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DUAL TITANIUM NITRIDE LAYERS
FOR SOLAR CONTROL

TECHNICAL FIELD

The invention relates generally to solar control members for
coating windows and the like, and relates more specifically to applied window
film members which provide solar rejection-and low visible reflection.

BACKGROUND ART -

Various films have been applied to windows to reduce glare
and to obtain solar screening for an interior of a structure, such as a home,
building or car. For example, a plastic film may be dyed to provide desired
optical properties or may be coated with a number of layers to acquire the-
optical properties. A film that provides solar screening is one that has a low
transmission in both the visible range (400 to 700 nm) and the near infrared

~ range (700 to 2100 nm). To reduce glare, the transmission of visible Ilght

(Twis) must be controlled. _
Primarily through absorptlon, dyed films can be fabricated to

provide a wide range of T,,s values. However, dyed films generallydonot -~ ..

block near infrared solar energy and, consequently, are not completely -
effective as solar control films. Another shortcoming of dyed films is that -

they often fade with solar exposure. When the films are colored with muitiple - - -

dyes, the dyes often fade at different rates, causing unwanted color changes
over the life of the film.

Other known window films are fabricated using vacuum-
deposited grey metals, such as stainless steel, inconel, monel, chrome or -
nichrome alloys. The deposited grey metal fiims offer about the same
degrees of transmission in the visible and near infrared portions of the solar
spectrum. As a result, the grey metal films are an improvement over dyed
films with regard to solar control. The grey metal films are relatively stable

when exposed to light, oxygen and moisture, and in those cases in which the = -

transmission of the coatings increases due to oxidation, color changes are
generally not detectable. After application to clear float glass, grey metals
block light transmlssmn by approximately equal amounts of solar reflection
and solar absorptuon
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‘Vacuum-deposited layers such as silver, aluminum and copper
control solar radiation primarily by refiection. Becauée of the high reflection
in the visible spectrum (i.e., high Ry;), films having these vacuum-deposited
layers are useful in only a limited number of applications. A modest degree
of selectivity of transmission in the visible spectrum over transmission in the
near infrared spectrum is afforded by certain refiective materials, such-as
copper and silver. '

_ Traditionally, the best glare reduclng coatmgs have been sput-
tered grey metals, such as stainless steel, chrome and nickel. The graph of
Fig. 1 is a transmission spectrum 10 for a sputtered nichrome.coating that is
designed to transmit approximately 50% of the light at the center of the visible
light spectrum (i.e., Ty;s = 50%). The nichrome is affixed to a 3.2 mm-thick
plate of float glass. As can be seen, the transmission of energyis controlled
in both the visible and near infrared portions of the -§blar spectrum. A slight
degree of wavelength sele_ctivity is observed due td the iron oxide in the
glass.

inthe g graph of Fig. 2, the VISIb|e reﬂectlvmes of smgle and
double fayer nichrome films of various thicknesses are shown as a function -
of the corresponding visible light transmissions. (Here, double nichrome films
refer to a construct in which two optically isolated sputtered coatings are
empldyed. with the films being separated from each other by a relatively thick
(22 micrometers) layer, such as a laminating adhesive.). While not shown in
Fig. 2, the nichrome layer thicknesses decrease from left to right. As can be
seen, the Ry value decreases and the Ty, value increases as the nichrome
layers become thinner. The comparison between the single and double layer
nichrome films evidences that the double Iayer of nichrome has a substan-
tially reduced Ry value for the same Ty, value. For example, at a Ty,s value
of 20%, the single nichrome coating has an Rys ya!ﬂe_ of 24%, while the
double nichrome coating has an Ry,s value of 13%. | As the nichrome layers
become thinner, the Ry,s values of the two films converge. ,

The percentages of solar rejection achieved by fi Ims with smgle
and double layers of nichrome are compared in the graph of Fig. 3. Solar
rejection is defined as: :

.solar rejection = solar reflection + (0.73 x solar absorption).

Within the art, solar rejection .is often calculatéd using solar energy distribu-
tions as given in the ASTM E 891 method. The slightly better solar rejection
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noted for the low transmission single nichrome coatings relative to the twin

nichrome equivalents is due to solar reflection differences.

A low visible light transmission and low visible light reflection film

* utilizing double layers of nichrome is disclosed in U.S. Pat. No. 5,513,040 to
- Yang. The patent discloses a solar control fiilm having two or more trans-

parent substrates, each bearing a thin, transparent and discontinuous film of
metal having low Ry;s and a degree of visible light blocking capacity. The

- substrates are arranged and laminated into a composite, such that the visible

light blocking capacities of the metal films are effectively combined to provide
a composite having low visible light transmittance, i.e., a low T,,s. The
discontinuous films of nichrome are attached using an adhesive layer.

The possibility of using metal nitride films in window-energy.
applications was discussed by C. Ribbing and A. Roos in an article entitied,
“Transition Metal Nitride Films for Optical Applications,” which was presented -

- at SPIE's International Symposium on Optical Science, Engineering and- - -

Instrumentation, San Diego, July/August 1997. Singte layers of TiN, ZrN'and * -

“HfN were specifically identified. The article discusses the use of the materials < : ..~ -~
- in low emissivity coatings to replace noble metals, such as silverand gold. it - - =~
is noted that the low emissivity coatings will not reach as high a selectivity as

the currént noble metal-based multi-layers, but may find use in aggressive - - =

: enwronments because of their excellent stability.

