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present invention relates to the selective absorption of electronagnetlc g-'”'

radiation by snmall particles, and nmoregarticularly to solid and, Ilqwd
conposite materials that absorb strongly within a chosen predet erm ned
portion of the :

METAL-PIGMENTED COMPOSITE MEDIA WITH
' SELECTABLE RADIATION-TRANSMISSION PROPERTIES
' AND METHODS FOR THEIR MANUFACTURE

BACKGROUND OF THE INVENTION
Field of the Invention '
The present invention relates to the selective absorption of electromagnetic -
5 radiation by small particles, and more particularly to solid and liquid composite
' materials that absorb strongly within a chosen, predetermined portion of the
- electromagnetic spectrum while remalmng substantially transparent outside this
reg:on -

10 Descrq'ption of the Related Art
Transparent and translucent materials such as glass, plastic, gels, and viscous
. lotions have for many years been combined with coloring agents to alter their
optical transmission properties. Agents such as dyes and pigments absorb radiation
within a characteristic spectral region and confer this property on materials in which
15 they are dissolved or dispersed. Selection of the proper absorptive agent facilitates
productlon of a composite material that blocks transmission of undesirable hght
ﬁ'equencles s T : -
) | Beer bottles, for example, contam additives that impart a green or brown color
) to protect their contents from decomposmon These include iron (II) and iron (III)
20 oxides in the case of glass bottles, while any of a variety of dyes can be employed in
plastic containers. The concentration of these additives (in weight percent relative
to the surrounding carrier material) is generally very heavy, in the range of 1-5%,
resulting in high expense, difficult dispersion within the carrier, and the need to
- employ special mixing techniques to counter strong agglomeraﬁon tendencies.
25 ' Applied colorants spch as paints and inks are used to impart a desired
* appearance to various media, and are prepared by dissolving or dispersing pigments
or dyes in a suitable carrier. These materials also tend to require high pigment or
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10 container, for example, such media provides relatively poor visibility of the contents |
to an observer. . |
Traditional means of forming particles that may serve as coloring agents include
chemlcal preclpltatlon and mechanical production (e.g., so-called atomizing)
~ processes. These processes frequent} fail to reliably maintain uniform partxcle size
15 due to agglomeration, and cause sedimentation dunng and/or after the particles are
generated. The problem of agglomeration becomes particularly acute at very small
particle diameters, where the ratio of surface area to volume becomes very large
and adhesion forces favor agglomeratlon as a mechanism of energy reduction.
While suitable for conventional uses, in which radiation absorption is imprecise
20 and largely unrelated to particle size or morphology, non-uniform particles cannot
' ~ be employed in more sophisticated applications where size has a direct impact on
performance. -
In our copending apphcatxon Serial No. 08/144 249, the entire disclosure of
which is hereby incorporated by reference, we demonstrated the feasibility of
25 exploiting certain radiation-absorption properties of select semiconductor materials
to produce highly advantageous optical properties in uniform, spherical, nanosize
particles. These particles, we showed, may be used as optical transmission-
reflection "control agents" for a variety of products that require sharp transitions
between regions of high and low absorption, i.e., where the material is largely
- 30 transparent and where it is largely opaque. A key physical feature of many suitable
nanosize spherical partié:les is "optical resonance”, which causes radiation of a
characteristic wavelength to interact with the particles so as to produce self-
reinforcing internal reflections that strongly enhance the amplitude of the radiation
N trapped within the particle. Conventional pigments offer 'absorptioﬁ cross-sections
Has Been Replaced o

W

PF‘T‘l f.!__' N }

«arnmrartatiomeed

e o s & 8 i s



-2- dye-concentrations, and are vul nerable to degradation from prol onged
exposure to intense radiation, such as sunlight. The limted absorption and

nonuni f woweALes cl e norphol ogy of conventional pignments t eeadrusos/141191 t
color purity even in the absence of degradation. Most commrercially

useful coloring agents absorb across a_kpange of frequencies; their spectra
typically feature steady decrease from a peak wavel ength of maxi mum
absorption, or [err]. Wien mxed into a host carrier, such materials tend
to.produce fairly dark conposite nedia with limted overall transm ssion
properties, since the absorption cannot be "tuned" precisely to the
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" resopant particles can exhibit cross-sections well in excess (e.g., 3-5 times) of their -
physical diameters. o | |

_ Although absorption .(ﬁs‘opposed_ to trapping) of the radiation is unnecessary to

s create the resonance effect, particles that do exhibit some intrinsic absorption show -
a dramatic increase at resonance wavelengths. Typically, the particles’ intrinsic
absorption would produce relatively small overall absorption at working

 concentrations: However, the optical-resonance phenomenon, based on self-
reinforcing internal reflections, results in "absorption cross-sections" greater than
10 unity in certain spectral regions; in other words, more radiation can be absorbed by

' the particle than actually falls geometrically on its maximum cross-sectional area.

