already used for roll coating will, however, increase in
future, as the field of application is growing steadily. Metals in question are nickel,
cobalt, chromium, steel, tin, indium, zinc, titanium, as well as their alloys and oxides.

As a substrate, the industry offers a number of plastic films for high vacuum roll
coating, in particular polyester, polypropylene, polyethylene, nylon and polycarbonate
films. Selected papers and the classical material cellophane usually require precoating
and make greater demands on the pump set of a roll coating plant.

Coating processes

Depending on the way solid material is transgormed into vapours,'one differentiates
between:

- Thermal evaporation and
- Cathode sputtering

‘Regardless of the type of coating process being used, advantage is taken of the possi-
bility of mixing vapours or dust of various materials or reacting the coating material of
a source with gases fed to it separately, e.g. oxygen to obtain oxides. This kind of
roll coating is called

- Reactive coating process

and is also dealt with in this paper.

Thermal evaporation

The energy required for the evaporation of solid materials or powders may be supplied
in a number of ways:

~ By heat radiation (oven). Heat sources, such as electric heating elements, heat vessels
containing the coating material. The fitting of reflecting and insulating shields trans-
form this system into an oven.

- By resistance heating. Electric conductive boats are heated directly by current
passage.

- By inductive heating. The coating material inside a crucible is melted and evaporated
by an induction coil surrounding it.
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~ By electron beam gun. The surface of the coating material is melted and evaporated by
bombardment with electrons.

The solid 'and powder materials are either evaporated from the melt or sublimated directly
from the solid form. The evaporation of alloys from a melt is limited, because their compo-
nents will evaporate in different quantities at various temperatures. Certain compounds
will also dissociate during evaporation and may therefore be used under certain conditions,
only. The various sources used for thermal evaporation are shown in Figure 4.

Radiation-heated evaporation source

In this form of thermal evaporation, metals with low melting
points are first melted and then evaporated. .The energy is
supplied by heat radiation. .

The coating material is situated in boats made of a material
with a considerably higher melting point then the one of the
coating material itself. The evaporation source contains one
or more boats. The material is fed into it in batches. After
one or several working cycles being concluded, the boats are
filled up or exchanged for new boats containing pre-melted
material. . ‘

A radiation heated evaporation source is thermally retarted
and requires an extensive heating-up period ‘before gaining
thermal stability which then, however, remains very stable.
Such a source is not suitable wherever fast control is needed.

"This oven is the classical evaporation source for zink and
other materials with a low melting point. 1Its employment is
limited by the thermal stability of the boats and shields in
comparison to substrates with higher melting points. With
regard to other evanoration sources, the efficiency rate of a
well-designed oven is very high.

Resistance-heated evaporation source

The elements of this system are boats built of intermetallic Induction evaporator
bars which are provided with cavities. They are heated as a ' .
resistor by current. The coating material is fed continuously
as a wire. ’

The entire evaporation system consists of a number of equi- {Eg:j:
distantly arranged boats. The power is supplied individually
for each boat by individually controlled power supplies.

EB-gun with crucible
All power supplies are activated and controlled by an inte- :
grated master system.
The wire feed system supplies the same amount of wire to all
boats. This is the most important basis for a constant and : ‘ ? ‘ ‘ 4
uniform evaporation rate of the entire system. ’ " 6 ‘r
’

For aluminium, this evaporation system presently offers the
most advanced technology adaptable for high thickness and high
uniformity coating, as well as for solar control film require-
ments.

High-rate cathode sputtering
The same boat may be used for different metalls, too, mainly

with reduced efficiency. The range of application of these Figure 4. Schematical
boats is limited by the thermal stability of the semi-conductive diagram of different

material and the surface-wetting properties of the metal. evaporation sources.

Induction-heated evaporation source

In this process, a crucible is induction-heated, melting the coating material and evépo—
rating it. The evaporation system consists of a number of induction-heated crucibles, the
size of which and their distance from each other permit variation to a certain extent.

The material is usually fed batchwise in the shape of granuleé or small pieces. In semi-

continuous operation, the size of the roll of substrate is limited. For air-to-air plants
not continucusly fed evaporation sources are unsuitable. i
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The induction-heated evaporator can be employed for a wide range of melting points and
is therefore suitable for many coating materials. For many years it was therefore the most
popular evaporation source, particularly in the USA. The induction-heated evaporator is
thermally slower than evaporation boats, because its crucible contains a considerably
larger quantity of metal.

For the evaporation of aluminium, the induction-heated evaporator is inadequate in com-
parison with the modern, sophisticated one using boats, with regard to the uniformity in
film thickness, its maintenance and the cleanliness obtainable for the system.