What is needed is a solar control member for application to a
window or the like in order to achieve a high selectivity of visible transmission
to near infrared transmission, with a controlled visible reflection and with age
stability. What is further needed is a repeatable method of fabricating such a
solar control member. ' '

SUMMARY OF THE INVENTION

A solar control member utilizes a combination of layers that
include spaced apart titanium nitride layers in order to achieve a desired
combination of optical characteristics, including characteristics relating to
visible transmission (Tys), near infrared transmission (Tyz) and visible
reflection (Ry,s). Adjacent titanium nitride layers are spaced apart by a
distance that promotes optical decoupling with respect to constructive and
destructive interference of visible light propagating between the two titanium
nitride layers. In the preferred embodiment, each titanium nitride layer is
formed on a separate substrate, such as a PET substrate, with first and
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second titanium nitride layers then berng joined by a laminating adhesive
having a thickness greater than the wavelengths associated with visible light

~ (i.e., greater than 700 nm). lt |s reoommended that the distance between the
 titanium nitride Iayers be at least 1000 nm with 3000 nm bemg more pre-
- ferred. Inanother embodiment the ﬂrst and second titanium nitride layers are
- formed on opposlte sides of a substrate, such as’ PET so that the substrate

provrdes the. recommended spacrng between the two Iayers
The thrckness of each titanium- mtnde Iayer depends upon the

) "deswed optical properties. Preferably, the tltanlum nrtnde layers are sputter

deposited in a manner that facllltates reproducrbrllty but allows an adaptation
for varying the Ty value wrthln a range of 20 to 70% and more preferably
within the range- of_ 30 to 60%. The Ty value is achieved while the Ry, value

- remains below 20%. -Moreover, the ratio of transmission at the wavelength
- of 550 nm (Tss0) to transmrssron at the wavelength of 1500 nm (T 500) is at

least 1.25, Thatis, the selectlwty as defined by Tsso/T 1500 ©XCeeds 1.25.

~ In most applrcatlons two sputtered | tltamum nitride layers are
suffi clent Individual Ty, values for the films should ‘be within the range of 45
to 70%, so that the dual film lamrnate structure has an Ry close to 10%.

. However to.obtain a oomposne vrsrble transmrssron of less than 40% while

malntammg the mdrvrdual film: wsrble transmlssrons within the range of 45 to -
70%, a third sputtered: tltamum mtnde layer may be necessary. More than
three sputtered layers may be reqmred to obtam a oomposrte visible trans-
mlss:on of 20%. . . - ,

- Greater wavelength selectlvrty is obtarned if the titanium nitride
layers are combined with transparent oxrdes (e.g:, oxldes of tin, indium, zinc,
'atanlum niobium, bismuth, zirconium, or hafmum) or nitrides (e.g., silicon or
aluminum nitride) having a refractlve index at least as great as that of the
substrate material (the refractlve mdex of PET i is 1. 7) The transparent oxides
or nitrides can be placed on one or both sides of the titanium nitride. The
thickness would range between 10 and 60 nm, dependmg upon color, reflec-
tivity, or cost requirements. A transparent nitride, s_uch as silicon nitride, is
preferred over an oxide, since during the depos'rtion process “crosstalk”
between the titanium and. srlroon prooesses is less: Ilkely to introduce exces-
sive oxygen into the titanium mtnde layer.

In all practical vacuum web coaters. some mcorporatron of .
oxygen will occur, so that in practlce what is deposrted is actually tltamum
oxynitride. However if excessrve oxygen is lncorporated into the titanium

~ nitride coating, the .wavelength_ selectivity and electrical conduc_trv.lty will be
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lost. It is believé ‘that the oxygen-to-nitrogen p%’ihhl pressure ratio during

the sputtering process should be less than 0.5. To ensure that wavelength
selectivity and electrical conductivity are achieved, the stoichiometry of each -
titanium nitride layer must be controlled. Two of the concerns with regard to
adversely affecting the titanium nitride performance are (1) ensuring that each
layer does not become too metallic and (2) ensuring that excessive oxygen is

- “not incorporated into:the layers. In either case, the wavelength selectivity will
be lost if the sputtering process is not properly performed. A titanium nitride .
layer will become too metallic if it is nitrogen depleted, as will occur if nitrogen
flow during the process is inadequate. The exact nitrogen flow to achieve a
suitable titanium nitride layer varies from coater to coater. However, the

- most preferred flow generally corresponds to minima in sheet resistance and
absorption at 1500 nm. As the nitrogen flow is being adjusted, if a T,g,, value
is to be maintained with an increase in nitrogen flow, the linespeed of the =
deposition process should be reduced. This is largely due to a decrease;in

the deposition rate of the titanium nitride. . o

Regarding excessive oxygen, the extra oxygen typically comes

- from background water and oxygen contaminants present in the sputtering =
system. The problem is enhanced if other oxygen-requiring processes-

- (e.g., plasma pretreatments or reactive sputtering).are conducted in the -
vacuum chamber while the titanium nitride deposition process is being con- -
ducted. To reduce the likelihood that contamination will occur, the following
steps may be taken (1) sputter as fast as possible using high powers and the
minimum acceptable nitrogen flow, since excessive nitrogen “poisons” the .
titanium target and reduces the deposition rate; (2) minimize background:
contamination by controlling “crosstalk” between neighboring processes, by
minimizing the water content in the substrate (for example by preheating or
separate outgassing steps), by eliminating any water leaks in the vacuum

- chamber, and by adequately pumping down the vacuum system prior to -
beginning the deposition; and (3) sputter through a mask, so that the outer
perimeter of the titanium nitride plasma (which deposits on a mask, rather
than the substrate) acts as an “oxygen getter.”