- This is due to the wave nature of electromagneﬁc radiation and the propensity of
the particle to "trap" certain frequencies of radiation, causing the radiation to travel
back and forth within the particle until it is finally absorbed. The magnitude of the

1s . optical-resonance effect depends on the wavelength of incident radiation, the
partitle size, and the values of the real and imaginary components of the refractive
index; particles that are large compared with the wavelength of incident radiation
exhibit so many closely spaced (in terms of wavelength) resonances as to render
selective absorption or scattering nearly impossible to control and use. _

20 Optical resonance is enhanced by a high refractive index due to the resulting
§uong internal reflections, and also by a moderate intrinsic absorption level.
Excessive absorption diminishes the resonance effect by immediately dissipating’

) radiation as it enters the particle, while insufficient absorption causes incident
radiation merely to undergo many reflections inside the particle; the radiation

25 eventually leaves the particle without significant attenuation. The preferred class of

' optical-resonance materials discussed in the 249 application are "indirect”
semiconductors. 'While useful in numerous applications, semiconductor particles
- must generally be present within a vety narrow range of diameters (about +10%

~ from the mean) in order to exhibit good resonance characteristics; elaborate

30 manufacturing techniques are typically required to achieve such tight size
distributions. '

Unfortunately, the high absorptions exhibited by metals ordinarily prevent any
meaningful resonance effects of the type achieved with semiconductors. |
Moreoever, the refractive indices of metals generally feature real components, N,

35 that are very low, indicating little or no capacity to trap radiation and resonate.
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scattering of visible light.
Still another object of the invention is to create novel highly durable radiation-

absorptive materials for use in containers, packages, sheets, inks, paints, and

15 decorative surface treatments exposed to harsh environments.
~ It is yet another object of the invention to prov1de color plgments that do not
bleach as a result of exposure to sunlight. .

Still a further object of the invention is to provide a method for efficiently

manufacturing the metal particles of the present invention in a manner that
20 facilitates precise control over chemical composition.

Other objects will, in part, be obvious and will, in part, appear hereinafter. The
invention accordingly comiiﬁges compositions and articles of manufacture - =
possessing the features and properties ekempliﬁed in the constructions described
herein and the several steps and the relation of one or more of such steps with

25 respect to the others and the apparatus embodying the features of construction,
o combination of elements and the arrangement of parts that are adapted to effect
such steps, all as exemplified in the following summary and detailed description, and
the scope of the invention will be indicated in the claims..

30 Bnef Summary of the Invention
Although the high absorption characteristics of metals generally are not
conducive to resonance, we have found that, when dlspersed within media having
precisely complementary dielectric properties, certain metals can exhibit absorption
cross-sections in excess of 1 in characterstic wavelength bands. The critical factors
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t hat cawomslig20ssynptotical |y approach, but never exceed, pcYmsv®iqliql,
wher eas resonant particles can exhibit cross-sections well in
excess (e.g., 3-5tines) of their -5- physi cal di aneters.

Al t hough absorption (as opposed to trapping) of the radiation is
unnecessary to 5 create the resonance effect, particles that do
exhi bit sone intrinsic absorption:show a dramatic increase at

resonance wavel engths. Typically, the particles' intrinsic _ :
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s and the more elaborate Mie calculations described in the "249 application.
Conversely, these same calculations can be utilized to derive the parameters
corresponding to desired absorption characteristics, enabling one to identify
" candidate particles for a particular application based on consistency with the
derived parameters. : -
10 In practice, the particles are preferably manufactured as uniform nanosize
- spheres, and dispersed evenly' within a suitable carrier material. However, unlike
the semiconductor resonance particles described in the "294 application, the - -
absorption characteristics of the present particles depend only somewhat on radius;
- " accordingly, they need not be generated to conform to a precisely uniform size or to
15 fit within a particularly narrow size distribution. The particles of the present
invention can vary in radius by a factor of 2 or 3 and sometimes more, depending on
the material and its application, so'long as they remain small relative to.the
wavelengths to be absorbed. _ _
The large absorption cross-sections ensure that a relatively small volume of
20 particles will render the composite material fully opaque (or nearly so) to incident
rgdiaﬁon of the resonance wavelength, blocking harmful radiation or producing
, pu‘ré colors. The durability of the particles themselves ensure resistance o - -~
' ’ - mechanical wear forces and the bleaching effects of intense radiation (e.g.,
' sunlight). The materials described herein also exhibit a high degree of chemical
2 inertness. -

Brief Description of the Drawings ' .
' The foregoing discussion will be understood more readily from the following
detailed description of the invention, when taken in conjunction with the
30 accompanying drawings, in which:
~ FIG. 1is a plot of the variation, as a function of incident-radiation
wavelength, in the real (¢’) and imaginary (¢”) components of the refractive
index of titanium nitride (TiN);
FIG. 2 replicates the depiction of FIG. 1 using a larger ordinate scale, and
35 : also plots the wavelength-dependent variation of the real and-imaginary
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15 dashed lines;
FIG. 7 is a plot of the variation, as a function of incident-radiation
wavelength, in various optical parameters of halfnium nitride (HfN);
FIG. 8 graphically depicts variation, with respect to incident wavelength, of
the absorption and scattering cross-sections for HEN spheres of various radii
2  (in pm), with absorption plotted in solid lines and scattering plotted in
~ dashed lines; and
FIG. 9 schematically ﬂlustrates an apparatus for producing umformly sized
particles in accordanoe with the present invention.