Electron beam gun

Melting and evaporating materials with an electron beam is the most versatile and tech-
nically sophisticated method of all evaporation processes. Only cathode sputtering can
offer similar or even more versatile application concerning the evaporation of various
materials.

The energy is directly supplied to the surface of the coating material by electron beam.
The great advantage of this type of evaporation is the direct and speedy supply of energy
to the particular evaporation position.

The material is evaporated from ceramic or metal crucibles, the latter, for example made
of copper, being usually water-cooled.

In a high vacuum roll coating plant, there are one or more electron beam guns needed for
the evaporation system, depending on the width of the substrate. The web width suitable
for coating by means of electron beam guns ranges between 200 and 300 mm. By using an
oscillating electron beam in’a technique called Jumping Beam Process evaporation of two
different materials from two separate crucibles is possible in any ratio. This technique
is used, for example, for coating alloys. i

.The coating material may either be supplied in batches by topping up the crucibles or
continuously by wire feed or by vertical insertion of a metal rod, the surface of which is
evaporated directly.

The electron beam gun can be used for the evaporation of a wide range of metals with a
relatively high melting point and for a number of non-metallic materials, like SiO or 5iO,.

The equipment essential and its investment costs are equal to the ones of an induction-
heated evaporator or may be slightly higher.

Cathode Sputtering

Nowadays, cathode sputtering is increasingly used in high vacuum roll coating, apart
from the thermal evaporation processes.

Evaporation is the change of the state of a material - for instance a metal - by supply-
ing it with heat until it transforms from solid state into liquid state and then into va-
pours which are then transferred and deposited.

Sputtering is the displacement of particles from a solid surface by ion bombardment and
the precipitation and deposition of such particles onto a second surface. Depending on
whether the ion bombardment is induced by a direct voltage - as in the case of many metals -
or by a RF-voltage - as in the case of many semi-conductors and insulators - one speaks of
DC or RF sputtering.

Many years ago it was found that in a suitably dimensioned and aligned magnetic field
the number of particles transferred may be increased and the accompanying loss in heat
reduced. This magnetic field may be applied both to the DC energized cathodes and the RF
energized cathodes. This technique is called High Rate Sputtering or Magnetron Sputtering.

Sputter technology has been employed to a fairly great extent‘for a number of years in
stationary (batch) plants to coat optical and electronical products.

Fundamentally speaking, the sputter technique is just as suitable for the coating of a
moving web. Sputter electrodes ensure the greatest uniformity of film thickness among all
coating techniques. Sputtered films have a finer, more compact structure, i.e. a smoother
surface, and therefore better barrier properties.

The material efficiency and the operational reliability of the material source is higher

for sputtering than with all other coating techniques. It is possible to sputter with
various materials simultaneously, thus producing multi-layer coats.
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The specific rates of the sputtering electrodes are much lower than those of all evapo-
ration sources, such as resistance heated boats or electron beam guns. Among all sputtering
electrodes the specific rate of the magnetron cathode is the largest.

Reactive coating process

For coating metallic oxides, the metallic substance is transformed in its gas phase into
an oxide, a nitride or another compound by subjecting it to a reactive atmosphere.
The advantage of applying this technique to the sputtering process is that the techni-
cally less difficult DC sputtering can be employed when a metallic target is used. 1In this
way, for example, coats of bismuth oxide, tin oxide, tin-indium oxide or titanium oxide are
obtained. Reactive processes are also used for thermal evaporation. By evaporating, for

example, silicon in an oxygen atmosphere, silicon dioxide us obtained. o

In non-reactive processes, the coating rates are largely determined by the power of the
evaporator or the cathode. In reactive processes additional problems may occur within the
gas supply and the reaction between the reactive gas and the target. The result of this is
a lower evaporation rate and a more difficult process control in comparison with the non-
reactive sputtering.

Winding systems

There are some significant differences between winding systems of continuous and semi-
continuous plants. Since the winding system of a semi-continuous plant is within-the
vacuum under operation and is exposed to the vapours of the coating material, special
demands are made on the design:

- The winding system must be as compact as possible to keep the 51ze of the vacuum chamber
small. .

- The winding system must not release any gases, vapours or fluids which may have any
adverse effects on the vacuum. This requirement represents particular problems, for
example, how to lubricate the bearings.

- The winding system possesses an air side and a vacuum side. The drives, gears and in
some cases also the belt or chain transmission systems are situated outside the vacuum
chamber connected with vacuum-tight leadthroughs.