Optionally, the surface that is exposed when the solar control
member is attached to a window is protected by a hardcoat layer. Hardcoat
layers are known to provide resistance against abrasion. Another optional
layer is a low surface energy layer on the hardcoat. The low surface energy
layer acts as an antisoiling layer for resisting smudges and the like and as a

 lubrication layer for improving the resistance to mechanical abrasion.



- WO 00/26704 - PCT/US99/25416

10

-6-
BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 s a graph of a transmission spectrum for a single layer
nichrome film that is designed to transmrt approxnmately 50% of the light at
the center of the visible light spectrum ST

Fig. 2 is a graph of visible reﬂectlon versus visible light trans-

mission as a function of film thrckness fora smgle layer nichrome film and a

double layer nichrome film on 3.2 mm glass :

Fig. 3 is a graph of the percentage of solar rejection versus
visible light transmission as a function of film thickness of a single layer
mchrome film and a double layer nichrome film on 3 2 mm glass. .

- Fig..4 is a side sectional view ofa portlon of a solar control

.. member in accordance with the mventlon

.15 .
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Fig. 5 is a side sectional view.of the solar control member of

.Fig. 4 shown in.a window energy applrcatron

Fig. 6 is a side sectional view of another embodrment ofa

- window:energy applrcatlon in accordance with the mvention

. Fig. 7 is a'side sectronal view.of a thrrd embodiment of a solar

.~ control member in aocordance wrth the invention. :

‘Figs. 8-11: are plots of values from. Table 1 thatis to follow
Fig. 12isa companson of perfonnances of three laminates

- having single and double layer tltanlum nitride film and a double layer

nichrome film. -

- BEST MODE FOR GARRYlNG-OUT.THE INVENTION..

‘With reference to Fig. 4, a solar control member 11 is shown as

including first and second substrates 12-and 14, with each substrate having a

layer of titanium nitride 16 and 18, respectively. The titanium nitride layers

. are bonded together using a. Iammatrng adhesive layer 20.

. Preferably, the substrates 12.and 14 are flexible members that
allow the titanium nitride layers 16 and 18 to be sputter deposited using web

. . processing techniques. The substrates may be PET films, but other materials
- may be substituted.. ‘The substrates must be substantlally transparent, since

the objectives in forming the solar c__o_ntrol member_ 11 include providing an.
Rys Value in the range of 6 to 20%, a Ty value in the range of 20 to 70%
(and more preferably within the range of 30 to 60%) and an NIR transmission
(i.e., from 700 to 2100 nm) that is lower than the ;T\",,s value. With regard to
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the wavelength sélectlvlty, the ratio of transm:ssuoﬁ ‘at the wavelength of
6550 nm to transmission at the wavelength of 1500 nm should be-at least 1.25

(i.e., Tssp/T1s00 2 1.25):

A standard thickness of the substrates 12 and 14 is between 1
and 2 mils, but the thickness is not critical to the invention. The thicknesses
of the titanium nitride layers 16 and 18 are selected based upon the desired
optical properties of the solar control member 11. A thicker titanium nitride

-layer will block a greater percentage of energy, but will also increase reflec-

tion and decrease transmission within the visible range. Preferably, the
individual film transmissions are within the range of 45 to. 70% at the visible
range. This is th_e preferred-range of individual film transmissions, even if -

‘more than two layers of titanium nitride are used. While the layers 16 and 18 . -.

are described as titanium nitride layers, in practice it is difficult to avoid some
incorporation of oxygen:into the layers, so that the titanium nitride layers are -
actually titanium oxynitride layers (T iN,O,).- However, if the amount of oxygen -
in the layers becomes excessive, wavelength selectivity and electrical con-- ..

"ductivity are lost. It is believed that the ratio of oxygen to nitrogen partial .~ .
- pressures during the sputtering process should be less than 0.5. Measure- : - - -
* ments of various TiN, samples indicate the highest wavelength selectivity is
- . obtained when the oxygen content of TiN,O, coatings is less than 20 atomic . ..

percent or most preferably less than 10 atomic percent. The sheet resistance
of each titanium nitride layer should be less than 500 ohms/square.
- The laminating adhesive layer 20 is an optically massive layer.

~ That iis, the thickness of the adhesive layer shouid be such that the two

titanium nitride layers 16 and 18 are sufficiently spaced apart to avoid con-
structive and destructive interference of visible light propagating between the
two titanium nitride layers. To ensure that the spacing between the two layers
is greater than the wavelengths associated with visible light, the adhesive
layer should have a thickness of at least 700 nm. In a more preferred
embodiment, the thickness is at least 1 micron (i.e., 1000 nm), with at least

~ three microns being most preferred.