25 Detailed Description of the Preferred Embadzments
While the refractive indices of metals are real and positive, the real parts of
their dielectric constants can be negative in the ultraviolet, optical, and infrared
portions of the electromagnetic spectrum. This results from the oscillatory motion
exhibited by free conduction electrons in a high frequency electric field. The
30 motion of unbound electrons is 180° out of phase with the applied field, resulting in
a negative electronic polarization. Since the polarization is proportional to s, -1,
where ¢, is the real component of the dielectric constant, it follows that &, must be
smaller than 1 and may be negative. This reasoning is only approximate, however,
. due to interband electronic transitions involving non-s shell electrons (e.g., d-shell
35 electrons in the case of Ti). |



35 "that are very low, indicating little or no capacity to trap radiation
and resonate. ' ' - 4-

DESCRI' PTWOINN6AR205HE | NVENTI ON Accordi ng to the presenpPCInsesit4iph,
there is provided an el ectromagnetic radi ati on-absorptive material for
absorbing sel ected radiati on withi.n a psedeterm ned spectral band, the

mat eri al i ncl uding:. (a) a carrier material having a dielectric
constant; and (b) dispersed therein, a particulate netal or
met-al i c compound exhibiting a Froelich Resonance produci ng an absorption
cross-section greater than 1 in the predeterm ned spectral band when
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~ Accordingly, &, is negative when K> N.
" Although the magnitude of the electric field inside a dielectric sphere subjected
s toauniform, external electric field is determmed according to well-established
principle, the actual calculations for conductmg metal spheres at optical frequencies
~ can prove cumbersome for conditions where the wavelength becomes comparable to
the sphere radius. However, for the applications contemplated herein, the
wavelength of incident radiation is much larger than the sphere radius. The sphere
10 is therefore surrounded by an electric field that is approximately constant over the
dimensions of the sphere, and thus the field inside the sphere may be approximated
by the electrostatic formula

15 E= wceroemceome-Ey
& + 26

" where E is the field within the sphere, Ej is the surrounding field, and &, and &, are
the real components of the dieletric constants of the sphere and the medium,

20 respectively. Accordingly, the field inside the sphere becomes very large (although
not infinite, because the above equation does not include possible imaginary
components) at the so-called Froelich Resonance when &, + 2¢,, = 0. When this

- condition is satisfied, the result is strong field enhancement and correspondingly
’ large radiation absorption by the metal particle.

25 Provided the imaginary component of the particle’s dielectric constant is small,
its absorption cross-section is approximately given by

. ’ | &n&
. GCas= 1 1'5 ——
0 (& + 2e,) + &

in which the quantity x = 27 Np,cqa/h, where N4 is the refractive index of the
' surrounding medium, a is the radius of the particle sphere, and A is the vacuum
wavelength of the mcldent radiation. Once again, the maximum absorptxon occurs
35  wheng + 25, =0. -



Anot her advantage of the invention is the introduction into a carrier
. materi a&vof netal particles having hypergeonetric absorption cross-sections -
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further advantage of the invention is to confer selectable radiation-
absorption properties to carrier mater+8s w thout objectionable or
excessive scattering of visible i ght. Still another advantage of the
i nvention is the creation of novel, highly durable radiati on-absorptive
materials for use in containers, packages, sheets, inks, paints, and
decorative surface treatnents exposed to harsh environnents. Yet
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exenpl 11 ed Ugmtgrtﬁegeoﬂtﬁ,"\it 9passiti& td derive absorption cross-sections over the

10 visible spectrum for variously sized TiN particles; the Mie calculations described in

| the 249 application can be used to calculate scattering cross-sections. These are
plotted over the visible spectrum in FIG. 3. In the calculations a refractive index of
1.33 (corresponding to a dielectric constant of 1.332), representative of water and a

| number of common materials, is ordinarily assumed for the surrounding carrier

15 medium. Optimal particles for a given application exhibit peak absorption (with a

cross-section greater than 1) at the spectral region of greatest interest, with minimal
- scattering of radiation. Scattering is often undesirable, imparting, in mhny cases, a

milky appearance to particle-colored media, and can be minimized by utilizing very
small particles. For example, partlcles with a radius of 0.02 um show essentially no

20 scattering at all.

Typical applications of radiation-absorptive particles involve their dispersion
into a suitable carrier material. Typical carriers include glass, _
polyethylene (PE), polypropylene (PP), polyesters, po]ymethylmethacrylate
(PMMA) and copolymers such as PMMA/PBMA (polybutylmethacrylate),

25 PMMA/PS (polystyrene), or PBMA/PS. Because of the significant durability
advantage associated with metal particles, the chosen carrier should be similarly
durable. A uniform distribution of particles within the carrier is highly desirable in
order to maximize the absorptive effect (that is, to assure isotropic absorption and
to minimize the amount of particulate material that must be used).

30 Asisclear from the formula defining C,;,, the dielectric bohstant of the carrier
material also helps to determine the peak absorption wavelength, and oné may vary
the dielectric characteristics of the carrier in order to fine-tune that wavelength.
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This represents a depai'ture from the approach of the 249 application, since the
absorption wavelengths of semiconductor spheres are vxrtually unaffected by the
dlelectnc conatant of the surrounding medium.