For air-to-air and for semi-continuous roll coating, the following is of importance:

During the coating process, the substrate is exposed to heat. In order to prevent ther-
mal damage from being caused, the substrate is passed over a chill roll, thus keeping it
smooth and compensating the heat generated and. transferred during the coating process. 1In
most cases the web layes on a so-called coating drum whilst being exposed to the coating
source. This drum is chilled.

The degree of cooling required for thé chill roll depends on the kind and thickness of
the substrate and the type of coating to be applied. - In many cases, water is a sufficient
cooling agent. ‘

For the processing of very thin films, refrigeration equipment needs to be used for
constantly cooling the chill roll down to -30°C or even lower. When such refrigeration
equipment is being used, then the chill roll must be brought to room temperature before
floodlng the vacuum chamber to prevent condensation of water vapours.

When working with extremely thin films, special devices are engaged to ensure good con-
tact with the coating roll. For example, an additional drive is being used between the
coating roll and the take-up roll to ensure good thermal contact between the substrate and
the coating roll without influencing the rewinding tension.

The thinnest films available on the market at the moment are coated and rewound in
LEYBOLD-HERAEUS capacitor film roll coating plants. Such films are currently 1.5 um
polyester, 1.7 um polycarbonate and 4 um polypropylene.

Drive system and tension control

In semi~continuous plants, the drive systems are used in a similar way than those fitted
in non-vacuum winding units. It depends on the given speed range and the range of tension
to be supplied to the web which particular drive system is to be selected. For thin plastic
films of 12 microns or less, a three motor calculator controlled system is preferred which
is controlled as follows:
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Each drive is regulated by a thyristor control element. Special electric DC motors with
a low inertia moment are being used, as they have excellent dynamic properties. By keeping
the braking force of the unwind motor proportional to the diameter of the feedstock roll,
the web is unrolled from the feed roll with a constant tension. Each particular diameter
is individually calculated from the rotation rates of the unwind roll and coating drum.
The diameter of the coating drum remains unchanged. Should and additional drive be needed
to the ones mentioned above in order to obtain better contact and for tension separation,
it can be integrated into the described system.

Single and multi-chamber systems

A further possibility of varying plant design is to subdivide the vacuum chamber into
two or more separate compartments. Different vacuum conditions can prevail in each of
those. They are frequently evacuated by separate pump sets. There are a number or reasons
for such a subdivision of the vacuum chamber, including:

- fTwo or more coating stations without any cross-contamination being allowed.
-~ Generating and holding the more expensive high vacuum in the coating area, only.

- Pumpdown on higher pressure with higher efficiency wherever possible, for instance in
the winding area.

During the many years of development of web coating plants, models with one, two, three
and four chambers have been built for one layer-one station coating. Advances in process
development have, however, created a situation in which more than two chambers no longer
appear to be necessary for general purpose use. The two chamber system, Figure 5, is now
the preferred plant design for the production of high-quality coatings on plastic films.
The two-chamber system is essential in the economical and also technically satisfactory
aluminium coating of paper.

Two-side coating and multi-layer coating

Coating on both sides of the substrate is necessary for certain applications. Examples
of these are plastic films and papers for various types of capacitors or polyester for high-
quality metallic yarn.

In the case of thermal evaporation, such a web coating plant has two evaporation sources
and two chill drums. The winding system of such a plant allows two modes of operation:

- One coating on either side of the web
-~ Two coatings on one side of the web

Two side coating is also possible when the web is passed twice through a plant with one
evaporation source. However, one needs to operate two plants with one evaporation source
each, if the same material throughput is to be obtained as with a plant having two evapora-
tion sources. ’

The costs for a plant with two evaporation sources are, however, not twice as high, but
only about 1.7 times higher than those of a plant with one evaporation source and comparable
technical characteristics.

Further cost reductions result from lower installation,
operation and maintenance costs. All in all, economic ad-
vantages could, however, only be achieved, if more than
60 percent of the output were coated on both sides.

The possibility of applying two coatings to one side of
the substrate can be utilized to produce particularly thick
coats in an economical way.

If two different coating sources are fitted and the web
transport system is made reversible, one will already have
a general purpose plant for the production of multi-layer
coats.

To be able to deposit different materials which call for
different vacuum conditions, the coating chambers must be

separated from each other. In addition to this, it is also Figure 5. Schematical
essential that a suitably arranged pumpset is installed to diagram of a plant for
evacuate both chambers. i} two-side coating.
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Different arrangements - sputter roll coater

The first known commercial web sputtering plant was built already over eight years ago
for 20 inch-wide material. Since then more than ten additional web sputtering plants were
built. The largest plant constructed to date is coating material over 80 inches wide and
it is fitted with several high-rate cathodes.