In another embodiment, the spacing between the two titanium
nitride layers 16 and 18 is achieved by forming the two layers on opposite
sides of a single substrate, such as a PET film. Thus, the laminating
adhesive layer 20 would not be required. In other embodiments, the
spacing between the two titanium nitride layers 16 and 18 may be provided by
more than one layer. However, the layers should not adversely affect the
above-identified optical objectives of the solar control member 11. While not
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shown in Fig. 4, there is often a hardcoat layer on one PET surface opposite
to the titanium nitride coated side. Hardcoat Iayers improve the durability of
the flexible substrate during processing and particularly during use of the end
product. The hardcoat layers can be any:one of a variety of known hardcoat
materials, such as s1I|ca-based hardooats slloxane hardcoats, melamine

~ hardcoats, and acrylic hardooa_ts An .acceptable_ .t_hi_ckness range is 1 pm

to 20 pm. The use of hardcoat layers is not critical to the invention.

Other optionalla’yers-include primer _Iayers between the
adhesive layer 20 or the substrate Iayers-12 and 14:and each of the titanium
layers 16 and 18. The' primer Iayers may be used to improve adhesion
between the titanium nitride layers: and the adhesrve ‘or substrate. The primer

“layer may be a-metal that undergoes oxrdatlon or nitridation in situ during

processing, so-as to yield a: substantially transparent substantially colorless

" inorganic metal oxide: Examples of useful primer-materials include silicon,
* titanium, chromium, nickel-and alloys.: The-primer: layer should be sufficiently
- -thin'to minimize dlsruptlon of the desired optical pnopertles of the solar control
- member 11. Preferably, the. pnmer layer has a thlckness of less than 30 .
' angstroms. R A

The Iamlnatrng adhesrve layer 20 may be an adheslve such as

- Morton's Adcote 1130 adhesive. : This and other such adhesives are well.

known in the industry.: For. fabncating prototype samples MacTac transfer

- adhesive #IP2704 may be: used: .

-25

30

35

- Typically, the two- substrates 12 and 14 will be from separate

- webs, since it is more practical. However, the substrates may be different

portions from a single web." That is, following the web processing operation
of depositing titanium nitride. onto a continuous web of PET, the PET film is
divided into sections that may be combined as shown in Fig. 4. Thisis

- possible when the two titanium nitride layers 16 and 18 are to have the same

thickness. However, in some applications, there may be advantages to
having titanium layers of different thicknesses.. In such applications, it is
typically more economical to sputter the titanium. nltnde layers on different
substrates. o Lo T

Referrmg now to F|g 5, the solar control member of Fig. 4 is
shown attached to float glass. 22 bymeans of a. second adhesive layer 24.
The float glass may be a windshield of a vehicle or may be a window of a
home or building. The solar control member provides solar screening to the
interior of the vehicle, home or building It should be noted that the titanium
nitride layers 46 and 18 are not specifically de_s_lg_nec_l to provide low heat



10

15

20

25

30

35

WO 00/26704 ' . PCT/US99/25416

- emissivity. - Althé gh titanium nitride layers are éléctncally conductive, and

therefore.-havefelatively low heat emissivity and relatively high heat reflection,

. in the construct of Fig. 5, the titanium: nitride layers. do not directly contact air

and are “buried” within infrared opaque wet coatings and substrates. This .
renders them relatively ineffective at blocking long wave (IR) heat transfer.
As noted above, PET films typically are provided with a hardcoat layer. Thus,
the exposed surface of the substrate 14 will be protected by the hardcoat .
layer. As will be explained more fully with reference to Fig. 6, another
optional layer is a low surface energy (anti. smudge) layer that resists
mechanical damage and soiling to the solar. control member. =
With reference to Fig. 6, a second embodiment of a solar control
member is shown. For simplicity, reference numerals of Fig. 5 are used for.
comparable elements of Fig. 6. Thus, the solar control member is attached
to float glass 22 by means of adhesive layer 24. The solar control member
includes first and second titanium nitride layers 16 and 18 that were previ- -

~ ously sputter deposited onto substrates 12 and 14 and adhered to one" - _
-another by means of a laminating adhesive layer 20. The solar control mem-. -

ber includes a third titanium nitride layer 26 on the side of the substrate 14
opposite to the second titanium nitride layer 18. While not critical, the third . .

- titanium nitride layer may have a thickness identical to the thicknesses ofthe . : .
- firstand second titanium nitride layers. As previously noted, the individual - -

film transmission should be within the range.of 45 to 70% with respect to

-visible light. ' In many applications, a third titanium nitride layer is not neces- - -

sary in order to achieve the target T, value for the composite solar control |
member. However, if the target Ty, value is in the range of 20 to 40%, the -

third layer may be required in order to keep the Ry,s value within the targeted

range (e.g., approximately 10%). In fact, there may be applications in which
more than three sputtered titanium nitride layers are necessary. - :

The solar control member of Fig. 6 is shown as including the
hardcoat layer 28 described above. The hardcoat layer is an abrasion-
resistant coating that enhances durability of the solar control member. An
acceptable thickness is within the range of 1 um to 20 ym.