The contribution of the carrier matenal to the peak absorption wavelength can
5 be derived from the condition £, + 2s,, = 0, and the approximate relationship
" between & of the metal and the frequency of incident radiation:

10 vy

where vp is the so-called plasma frequency (usually, although not always, Jocated in
the ultraviolet range), » is the frequency of incident radiation, and ; is once again
the real component of the dielectric constant of the metal particle. Substituting ¢/A

15 for », it can ‘be shown that
d\ A
dep, 26, + 1
20

Using the above gxpreséi',—oﬁ in a Taylor series expansion up to the first order —
) gives -

25 ' = Agy,
AN = )N\g--omeeeem-
2£m+1

which provides an approximate sense of the change in peak absorption wavelength

'3 brought about by a change in the carrier dielectric constant. For example, as shown
in FIG. 3, the maximum absorption of TiN particles of radius 0.02 um occurs at
about 6000 A. For e, = 1.77, an increase of 0.25 in the carrier’s dielectric constant
results in a shift of about 330 A to 6500 A; a similar shift can be achieved by



I nvol ve a negative value, in the wavel ength band of interest, for the real
conponent ' of the dielectric constant; and a certain relationship

bet ween the dielectric constants - aof the nmetal and the medium as nore
fully dwoo62208 bel ow. Optical behavior of met al PEFUSWI4E4can be
adequately predicted using the cal culations set forth below 5 and the
nore el aborate M e cal cul ati ons described in the '249 application.
Conversely, these sane cal culations can be utilized to derive the

par anet ers corresponding to desired absorption characteristics,

enabling one to identify candi date particles for a particular

appl i cation based on consistency with the derived paraneters. 10
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nearly s tHereldspbéledliregion (as depicted in FIG. 3). To obtain different colors, one

10 can incrementally alter the composition of TiN particles by alloying with carbon,

thereby shifting the peak absorption toward longer wavelengths.

A variety of hard metals exhibit coloration similar to that of bulk TiN, and
therefore prove useful as coloring agents in the visible region. These include Z1N,
. HfN, TiC,N,, (with values of x between 0 and 0.5), ZrC,N , (with values of x
15 between 0 and 0.2), Ti,Al; ,N (with values of x ranging from 0.1 and 0.7) and
-T1,Zr1_,N (with values of x ranging from 0.2 to 0.8). (The foregoing formula ranges
are not necessarily exclusive; variations outside these ranges may prove useful as
well.) FIG. S illustrates variation in the relevant optical parameters of ZrN with
incident wavelength. As indicated in the figure, the Froelich Resonance occurs at a
20 wavelength of about 5000 A As shown in FIG. 6, the maximum absorption cross-
' section of small ZIN partlcles does indeed occur near this wavelength. ZIN
therefore performs similarly to TiN, but with the absorppon shifted to shorter
wavelengths and exhibiting sharpter, more desirable absorption peaks. FIGS. 7 and
8 illustrate corresponding characteristics of small HfN particles, which exhibit peak
25 absorptions shifted even further toward the blue.

Other suitable metals can be identified by reference to published values for the
real and imaginary components of refractive index or dielectric constant.

The metal particles of the present invention can be generated in a variety of
ways well-known to those skilled in the art. At present, the best methods involve
. 30 controlled gas-phase reactions. Appropriate gas-phase combination of TiCl; and
ammonia, for example, produces TiN. Other metal chlorides can also be reacted
' with ammonia to produce the metal nitrides mentioned above. Carbon can be



radi ati on of the resonance wavel ength, bl ocking harnful radiation or

roduci n ure colors. The durability of the particles thensel ves
gnsure rgsﬁqm&) " nmechanical wear forces and t hRCHPEAERIAg
effects of intense rad| ation (e.g.,. sunlight). The materials
descri bed herein also exhibit a high degrlde of chem cal 25 | nertness.
Bri'ef Description of -the Draw ngs The foregoing discussion wll
be understood nore readily fromthe foll ow ng detail ed description
of -t he i nvention, when taken in conj unction with the 30 acconpanyi ng
draw ngs, |r1wh|ch t of vari at on, as a
functi gn of 1PFF8F‘H%‘?¢( into, thegas-phase reactlon vesse m\ﬁx&/& Re foral
([err]") ancpurpaggsnary ([err]") conponents of. the refractlve
i ndex of tltanl umnitride (TiN); - FIG 2 replicates the

OPELS! LoD o, IS pUREIS VRS A o il gy, 7
WO 96/ 12205 indicate genera]ly by reference numeral 100. The reactor includes a vacuum vessel
PCT/ US9%/ 141102 that contains a preheated supply rod 104, whose surface is additionally heated
as described below to cause the formation of a vapor from which particles are
derived. Supply rod 104 is maintained at a temperature close to its melting point by
an inductive heating coil 106. An electron beam source 110, whose output is
orierited toward the surface 104s of pool 104 and whose beam output is substantially
10 coincident with the contour of surface 104s, evaporates the hot material into a
vapor. To ensure that these having largely equal diameters, surface 104s is
subjected to the vibration output of an ultrasound source 112. Source 112 produces,
for example, a transverse acoustic wave across surface 104s. Alternatively, one can
employ an ultrasound source 114, which generates a vertical ultrasound wave i
15 directed axially through supply rod 104. The respective intensities and frequencies
* of source 112 or 114 are adjusted so as to cause the separation from surface 104s of

myriad vapor droplets having a predetermined specific, uniform size.