As a result of the differences between thermal evaporation sources and sputter sources,
the design of a sputter roll coater varies significantly from a conventional roll coater
working with thermal evaporation sources.

The unique design of the web sputtering plants is due to two distinct characteristics of
the sputtering electrodes:

1. They do not operate with liguid metals. Their surface, therefore, does not need to
be arranged horizontally.

2. Sputtering electrodes have a relatively low specific sputtering rate. To improve
throughput rates, the material target area must be as large as possible.

In a typical sputtering plant the web is allowed to pass over a chill rell of large
diameter, where it is exposed to as many sputtering cathodes as may possibly be arranged
around the drum, as shown in Figure 6. The length of the cathodes in the web direction
is largly determined by the magnetic field configeration of the cathode.

This design has to be changed, if different materials are
coated in one run, and especially, if reactive and non-reactive
coating will be done in one run. Chamber subdivision may also
be essential again.

In addition, by altering the design of a sputtering plant
extensively, most effective processes may be created.

Sputter roll coating is a very young technology. It is just
in the beginning of a period of development and diversification.

The start of this technique has so far proven to be very
successful and most promising for the future. This at least
is true more generally for the entire field of High Vacuum
Roll Coating.

There are a lot of new products which have not been created Figure 6. Schematical
until now. There are many products which could be better or diagram of a cathode
cheaper by substituting a material with a thin film. sputtering plant.

And last but not least, there are thin film products manufactured in batch coaters today
which will be modified to a product one of these days which may be made in large quantities
and with high efficiency in a HIGH VACUUM ROLL COATER.
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Continuohs coating of indium tin oxide onto large area flexible substrates

: W. C. Kittler, Jr., I. T. Ritchie
Sierracin/Intrex Products, 20500 Plummer Street, Chats_worth, California 91311

Abstract

A process is described for the -continuous coating.of rolls of flexible material ip to
36" wide with a transparent electrically conductive layer of indium tin oxide. These coat-
ings are produced by either direct sputtering or by reactive magnetron sputtering from a
metal alloy target. The latter process is preferred from a cost standpoint. Coatings are
available with visible light transmittances and electrical resistances ranging from greater
than 0.8 and less than 100N /o0 to 0.9 and greater than 1M /o respectively. A variety of
substrates, such as polyester, Teflon, Kapton, polycarbonate can be coated. Uses of these
coatings range from use in transparent touch panels to static drains and heat mirrors.
Several of these applications are discussed briefly. )

Introduction

Thin films which are transparent to visible radiation and are electrically conducting
find widespread application in such diverse technological areas as. energy conservation,
information storage and as display electrodes. :

Historically, noble metals (usually gold or silver) which are sufficiently thin to be
partially transparent have been employed for this purpose. However, there are several
disadvantages associated with their use, including high cost and limited light transmittance.
Suitably doped wide band gap semiconductors have more recently become available and have
begun to replace metal coatings in many applications. Reviews Of transparent conducting
coatings have recently .been given by Vossen' and Haacke“. In general, these wide band gap
semiconductors are less costly, environmentally stable (since most are oxides) and have a
greater light transmittance than métal coatings. Until recently, these coatings have been
deposited onto glass or semiconductor substrates which are capable of withstanding the high
deposition, or post deposition annealing temperatures which have been necessary to obtain
suitably low electrical resistances.’ )

In this paper, we describe a deposition process for the continuous coating of flexible
polymer substrates at room temperature, with indium tin oxide using reactive magnetron
sputtering. Substrates such as polyester, polycarbonate, Teflon and Kapton up to 36" wide
and 4000' long can be coated. This capability greatly reduces the cost and increases the
number of potential applications of these coatings. .

Sierracin/Intrex ® has been producing transparent, electrically conducting gold coat-
ings on polymer substrates for over ten years, and sees the development of similar indium

tin oxide (ITO) coatings as an important advance in this technology3.

Equipment

Continuous coating

The continuous coating of a flexible substrate has many advantages over batch coating;
the principal advantage is the possibility of incorporating closed loop control into the
deposition system. Sensors to determine coating properties can be placed downstream of the
deposition station and measurements of these properties are used to maintain the desired
deposition conditions. . It is difficult to incorporate such feedback control into batch
coating systems. ‘

A 250 cu. ft. vacuum chamber which is also used to e-beam deposit semitransparent gold
films on polymer substrates, has been modified as shown schematically in Figure 1 for the
production of ITO coatings. Initial experiments were run with a laboratory scale coater
which could coat film 6" wide. The results showed that it was indeed possible to produce
satisfactory ITO films without having to heat the substrate or post deposition anneal. .