An anti smudge layer 30 coats the hardcoat layer 28. The anti
smudge layer reduces the susceptibility of the solar control member to
scratches and other damage caused by contact with the outermost surface
of the member. A desirable anti smudge layer is achieved by providing an

- adhesion promotion lower film of silane material and an upper film of a

fluorocarbon with a low surface energy and with anti friction properties that
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- facilitate cleaning and provide scratch resistance. :The low surface energy

layer may be a ﬂﬁdrbcarb‘on sold E_by 3M Company-under the federally regis-

" tered trademark FLUORAD. ina 'mb're preferred“embodiment ‘the material

is FLUORAD FC722, which is sold diluted'in 2% solutlon of a fluorinated
solvent. The silane‘that is used as the adhesion: promotlon film may be
-(2-am|noethyl)-3-propy|tnmethoxys|Iane in lsopropyl alcohol (2-propanol).

" However, other silanes may be used andin facta silane may not be required
in some applications. o

- Referring now to Fig. 7 a thtrd embodlment of a solar control

‘member 32 includes first and second substrates 34 and 36, first and second

titanium nitride Iayers 38 and 40, an adhesive: Iayer 42, and first and second

’ ‘silicon nitride layers 44 and 46. T_he only significantdifference between the
' embodiments of Figs. 4 and 7 is the inclusion of the silicon nitride layers 44
"and 46. ‘Greater wavelength selectrvrty can be obtalned if the titanium nitride

layers are combined with transparent oxides or nitrides with a refractive index
that exceeds the refractive index of the substrates 34 and 36. Thus, ifa PET

 film is used to férrn'3the"SUbstrates; the additional layers 44.and 46 should. .

.. have a refractive index of 1.7 or'greater. An-acceptable transparent oxide is

: 20 .

" an oxide of tin, indium, zinc, titanium; niobium; bismuth, zirconium, or .
‘hafhium.: Acceptable mtrides are suhcon -and aluminum nitride. . However, the
srllcon nitride is preferred since the nitride layers are likely to-introduce

© - excessive oxygen into the titanium: mtnde layers 38 and 40.- While each

25

30
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“ - ‘titanium nitride layer-is shown as: having ‘only one adjacent_ silicon nitride -
‘layer, silicon én'i_t'ri_d'e"-may' be forined on both sides of each titanium nitride
- layer. The thickness of the silicon nitride layers-should be within the range

of 10 and 60'nm, depending _u_pb'ri"eolo‘r, reflectivity, or cost requirements.

- 'While greater wavelength selectivity is achieved by including the silicon nitride

layers, the solar control member 32 of F|g Tis Iess cost-effective than the
member 11 of Flg 4, o

' DEPOSlTION CONDITIONS FOR TiN,

- Each of the solar control- members o_ijlgs. 4-7 includes at least
two layers of titanium nitride that cooperate to provide the desired wavelength
selectivity with the low Ryg value. In particular, the transmission of visible
wavelengths is significantly higher than the transmission of wavelengths in
the near infrared. The ratio of Tgs, to Tysy should: be atleast 1.25. To ensure
that the target selectivity is achleved, the stoichiometry of the titanium nitride
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must be controliéd Guring the sputtering process. Two concems regarding
adversely affecting the fitanium nitride performance are (1) ensuring that the
titanium nitride does not become too- metallic and (2)-ensuring that excessive
oxygen is not incorporated: into the titanium nitride: If a titanium nitride layer
becomes too metallic (i.e., nitrogen is depleted, as would happen if the
nitrogen flow to the process were inadequate), wavelength selectivity will be -
less desirable. If excessive oxygen'is incorporated into a titanium nitride layer
(i.e., more than 10 to 20 percent), the selectivity will be adversely affected.
Sources of extra oxygen are background water and oxygen contaminants.
present within the sputtering system. The difficulties are enhanced if other
oxygen-requiring processes are conducted in the vacuum chamber while the .
titanium nitride deposition process is being conducted. For this reason, the
silicon or aluminum nitride layers 44 and 46 of Fig. 7 are preferred over the

formation of oxide layers.

To minimize contamination from oxygen sources -several steps
can be taken. The sputtering process for depositing the titanium nitride

- should be performed as quickly as possible using high powers and a minimal . . N -

amount of nitrogen, while still retaining the desired stoichiometry. Excessive . . "

" ‘nitrogen “poisons” the titanium target and reduces the deposition rate. A
'second step is to minimize ‘background contamination. This can be accom-
plished by controlling “crosstalk” between neighboring processes, by minimiz- )
" ing the water content in the substrates (e.g., by preheating or outga_ssmg). by

ensuring that there are no water leaks in the vacuum chamber, and by ade-
quately pumping down the vacuum system prior to the start of the deposition
process. As a third step, the sputtering may occur through a-mask, so that -
the outer perimeter of the titanium nitride plasma deposits on the mask, rather
than on the substrate. Thus, the mask acts as an “oxygen getter.”

A number of experiments were conducted in view of these
concerns and corrective steps. Results are shown in Table 1. The legends
are defined as follows: : _

“Linespeed” — Rate at which the film is moved through the
coating zone of the system; :

“N, flow” — Gas flow to the titanium source;

“Rsueer” — Sheet resistance of TiN, coated film measured in the
vacuum coater (i.e., in situ);

“Tyss0” — Transmission of coated film at a wavelength of
1550 nm, measured in situ;
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-+ “Tmax' — The transmission at the wavelength in the range 400 to
- 700 nm at which a maxima is observed '

“Trax Tes0” — A ﬂrst wavelengtn selectwity ratio;
“Risso” — The reﬂectlvrty at 1550 nm;

_ - *Tys" — The |ntegrated visible transnuésmn weighted for
wavelength variations in |Ilum|nant (i.e.,C) mtensity and eye sensitivity
(assuming a standard 2° observer) C

“Tv.sIT 1550 — A second wavelength selectrvrty ratio.