An inert gas (such as argon) is injected at low pressure (typically about 0.001
torr) into vessel 102 through a ring inlet 116. The inert gas sweeps the cloud of

20 vapor droplets toward the entrance of a cryogenic pump whose chamber 120

_ receives both the inert gas and the solidified vapor droplets. The gas is released
from a level at or below Surface 104s to ensure entrainment of all generated vapor -
droplets. In transit to receptor 120 the droplets solidify, and i in chamber 120 are
frozen into a cryogeniéally cooled mixture of particles and inert gas. The particles

25 are subsequently recovered from chamber 120 as a finely dispersed powder.

If desired, a reactant dopant gas can be introduced along with the inert gas to
form electronegative species on the surface of the droplets during transit. Use of
oxygen, for example, results in formation of oxides of the base material and
attachment of atomic oxygen to the surface, the extent of reaction -- i.e., the

30 proportion of the droplet surface covered by oxygen and oxide derivatives --
depends on the amount of oxygen gas introduced and the duration of droplet transit.
In any case, all vapor droplets pass through the flood of electrons emitted by



- 6- ' ' conponents of the dielectric constant for TiN;
.FIG 3 graphically depicts variation, with respect to incident wavel ength,

of W096/12205he absorption and scattering cross-secti QeI/US9S/A4MIN
spheres of various radii (in [err]m, wth absorption plotted
in solid lines and scattering plotted i R13- dashed |i nes; )

FIG 4 graphically depicts variation, with respect to wavel ength of the
absorption cross-sections for Ti N spheres of radius 0.03 [err]min

di fferent ' media, illustrating the shift in the absorption
peak produced by altering the refractive index of the nedium
10 electiog begm souace,1 1), and thereby aequire anelectrostatia patentinl that repels

i ][lci dent -r thé‘fnitaﬁﬁ:les from one anomeruaﬁagmgfgﬂmvahmﬁs mlpltml par amet ers
of zirconiumnitr raphi ca

Var ation. AorblE cbiTas: esnarainietingd Py fis partohs afer fidy afe Coifdcfad
absorption dminshanbarlmg EdMeMonWegis:ﬂmhﬂhthﬂnwgemchadl i
(| n- [er;] m ’as‘ﬂ‘“hﬁnﬁb‘%w 9@“@%&&,&@ id lines and scattering plotted

I'1 nes FIG 7 is a plot of the

AL 0 L o a1
- graphi cal | y adepulsive forteiadiong particlesithat exeeeds their averaperthermolinetigétergyf
ﬁ Qgi f‘bs OF P ighdke B reati bRtbLRAR rekiStificd &P édifiion hid c4d1LcERAS" £Sa Blrthid ' OUS
- means of reducing reagglomeration, the internal geometry and operating
10 parameters of vessel 102 can be maintained such that the distance the droplets
~ travel before resolidifying remains below the mean free path. Ensuring the
persistence of this condition requires a relatively large mean free path, which can be
established by high-vacuum conditions, and rapid heat dxsslpauon with distance
from surface 104s.

15 It will therefore be seen that the foregoing represents a highly advantageous
approach to the production of metal particles having selected optical properties, and
- which may be employed in a variety of products that require finely selectable
radiation-transmission and blocking properties. The terms and expréssions
employed herein are used as terms of description and not of limitation, and there is
20 no jntention, in the use of such terms and expressions, of excluding any equivalents
of the features shown and described or portions thereof, but it is recognized that
various modifications are possxble within the scope of the invention claimed.



20 (in[err]m, with absorption plotted in solid lines and
scattering plotted in dashed |ines; and FIG 9.
schemat i cawioywehbiosst r at es an appar atus for produ0| ng umfor&y s?sﬁgf]u
particles in accordance with the present invention.

Description of the Preferred Enmbodinentgqs_ While the refractive

i ndi ces of netals are reat and positive, ‘the real parts of their

di el ect be negative in the ultraviolet, optical, and

I nfrar e!i,"llmmmnu"ﬁlﬁlﬂ of the el ectronmagnetic spectrum Thi s resul ts from
the osci I*l akory nbtison* exhibited by free conduction electrons in a
hi gh frequency electric field. The 30 %%10”' of unbound electrons is 180
out of phase with the applied field, r gin a negative

el ectroni c polarization. Since the poI arization is proportional to [err]r
-1, where [err] is the real conponent of the‘dielectric constant, it
foIIovxs that [err] nust be smal l er than 1 and nay be negative. This
reasoniing i 3. Anlejecirymaguietiaradiationvabsorptive material for alssorbing séleorédadiatioani c

|1 he cage” s prétitdiiiladd $5igal Byt g At atbomgtiblyel | 2l ectrons

PCT/ US95/ 14114 . a carrier material having a refractive index; and

4 - b. dispersed therein, a particulate metal exhibiting an absorption cross-
s section greater than 1 in the predetermmed spectral band when combined
6 with the carrier.
1 2. The material of claim 1 wherein, at a wavelength within the predetermined
2 spectral bahd, the sum of (i) the real component of the refractive index of the
3 particulate metal and (ii) twice the real component of the refractive index of the
4 medium is approxxmately equal to zero.