Neither operation is in general feasible with polymer films.

Process parameters

There are many process parameters which can influence the quality of ITO coatihgs on
film. The most important of these are listed below: ‘
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- Substrate gquality; polymer film can be coated without outgassing or other pretrea-
ment.  However, most polymers require a pretreatment step to remove absorbed gas
. or need to be coated with a solvent based or vacuum deposited coating.
- Total sputtering pressure.
- Power delivered to sputtering target.
- Reactive gas pressure and flow rate.
- Film and chamber outgassing durlng processing.
- Film transport speed.
- Target state.
- Degree of vacuum.

These latter two parameters will affect the amount of leader film lost in startup unti
a coating is produced with the desired properties.

. The properties of the coating which are to be controlled are its thickness, light
transmittances and electrical resistance. If it is to be used for thermal radiation contro
the infrared emittance also needs to be monitored. For low resistance films (less than
~ 200n/0 ), there is an approximate inverse linear relationship between electrical resis-
tance and infrared emittance4. The deposition rate of the coating is determined by both
sputtering power and film speed. Electrical resistance and light transmittance are defined
by coating thickness and film stoichiometry.

Coating equipment

Reactive magnetron sputtering was chosen as the deposition technique as it provides a
linear source which offers high deposition rates, good rate stability and great control
over coating properties. A 42" long magnetron source is disposed in the vacuum chamber as
shown in Figure 1, with a gas inlet manifold running along its length. Total system pres-
sure is measured with a capacitive manometer and gasses are bled into the chamber via servo
driven needle valves and flow meters. Coating resistance and transmittance monitors are
placed downstream of the sputtering target. A microcomputer is linked to all these com-
ponents as shown in Figure 2.

" This provides for data acquisition as well as deposition control. The simplest form
of control is to hold film speed, deposition power and total pressure constant, while
varying the oxygen partial pressure to produce tilms with the desired electrical resist-
ances. If a good initial value is chosen the light transmittance will have -a reasonably
high and predictable value. More complicated control programs have been developed, however
which control oxygen flow as a function of trends (averaged over ~10s) in resistance and
transmittance.

Results

. ITO coatings are routinely produced onto 36" wide film up to 4000° long at film
speeds of 2 to 20 fpm.

Figure 3 shows typical visible light transmittance as a function of sheet resistance
for coated film. These coatings have nominally the same stoichiometry and the resistance
is varied by changing the film thickness. The electrical transport parameters of a
typical 300N /o0 film, which may be used as a transparent electrode, are given in Table 1.
The mobility is unusually high for ITO films, but the carrier concentration is unusally
low. The coatings are normally deposited at 3.0 um total pressure, under slight compres-
sive stress, as this tends to give better adhesion and strengthS. However, for thinner
( <50 um) or less stiff substrates, such as Teflon®, the coatings should be deposited
without stress to avoid substrate distortion.

Applications

The most sophisticated applications of transparent conductors such as ITO are those
which require a high optical transmission and a very low resistance. For example, trans-
parent electrodes for photovoltaic devices, need a high transmission (~0.80) to maximize
short circuit current and a low electrical resistance (<20fl/0) is reguired to minimize
the series resistance of the cell. Heat mirror coatings also require,a_ sufficiently low
electrical resistance ( ~20n./0 ) to have a high infrared refiectance ' The visible
transmittance and infrared reflectance of such a coating on polyester film is shown in

Figure 4. Roll coating must be used for these solar energy applications to be cost effective-
Other electrode applications where the sheet resistance requirements are not as

critical include the use of such coatings in liguid crystal and electroluminescent

display devices. Here a resistance of 200-500N /g is usually sufficient.

One of the more interesting applications of ITO coatings on polymer substrates is
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their use in transparent membrane switches, such as the Transflex® panels. Two sheets of
ITO coated plastic are patterned with parallel lines of ITO and positioned: orthogonally
. with respect to each other, separated by a small gap, as shown. in Figure 5. Application
of pressure to one surface causes an electrical contact to be made and thus, the assembly
is able to act as a transparent keyboard, which may bé positioned over a v1deo, or other
display device. Analog versions of this panel may also be fabrxcated :

Other applications of ITO coated plastic include use as a ground plane in an updatable
microfiche system and as a static drain on satellite thermal control blankets.