- TABLE1
OPTIMIZATION OF THE TiN, PROCESS
OPTICAL PARAMETERS ARE FOR FILMS ONLY
‘| Experiment - No‘._-1'_ N&.-'z 1 N_o.;3 | No.4] 'N'q’.'_s No.6 | - Units
Linespeed | 7.00 | 10.15 | 1327 | 1576 | 1805 [ 200 [  mmus
N Fiow = | 450 °|: 400 | 360 | 325 | 300 | 275 |  scem
Rower | 1037 88 |75 ] 5| w4 | am
y - 153 | a9 | 148 | 151, | 150 | 149 | %at1ss0nm |
N T 389 | 404 |424 | 434’ | 425 - %
[ ToudTuw | 284 | 2717 | 286 | 287 | 283 | - ~
Rissp 506 | 524 | 536 | 537 | 533 | 408 %
Tos 376 | 385 | 304 | 395 | 374 | 267 %
| tsTa | 248 | 258 | 266 [ 262 | 240 [ 170 ~

In these experiments, the titanium power was maintained at 5.7 kW and an
argon flow was set at 110 sccms; as required to obtain a 3 milliTorr pressure.
As the nitrogen flow was varied between 27.5 and 45 sccms, the linespeed
was adjusted as required to maintain a T,s value of approximately 15%. The
dimensions of the titanium target were 397.88 mm by 82.55 mm. As can be
seen in Table 1, as the nitrogen flow varied, so d_id the spectral properties of
the titanium nitride layers that were formed during the experiments.
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In’gﬁ'jer to obtain a simple measuré 5f the selectivity at
various nitrogen flow rates, two factors were considered, (1) Tmax! V1550 and
(2) Tuis/T1s50-. Tmex IS the maximum transmission at any wavelength in the

. visible spectrum and Ty is the weighted visible light transmission. These
two factors from Table 1 are shown as being plotted in Fig. 8. Clearly, the

preferred coatings were formed with a nitrogen flow rate of 32.5 to 35 sccms. -
However, acceptable values were achieved with a nitrogen flow rate within
the range of 30 to 35 sccms. It is interesting, as shown in the plots of Figs. 8
and 10, that these preferred flows correspond to the minima and sheet
resistance and: absorption at 1550 nm (because the transmission was held
relatively constant at 1550 nm, a minimum absorption at that wavelength
corresponds to a maximum reflection). The “poisoning” effect of nitrogen . -
on the titanium deposition rate is shown in Fig. 11. As the nitrogen flow . _
increased, the linespeed had to be reduced substantially in order to maintain -

the same value of T,. This is largely due to the decrease in the deposition... .

rate of the titanium nitride as the nitrogen flow rate was increased. _
Table 2 shows the details of the measured deposition parame-

ters for forming seven samples of titanium nitride on a PET substrate. In

each case, the titanium nitride layers were electrically conductive (i.e., less

- than 300 ohms per squaré). Of course, as the films were made thinner in

order to achieve higher visible light transmission, the electrical resistance
increased. In Table 2, the sheet resistivity was measured in the vacuum .
chamber immediately after the coating was deposited. These samples (as
distinguished by the sample numbers given in Table 2) were used to fabricate
various window laminate structures (as given in Tables 4 and 5) for perform-
ance comparisons. '
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DETAILS OF DEPOSITION

TABLE2 .. |
PARAMETERS FOR TiN, SAMPLES

Measured -

Units:

822

83-1

83-2 -

833

834

841

Glow
Current

Amps

100

| 100 |

100

100

100

50

Glow

Voltage

Volts

1 1500

1500

11500

1500

1500

1500

Glow
02 Flow

sccm

133

136

' 1_4.1.-'_-

140

13.9

115

Glow
Pressure

microns .

10

10

10

Power

Titanium

Watt. -

45 -

57

57

57

5.7

87

5.7

Volts

Titanium | volts

1460

485

- 457

454

| 458

446

Tit_anium '_ :
Current

.98

: 1226 E

124,

125

124

12.76

12.78

-7 | Titanium

socm .

1055

1055 |

1055

104

104

105

105

) _‘I"It:ar:\ijdm'
-|'N, Flow

scem . .

1262

335 |

325

325

| 325

325

325 -

Pressure -

Titanium

microns -

3.6

| 371

372

367

37

3.67

3.65

Linespeed

mm/sec

1041

8.8

| 1.7

12,45

7.45

6.05

4.18

(in situ)

Resistance

ohm/sq

185

108

278

123

68

TVIS
(in situ) -

%.

§5

a1

63

47

36

26

BENEFITS OF USING DOUBLE TiN, LAYERS

Inorder to determine whether window structures with double
titanium nitride layers provided better resuits than those containing a single
titanium nitride layer and/or double nichrome layers, a number of samples
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were fabricated::efﬁiih the results being shown in Tables 3-5. The samples
listed in Table 3 were dual TiN, laminates. The laminates listed in Table 4
had a single layer of titanium nitride. The laminates listed in Table 5 included
dual layers of a nonselective metal alloy, nichrome. In each table, when a
reflection measurement is listed, it is followed by (PET) or (GLASS). This
refers to the side on which the Iammated wmdow structure reflection

measurement was made.