1 3. The material of claim 1 wherein the particulate metal consists of spheres.

1 4 The material of claim 3 wherein the spheres have radii that deviate by a factor of
2 at least 2 from a mean radius.

1 S. The material of claim 1 wherein the particulate metal is present in sufficient
2 ‘volumetric density to substantially block passage of the selected radiation. - —

1 6. The material of claim 1 wherein ihe pai'ticulate metal is selected from the group
2 consisting of TiN, ZrN, HfN, TiC,N, . (where 0 < x < 1), ZrC,N;, (where 0 < x <
3 1), Ti;Al; 4N (where 0 < x < 1), and Ti,Zr; ,N (where 0 <x < 1).

1 7. The material of claim 1 wherein the particulate metal is TiN in spherical form.

1 8. The material of claim 7 wherein the spheres have substantially identical radii in
2. the range 0.2-0.6 um.
1 9. The material of claim 1 wherein the particulate metal is ZrN in spherical form.
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-7- ' " The t [err] Is al so the square of .the
_refractive index, wher ll '“:Immuﬂ .+ is and the refractive index

Nerr] = N+ iK so that*[err]t +"[efr}*= Nerr] - Klerr] + 2iN

Accor di ngl {Vﬁé% IS negative when K > N. "Al t hough t he
rr_agnitude%? 0 ectric field inside a dielectric sphere WS{dHds

to a uniform external electric field is determ ned according to

wel | - establ i shed principle, the adtdral cal cul ations for conducting. -
nmetal spheres at optical frequencies can prove cunbersone for

condi tions where the wavel ength becones conparable to - t he sphere

radi us. However, for the appl I cations caontenpl ated herein, the

wavel ength Q ci dent, ation_ is ch | a, r than,th sphere radr us. The
sphere 10 3 maémleo?sckn%wé%% ulate metal i HEN i spherical form.
approxi matel y constant over t he dr mensi ons o0f the sphere, and t hus

e & | T8 e Wl Y e BB menl s W cSBLE 871

f or nul
2 2, =0 thhm the predetermined spectral band.

" 12. The material of claim 1 wherein the carrier material is selected from the group
consisting of glass, polyethylene, polypropylene, polyester,
polymethylmethacrylate and copolymers thereof, and polybutylmethacrylate and
copolymers thereof.

& W N

13. A method of generating particles of a selected metal having substantially
uniform size and shape, the method comprising the steps of: :

a. providing a solid supply mass of the selected metal, the supply mass having
a surface; .

b. subjecting the surface of the supply mass to the output of an electron
beam source and a source of controlled vibration so as to r:ause separation
from the surface of the supply mass vapor droplets havxng uniform size
and shape; and :

e. collecting the droplets after they have solidified.

O 00 3 S A e W Y e
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where Eis the field within the sphere, E[err] is the surrounding field,

and [err] are the real conponents of the dj G,
constants W?%@éphere and the nedium 20  respectivel y.%@,ggr%{-l%lglfy, t he
field inside the sphere becones very |arge (although not infinite,

because the above equation does not igclude possi bl e i magi nary
conponents) at the so-called FroeligA Resonance whén [err] + 2[err] = 0.

When this condition is satisfied, the result is strong field
enhancenment and correspondi ngly | arge radi ati on absorption by the
metal particle. 25 Provi ded the inmagi nary conponent of the
particle's dielectric constant is small, its absorption
cross-section is approximately given by Clerr] = 12x[err]
in which the quantity x = 2[err][Nerr]a/[err] where Nerr] is the
refractive index of the surrounding nedium a is the radius of the
particle sphere, and X is the vacuum . wavel ength of the incident
radi ati on. Once agai n, the maxi num absorption occurs 35 when [err] +
2s[err] =0
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TiNis a UWOPSM2208tal that absorbs strongly in the visibl el’gﬂé’é’WUH‘ with

an absorption cross-section exceeding 1 for many wavel engths. FIG 1

illustrates “variation in the_ real and inmagi nary conponents of the

refractive index of TFi N over Bhe visible spectrum As discussed in

the '249 application, high values of K prevent 5 t he emergence of

str.ong resonances of the type described in connection with i ndi rect

bandgap sem conductors. FIG 2 shows variation in the real and inmaginary

conponents of the dielectric constant for TiN, confirmng strongly negative

val ues ‘for [err] over rmuch of the visible spectrum

Using these data, it is possible to derive absorption cross-sections over

the 10 visible spectrumfor variously sized TiN particles; the Me

cal cul ations described in the '249 application can be used to

cal cul ate scattering cross-sections. These are pl otted over the

visible spectrumin FIG 3. In the calculations a refractive index of

1.33 (corresponding to a dielectric constant of 1.33[err]), representative

of water and a : - K2
T : : : : : : o
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nurber of common materials, is ordinarily assumed for the surrounding
carrier 15 medium Optinal particles for a given application exhibit peak