Conclusion
A procedure has been descrlbed to deposit low resistivity indium tin ox1de coatlngs
onto flexible polymer substrates using closed loop control of the process. The.'important
electrical and optical properties of these coatlngs have been measured and several appll—
cations discussed. .
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TRANSMISSION

TABLE 1

. RESISTANCE
Coating Indium Tin Oxide MONITOR
Thickness 50nm LN
Resistance 3o0n /0 0
Resistivity 1.5 x2101 £oom :
Hall Mobility 60 em“v "S- -3
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7 x 1019 cm
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Figure 1 -
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New techniques for roll coating of optical thin film

Martin I. Ridge, Ronald P. Howson, Charles A. Bishop - -

Department of Physics, University of Technology, Loughborough LE11 3TU, Uni'ted'vKirigdom"

Abstract

*tethods of deposition have been developed which are adapted for the vacuum roll-to-roll
coating of plastic with optical thin Zilms. Planar magnetron' sputtering and low pressure
plasma assisted CVD are shown to be neculiarly fitted for this application. The construc-
tion of such an apparatus is describked and examples of indium and indium-tin oxide films
made by these techniques are given. . , -

In recent years it has become apparent that many optical thin f£ilm structures are about
to be required in large area cuantities, particularly in the field of solar energy conver-
sion and conservation. Historically, vacuum aluminising plastic and paper for the
packaging markets has been the major outlet: for the volume roll-to-roll coating .industry
and relatively simple technolocies have been adequate to meet the design snecification laid
dovn by these customers. Many producers of aluminised plastic have, in the last few vears,
refined their product in order that it micht be marketed as a solar control film to reduce
the load on air conditioning plant in the summer months and it is apparent that there are
several other thin film coatincs under intensive development which will have similar larce
area markets; in particular visually transparent, heat reflecting £ilm for enercy
conservation in a domestic environment and highly reflecting films for solar furnace plant.

- These films, especially the former, reguire much more sophisticated technologies as they
are based upon either very closely controlled dielectric and metallic film thicknesses or
upon the particular condensate stoichiometries nroduced by reactive deposition processes.
However, for such products to be cost effective in application it is still necessary to
produce: the coating at a high rate, particularly as the capital cost of such manufacturing
plant is so high. For these reasons the conventional evaporation source is.replaced by
the magnetron sputterina source which is ideally suited for the hich rate, well controlled

reactive deposition ofmany elemental and metal alloy oxide films. '

As an experimental technigue, roll-to-roll coating offers the unique facility of
continuously monitoring a coated substrate whilst various process parameters are varied.
Ior a balanced dynamic system such as hich rate reactive deposition when the oxycen partial
pressure or flow rate must be matched against the tarcet sputter yield there is no other
technique that allows for rapid optimisation of the process variables. The problem of
having to work at the relatively high partial pressures of contaminants associated with
vacuum roll-to-roll coating is obviated by the high condensation rates employed, such that
the ratio of the rates of arrival of condensate to contaminant species is as hich, or
hicher, than if the system were to be at higher vacuum and the lower arowth rates associa-
ted with r.f. sputter deposition or ion beam sputterino were used.

*3iven .the commercial interest in'ébatings hitherto pnroduced on a laboratory scale under
high vacuum, low deposition rate condition, and the experimental capability of this appara-
tus we have desicned and built such an ecuipment, Ficure 1.

Experimental

The machine is capable of windinc up to 300m of 100 mm wide plastic, usually of 50 um .
thick polyethylene tetephthalate, ICI ‘lelinex*, at sveeds of up to 13m min.~l.” The drives
to each of the three rollers (wind-on (3), wind-off (4) and main drum (2), TFicure 1l.) are
transmitted into the vacuum by ferrofluidic drives and the tension in the film ancd the
speed with which it is passed over the main drum controlled electronically. The rlastic is
preverted from slipoing over the surface of the main drum, resulting in a loss of position
index, by pinch rollers (5) and is loaded onto the equipment from the manufacturers card-
board core using a fourth driven roller (1). The water cooled platten (6) upon which the
roll-to-roll mechanics are assembled is insulated from the earthed vacuum chamber by a
PTIE spacer, to allow an r.f. potential to be applied to the apnaratus in order that a
second discharge may be struck independently of the magnetron source, thus facilitating
the controlled ion bombardment of the substrate - the r.f. ion »nlating technique. This
featvre was incorporated to allow for the continuation of our previously reported_work(l)
which clearly demonstrated the advantaceous effects of such an auxiliary discharge when