. TABLE3
TiN, DATA SUMMARY
OPTICAL PROPERTIES FOR WINDOW FILM LAMINATES
CONTAINING TWO (1.E., DUAL) SPUTTERED TiNy FILMS
Sample No.. : . 822 - 83«1 83-2
Lamination Type : Dual. Dual Dual
Tus: in situ —film only 55 47 63
Tus: film only _ 59.47 51.34 - 67.35
| Tve | 4855 33.49 53.98
Rys (Glaés) . 10.64. 12.29 9.93
Rys (PET) “ 10.97 12.8 10.21
| Teor ) 30.85 21.55 417
| Reo. (Glass) 1244 15.67 10.01
1 Req (PET) 13.74 18.76 11.1
Ta* . 332 | -398 273
To* 1.55 0.23 3.92
Ra* (Glass) 1.2 213 0.15
Rb* (Glass) -0.35 19 -2.05
Ra* (PET) 1.64 2.88 0.6
Rb* (PET) -0.23 2.47 4.9
Sol Rej (Glass) 53.8 615 453
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- TABLE4 ...

y TIN, DATA SUMMARY :
OPTICAL PROPERTIES FOR WINDOW FILM LAMINATES
CONTAINING A SINGLE SPUTTERED TiN, COATED FILM

Sample No:

834

- 841

| 84-2

Lamination Type -

 Single

“single |

Single

Single

Tws: in situ — film only

57

47

38

26

Tys: film only

6125

511 |

39.51

28.82

Tws

62.74

54.9

4288

3341

Rus (Glass) .

1004 |

108

14.81

19.38

| RusPET)

1215

124

18.26

- 22.86

TsoL

50.41

4142

20.79

21.79

Reo. (Glass) -

107

1357 |

2028

26554

Reot PET) .

1 1447

1855

| 2745

34.78 '

Ta*

232

v <28

32

343

Tb*

175 -

0.81

- '?:34

- -462

| Ra* (Glass)

054

155

.2.52

298

-1.04 -

0.94

6.78

11.05

Ra* (PET)

1.04

223

-3.16

371

‘Rb* (PET)

-1.7

046

5.58

9.27

Sol Rej (Glass)

30.1

46.4

56.7

64.3
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TABLES
o _ NICrDATASUMMARY
*- OPTICAL PARAMETERS FOR WINDOW: FILM LAMINATES
CONTAINING TWO (L.E., DUAL) SPUTTERED NiCr FILMS -
Sample No. RI-Q1 |  Ri-Q2 R1-Q3
| Lamination Type Duat | Dual | Dual
Tue: film only 40.06 52.39 65.43
Tws | 22,03 35.2 51.49
Rys (Glass) 14.61 11.39. 0.84
Rus (PET) 15.35 11.51 9.8
T 1818 30.25 4875
Rgoy (Glass) 13.98 10.59 8.87
Rsot (FET) 1596 12.02 9.54
Ta* 0.95° -1.14. 142
Tb* -2.99 097 14
Ra* (Glass). 085 048 -0.56
Rb* (Glass) 1.36 -0.18 44
'Ra* (PET) © -0.084 -0.015 0.17
' Rb* (PET) 19 0.43 -0.42
Sol Rej (Glass) 63.5 53.8 413

Within the single sputtered films of titanium nitride of Table 4,
thicker titanium nitride layers were required in order to obtain lower trans-
missions. After lamination to glass, the resulting composites had visible -
transmissions ranging from approximately 33% to approximately 63%. The
dual titanium nitride layers provided a visible transmission range of 33% to
54%. Regarding visible reflection from the glass side of applied window film
laminates containing various single and double titanium nitride films, at lower
transmissions (e.g., approximately 55%), significantly lower reflections are
obtained if two separate sputtered titanium nitride layers are used instead of
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one thicker titanium nitride layer. The same trend applres wrth regard to
reflection from the PET side. P

: One concern wrth using dual Iayers is that for a given visible
transmission, the solar rejection might be S|gmf cantly lower than that
observed for coatmgs contarnlng a single sputtered' layer. Measurements of
solar rejectlon are obtained usmg the followrng equatlon for monolithic
glazmg : o

solar rejectlon = solar reflection + (0.73"'%_' -fs:olar absorption)
where -

.. solar absorption =100% - selar reﬂection'-}'s_lelar transmission.

.Here, mtegrated solar propertres are determined usrng wavelength specific

weighting factors as specified in ASTM E 891. From Tables 3-5 and Fig. 12,

" it.can be seen that the solar rejectron for single tltanrum nitride layers is-only

- two or three percentage points greater than the double layers. Thisis a-
relatively small sacrifice in’ order to receive the beneﬁt of the large decrease in
~visible reﬂectlon '

Fig. 12 also |llustrates the benefits of the present mventron over

the prior art of dual:nonselective metals.: Clearly, for a given visible
. transmission the dual TiN, window construct provrdes srgmﬂcantly hlgher solar

rejection than the dual nichrome constructs.