- absor pt i orWOW6A2205 cross-section greater than 1) atPFH@s$$@é¥&al
region of greatest interest, with m-ninal scattering of radiation.
Scattering is often undesirable inparting, in many cases, a . m | ky

appearance to particl-e-col ored 2§§|a and can be nlnlnlzed by utilizing
very smal | particles. xanpl e, particles with a radius of 0.02
[err] mshow essentially no 20 scattering at all. ' Typi ca
applications of radiation-absorptive particles involve their dispersion
into a suitable carrier material. Typical carriers include glass,

pol yet hyl ene (PE), polypropyl ene (PP), polyesters, polynethyl methacryl ate
(PMMA) and copol ymers such as PMMA PBMA (pol ybutyl nethacryl ate), 25
.PMMA/ PS (polystyrene), or PBMA/ PS. Because of the significant durability
advant age associated with netal particles, the chosen carrier should be

simlarly " durable. A uniformdistribution of partlcles wi thin the
carrier is highly desirable in order to maxim ze the absorptive
effect (that is, to assure isotropic absorption and to mnimze the
-amount of particulate material that must ‘be used). 30 " As is clear
fromthe fornmula defining Clerr]l the dielg opstantsof the carrier
material also felps to deterni nef hg Sorptifon yav® ength, and one
may vary the dlelectrlc 4(- /i cs of fthejcarrier in order to
fine-tune that |wavelength. : : ' :
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=9- This represents a departure fromthe approach _of the '?249 :
appl i cati oYO%{I2¥8 t he absor ption wavel engths of seni ESAHERYM M pher es
are virtually unaffected by the ~dielectric constant of the surrounding
medi um The contri bution g the carrier. material to the peak
absorption wavel ength can 5 be derfi%ed fromthe condition [err] + 2[err]
= 0, and the approximate rel ationship between [err] of the netal and
the frequency of incident radiation: ) [err] =1 - [err]
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~
o
~
o
1
©
o
7))
c
o
9O
@ &
. £ <
2 o
"'g‘; T
© 9o
©
- \ ;_ .
: 10
: o
; 0
: s
: o
t
- [
+ 92 o N W S

Absorption Cross Section

 SUBSTITUTE SHEET (RULE 26)



10 where v[err] is the so-called plasma frequency (usually,

al t hough not al ways, located in the ultraviolet range), v is the
frequency SO Bent radiation, and [err] is once again FCT/USSadN |
-conponent of the dielectric constant of the netal particle. Substituting

c/[er]r 15 for v, it can be shown giat [err] 20 _ Usi ng the
above expression in a Tayl or seri esd pansion up to the first order
gi ves [err] :

0.6 0.65 0.7

Wavelengths in microns

0.55
FIG. 5

3

0.5

0.45
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whi ch provides an approxi mate sense of the changé I n peak absorption

wavel engt h ught about by a change in the carrier diglectric
const ant . I%&’g}éﬁl e, as shown ~in FIG 3, the maxi muRFHBEBAAHon of

TiN particles of radius 0.02 [err]moccurs at about 6000 A For
[err]m= 1.77, an increase of 0.25 in the carrier's dielectric constant
results in a shift of "about 330 ggéo 6500 A; a simlar shift can be

achi eved by WO 96/ 122 :

PCTY US95/ 14114 : -10-
increasing the particle size. FIG 4, generated using the Me cal.cul ations,
nor e directly and accurately illustrates variation of the absorption:
peak with the refractive index of the nedium In curve a, the real
refractive-index conmponent N
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= 1.0 (so that [err] = 1.0); in curve b, N=1.33 and [err] = 1.77;, and in
curve c, meyif o5l 6 and [err] = 2.56. For no g)lﬁuthe

condi tion + 2[err] 0 occurs outside the VISIb|e regi on.

However, colloidal gold partlcles often exhibit a reddish coloration, and
TiN, while golden in the netakhygc state, appears blue in coIIO|daI
suspensi on due to absorption inthe red spectral region (as depicted
in FIG 3). To obtain different colors, one 10 can increnmentally alter
the conposition of TiN particles by aIonlng wi th carbon, t her eby
shifting the peak absorption toward | onger wavel engths. ' A

variety of hard netals exhibit coloration simlar to that of bulk TiN, and
therefore prove useful as coloring agents in the visible region. These

i ncl ude ZrN, HN, TiCerr]Nerr] (with values of x between O and
0.5), ZrC[err]Nerr] (with values of x 15 between 0 and 0.2),
Ti[errJAl[err]N (wth values of x ranging fromO0.1 and 0.7) and
Ti[err]Zr[err]N (with values of x ranging from0.2 to 0.8). (The foregoing