*Trademark
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Figure 1l: The roll-to-roll coating apparatus detail and vacuum system
showing the magnetron source in position

depositing transparent conducting coatings onto glass substrates. In addition we have
reported previously work on the low pressure plasma assisted chemical vapour deposition
(CWw) of the oxides of Ge, Si, Ti, Sn and In 2) and on the prevaration of indium oxide by
. ' ‘evaporation, doped with fluorine
introduced as CF, and decomposed i?
q an r.f. discharce at the substrate 3%
Al Cooling Ring all of which took place at room
‘\\l temperatures and consequently lent

WATER itself to further investication upon
-— _ plastic substrates. . v

In order that this discharge could
be maintained only in the region’
where deposition was required to take
place, concentric shields were

. positioned about the roller system;
STEEL the inner of the two was connected to
MAGNET POLE the rollers and held at the r.f.
PIECE potential, the outer shield, spaced
from the inner such that at all
« points the distance between the two
was less than the dark space corres-
Al ' ponding to an r.f. potential of up to
Back . 1.5 kW (peak) at 13.56 MEz in a
Plate ' residual gas pressure of up to 10
1 mTorr, was earthed. Z2pertures of 60 M
x 80 mm allowed for condensation of £
material on the plastic passing over
//// the surface of the main drum facing
{_4 the magnetron source and simultaneous

+3m G o>

ion bombhardment by the concomitant
r.f. discharge. The r.f. potential
was generated by a 2 k¥ 13.56 “Hz
Plasma Therm HFS200D automatically
tuned machine and fed to the roller
system by a water cooled connection
to the rear of the aluminium platteﬂé)

Figure 2: Magnetron source detail.
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The shields were otherwise solid except for a region beneath the wind-off roller (4) where
mesh was used to facilitate the pumping of desorbing gases.

The magnetron source is shown schematically in Figure 2 and was designed for the high
rate sputtering of low melting point elements and alloys, in particular In, In/Sn and Cd/Sn
The cathode was eroded only in an annular region where the electric and magnetic fields
were orthogonal, since gas scattering led to a net deposition on areas of the cathode
outside this intense toroidal plasma, and consequently target material was formed into an
annular aluminium back plate (1) in Figure 2, to correspond with the dimensions of this
region of maximum erosion. By carefully wettinq the aluminium surface, indium and indium-
tin alloy could be cast into such a mould and a metallurcical bond achieved between the
two, thus assuring that there were no thermal boundaries to impede the flow of heat from
the target surface to the water cooling behind the aluminium backing plate. In this manner
it was 00551ble to sputter with input power densities in the annular erosion region of up
to 100 Wem~2 into indium cathodes 7 mm thick, which is approaching an input density limited
by the thermal conductivity of the indium cathode material. Due to the magnetic plasma
confinement of the macnetron source and the.resultant annular erosion proflle there is
inevitably a non-unlforn target utilisation and material wastage. ¥ith this cathode
roughly 80% by weight of the annular target was used before replacement was necessary and
with low melting point elements and allovs this residue was easily recycled. DPower of up
to 4 k¥ was supplled to the macnetron from d.c. motor generators and the current electron-
ically regulated to within O. 05%. Typical operatina conditions at 5 mT of an Ar /O mixture
using an indium cathode were 450 V at 8A. Aucer analysis of such films revealed no
impurities. SGases were prenmixed and introduced in an annular fashion about the substrate
as shown in Figure 1. TFlow rates and total system pressure were automatically reculated
by a lacuum Jeneral Type 78-7 system in conjunction with a Consolidated Vacuum Corporation
Inc. Type GP.310 Pirani Gauge. With this equipment the system could be maintained to
within 0.05% of the desired pressure of _between 4 and 5 mT and this corresponded to gas
throughputs of around 200 x 10" Torr m3.s-1 using conventional diffusion and rotary pumps.
A separately pumped Edwards High Vacuum EOSO mass spectrometer was used to contlnuously
monitor the partial pressures within the sputtering chamber and enabled the quantity of
reactive cas during, for example, metal oxide deposition to be maintained constant over
long periods of time when otherwise time varying desorption from within the chamber (due to
thermal drift and altered surface state resultinc from coating build-up) would lead to an
uncontrolled reaction environment. As our prime interest was in transparent, highly
conducting metal and metal alloy oxide films an in situ monitor was installed to give
constant readout of the resistance of coated film passing between two contacts.