In Tables 3-5, fransmitted and reﬂected a* b* colors (from both
sides of the glass/film composite) are indicated. lt is noted that +a* means
red, -a* means green, while +b* means yellow and -b* means blue. The
primary difference between the two structures is in Rb*. The single film
structures become more yellowish (gold or brass-liké) at lower transmissions

* when viewed from either side of the composite. The dual film structures

remain more color neutral.
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1. A solar control member comprising:

a substantially transparent substrate;

a first titanium nltnde Iayer having a fixed posmon relative to
said substrate, and ' -

a second titanium nitride layer having a fixed position relative to
said first titanium nitride layer, said first and second titanium nitride layers
being spaced apart by a distance that provides optical decoupling with -
respect to constructive and destructlve interference of visible Iight propagating
therebetween;

wherein said first and second titanium nitride layers cooperate fo
provide a higher transmission of visible light than near infrared light.

2. The solar control member of claim 1 further comprising a second
~ 'substrate, said second titanium nitride layer being formed on said second
substrate, said first titanium nitride layer being formed on said transparent
" substrate, said second substrate and said transparent substrate beingon -
- opposite sides of a combination of said first and second titanium nitride
layers, said first titanium nitride layer being spaced apart from said second
tntamum mtnde layer by an optlcally massive layer. '

3. The solar control member of claim 2 wherein said optically massive layer
contacts each of said first and second titanium layers and has a thickness
greater than 700 nm. :

4. The solar control member of claim 3 wherein said optically massive layer is
a laminating adhesive having a thickness of at least 1000 nm.

5. The solar control member of claim 2 wherein each of said transparent
substrate and said second substrate is formed of a flexible transparent
polymeric material.
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6. The solar control member of claim 1 wherein said first and second titanium
nitride layers are sputtered layers on opposrte srdes of said transparent
substrate. :

7. The solar control member of clarm 6 wherem sacd transparent substrate
_is a flexible transparent polymeric matenal havmg a thickness of at least
1000 nm. :

8. The solar control member of clalm 1 whereln each of said first and second
titanium nitride Iayers isa contmuous Iayer I

9. The solar control member of claim 1 further comprising a third titanium
nitride layer spaced apart from first and second titamum nitride layers by a
distance that provides optlcal decoupllng with respect to constructive and

destructlve mterference of vrsrble Ilght. :

10. The solar contro! member of clarm 1 wherem at Ieast one surface of each '

of said fi rst and second titanium nitride layers is coated with one of a trans-
parent oxrde and a transparent mtnde such that sald coatlng has a high
selectivity ratio of vrstble light transmission to: mfrared light transmission.

14. The solar control member of claim 1 further comprising a hardcoat layer
and a low surface energy layer. '

12. The solar control member of clalm 1 wherem sald transparent substrate is
fixed to aglass substrate :

13. The solar control member of claim 1 wherein said titanium nitride layers
contain less than 20 atomic percent of oxygen.
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14. The solar cé'ntrol-'member of claim 1 wherein said titanium nitride layers
contain less than 10 atomic percent of oxygen. '

15. A method of fabricating a solar control member comprising steps of:
sputtering a first titanium nitride’ layer on a first transparent
substrate such that said first titanium nitride layer maintains a transmission
of at least thirty percent with respect to visible light; and
bonding said first titanium nitride layer to a second titanium
nitride layer having a transmission of at least thirty percent with respect to
visible light, including spacing said first titanium nitride layer from said
“second titanium nitride layer by a distance that is suﬁ' cient to promote
optical decoupling therebetween.

16. The method of claim 15 further comprising a step of sputtering said
second titanium nitride layer prior to said step of bonding, said second
titanium nitride layer being formed on a second transparent substrate.

17. The method of claim 16 wherein said steps of sputtering include main-
“taining a sputtering environment in which a ratlo of oxygen to nitrogen
~ partial pressures is less than 0.5.

18. The solar control member of claim 15 wherein said titanium nitride layers
contain less than 20 atomic percent of oxygen.

19. The solar control member of claim 15 wherein said titanium nitride layers
contain less than 10 atomic percent of oxygen.

20. The method of claim 16 wherein said steps of sputtering include using a
mask on which a portion of titanium nitride plasma collects.
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21. The method of claim 15 wherein said bonding step includes applying a
laminating adhesive between said first and second titanium nitride layers, said
laminating adhesive having a thickness of at least 700 nm.

22. A solar control member comprising;.

a first transparent substrate;

a first layer of titanium nitride on said first substrate;

a second transparent su_'bstrat_e;_

a second layer of titanium nitride on said second substrate; and

~ abonding layer j jomlng said first and second layers, thereby

formmg an assembly in which said f rst and second layers are sandwiched
between said first and second substrates said assembiy having a visible light
transmission in the range of 30 to 70 percent and a vusnble light reflection of
less than 20 percent.

23. Tﬁe solar contrel memberof cla|m22 Wﬁere_in said bondihg layeris an
adhesive having a thickness greater than 700 nm. '

24. The solar control member of claim 23 further comprising a third layer of
titanium nitride on a side of said -seeond'!ayer- opfpcjsite to said first layer, said
third layer being spaced apart from said second Iay_er by a distance greater
than 700 nm. '

25. The solar control member of claim 22 wherein said assembly has a ratio
of transmission at 550 nm to transmission at 1550 nm is at least 1.25.

26. The solar control member of claim 22 wherein each of said first and
second layers is a sputtered Iayer having a sheet resistance of less than
500 ohms/square :