Results

The ecguipment has been used to deposit coatings of indium tin oxide and indium oxide.
In Figure 3 we show the variation of sheet resistance and magnetron voltage, at constant
current, of indium tin oxide films for increasing oxygen mass flow, from the region where
the condensateis metallic throuch to the highly transparent oxides. In this experiment the
total system pressure was held constant and the Ar 02 ratio of the admitted gas varied.
It can be seen thgt transparent (absorption coefficients 0.2 x 106 m™%) conducting
(resistivity nm) indium=-tin oxide films are obtained only in a very narrow range of
oxygen mass flow and that the slope of the curve within this region is eﬁsfemely higch. A
similar magnetron voltage behaviour to that described by Schiller et al. when preparing
Ti0; is seen in this region, ascribed to the changing ratio of area of target coated with
oxide to area of metallic target. In Figure 4 we show a more detailed plot of results
obtained when working only in the region of transparent, conducting deposits, and from the
abscissa it is apparent that oxygen partial pressure control to within about 5.x 105 Torr,
or 1% appears to be required in order that films of highest conductivity might be continu-
ouslg produced. This result is, as reported previously,(5) in good agreement with Fan et

The hysteresis in Figure 4 for the plots of increasing and decreasinc oxygen mass

flows is again a consequence of the t?gget surface condition and history and has been
examined in detail by Schiller et al. The consequence of applying an r.f. potential is
also indicated in Figure 4, where it is seen that a small amount of r.f. power ( 50W)
renders transparent an otherwise ovaque metallic deposict. This is a clear demonstration of
the 'plasma activation' concept in that the reactivity of the reactive gas and. condensate
are ocv1ousl¥ enhanced. These films, prevared at 3A, 1.2 kW with substrates moving at
0.25 m /nin. are in_the range 50 to 90 nm thick, (corresponding to specific growth rates
of up to 400 nm.min~1 kwalc ) measured using a Faertner ellipsometer with very careful
preparation of the samplé’'réar surface and care in specimen orientation to take into
consideration the high decree of birefrincence present in the vlastic substrates. Very
similar results have bheen obtained with indium oxide deposits and we have dep051ted films
with sheet resistances of less than 25.20 ~1 (resistivities down to 4 x 1? 62 m) at between
400 and 603 nm.minflkW'lc having Hall mobilities of up to 45 cme vl Such a
transparent-conductor has an infra-red emissivity at 8 to 14 um of between 0.25 anéd 0.30
and the application of such heat reflectinc f£ilm is discussed most fully by Howson et al.
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in another paper in these proceédinqs.(s) By increasinY the magnetron current to 8A, 3.7 kW
such films have been produced at speeds of 0.25 m.min.”+; however, at this rate of
deposition it was found that the oxygen partial pressure in the system had tc be maintained
to within. about 2.5 x 10-5 Torr, or 0.5% for deposits of optimum conductivity. It is

- interesting to note that at this rate of deposition the: consumption of oxygen rose from

' about 25 scm3min~l without the discharge to about 75 scm3min~l during £ilm cgrowth. By
continuously monitoring the sheet resistance and subsequently measuring the resistivity and
the emissivity of the sample, the graph shown in Figure 5 was obtained which demonstrates
that by controlling the resistance of the film measured in situ we can control the
emissivity of the coating, and in general, the lower the measured resistance the lower the
emissivity and the hicher is the infra-red reflectivity. ' ' '

Emissivity
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Figure 5: Emissivity of indium oxide films deposited onto 50 um
PET substrates at 8A, 3.7 kW as a function of the sheet.
resistivity; -------- experimental; ———_ theoretical
(using Hall ggefficients taken fiom a 2720~ £ilm;

n = 2.1 x 102%cm=3, u = 30 cm2Vv'1is~1),

Also on figure 5 is a computer cenerated plot based upon the theory of Drude and it can
be seen that there is good acreement between the two, bearing in mind the assumption made
in this procram that the Hall parameters were constant with film thickness, which is almost
certainly not the case, and that the data was accuired from a film at the (low emissivity)
end of the exper%m?ntal data, where the two curves cross. (This point is also amplified
by Eowson et al. 8)). -

Conclusion

A roll-to-roll apparatus has been constructed and used to coat moving plastic substrates
with transparent conducting heat reflecting films of indium-tin and indium oxides. 1sing
precise control of the various sputtering parameters, continuous production at 0.25 m.min7
from one 3.7 k¥ magnetron source of transparent £ilm (absormtion coefficient 0.2 x 106m~1)
of hich conductivity ( 4 x 10~62m) having infra-red emissivities of below 0.3 has been
achieved. The radio frequency bias has, in accordance with our previous work, been shown
to have a significant influence ‘upon the nature of the growing film,
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