formul a ranges are not necessarily exclusive; variations outside
t hese ranges may prove useful as well.) FIG 5 |IIusLIates vari ation
in the relevant o 1S Nt : ~—grc) dent wavel engt h.
As indicated in t :Eoetic Resonance occfirstat a 20
wavel engt h of abod nown. i njFEG 6, the nyxi Mum absorption
Cross- sectji N partlcles does i ngeed ccur near this
wavel ength. ZrN f or e o TijN, but with the
absorption shifted to shortef § ~1.i....wadefengt hs. ang. exhibi 8 ng sharpter,
" nore desirabl e abg 8 illusterate
correspondi ng charla whigh exhibit peak
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25 absorptions shifted even further toward the bl ue. O her
suitabl e nﬁg 5% L be identified by reference to published values for the
real and i gi é%@ conponents of refractive index or_diel ecPFFUSE¥HMant .
The netal particles of the present invention can be generated in a variety
of ways wel |l -known to those skilled in the art. At present, the best
met hods i nvol ve 30 controlled %%§-phase reactions. Appropriate gas-phase
conbination of TiC[err] and anmoni a, for exanple, produces Ti N

O her netal chlorides can al so be reacted wi th antroni a to produce
the netal nitrides nentioned above. Carbon can be WD 96/ 12205
PCT/ US95/ 14114 -11-

i ntroduced into the gas-phase reaction vessel in the form of nethane for
al | oyi ng
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pur poses. Refer nowto FIG 9, which illustrates a preferred

reactor. cogfl ion i ndi cated generally by refere | 100.
The react oyéﬁgz{zgﬁes, a vacuum vessel 5 102 t hat _cont ai ﬁ%%éﬁ%g;ghiﬁt ed
supply rod 104, whose surface is additionally heated as descri bed
bel ow to cause the formation of a vapor fromwhich particles are

derjved. Supply rod 104 is maintaine@f9at a tenperature close to its nelting
poi nt by an inductive heating coil 106. An el ectron beam source 110,
whose output is oriented toward the surface 104s of pool 104 and
whose beam output is substantially 10 coi ncident wth the contour of
surface 104s, evaporates the hot material into a vapor. To ensure
that these having largely equal dianeters, surface 104s is subj ect ed
to the vibration output of an ultrgses PiV!ddq" Source 112 produces,
for exanple, a transverse acousti ¢ wave acr ds Jace 104s. Alternatively,
one can “enpl oy an ultrasouNd source 1lﬁ, whi ch generates a vertica
ul trasound wave 15 di rected axig éhpply rod 104. The
respective intensities and f #:
adj usted so as to cause ¥

S of source 112 or 114 are

o _okQm surface 104s of nyri ad

) iINc, uniformsize.

ow pressure (typically about
#lring inlet 116. The inert gas
ard the entrance of a cryogenic
jlinert gas and the solidified
onléolevel at or bel ow surface

d

“An inert gas (such as
0. 001 torr) ingy
sweeps the cloud of 2
punp whose chanber 12
vapor droplets. The g
104s to ensure entrai

GAS
GAS

FIG. 9
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. L - For{oqE-4
droplets. In transit to receptor 120 the droplets solidify, and in cr@er
e

120 are frozen into a cryogenically cooled m xture of particl nd
inert gas. The particles 25 are subsequently recovered from chanber 120
as_a finely dispersed powder. I f desired, a reactant dopant gas
can be introduced along with the inert  gas to form el ectronegati ve
species on the surface of the dropler§’during transit. Use of

oxygen, for exanple, results in formation-of oxides of the base nateri al
and attachnent of atom c oxygen to the surface, the extent of
reaction -- i.e., the 30 proportion of the droplet surface covered by
oxygen and oxi de derivatives -- depends on the anpbunt of oxygen gas
i ntroduced and the duration of droplet transit. In any case, al

vapor dr opl et's passyLAEPuYY dhfiirkd WhiBoShRE ielEa Wikirod by w0

96/ 12205 ot
SELECTABLE RADIATION-TRARSMISSION BROPERTIES
PCT/ US95/ 14114 AND METHODS FOR THEIR MANUFA:

BACKGROUND OF THE INVENTION

The present invéntion relates to the selective absorption of electromagnetic
radiation by small particles, and more particularly to solid and liquid composite
materials that absorb strongly within a chosen, predetermined portion of the

electromagnetic spectrum while remaining substantially transparent outside this
- region. : '

Transparent and translucent materials such as glass, plastic, gels, and viscous
lotions have for many years been combined with coloring agents to alter their
optical transmission properties. Agents such as dyes and pigments absorb radiation
within a characteristic spectral region and confer this property on materials in which
‘they are dissolved or dispersed. Selection of the proper absorptive agent facilitates
production of a composite material that blocks transmission of undesirable light
frequencies. |

Beer bottles, for example, contain additives that impart a green or brown color

- to protect their contents from decomposition. These include iron (II) and iron (III)
oxides in the case of glass bottles, while any of a variety of dyes can be employed in
plastic containers. The concentration of these additives (in weight percent relative
to the surrounding carrier material) is generally very heavy, in the range of 1-5%,
resulting in high expensé, difficult dispersion within the carrier, and the need to
employ special mixing techniques to counter strong agglomeration tendencies.

Applied colorants such as paints and inks are used to impart a desired
appearance to various media, and are prepared by dissolving or dispersing pigments
or dyes in a suitable carrier. These materials also tend to require high pigment or
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el ectron beam source 110, and thereby acquire an el ectrostatic potential
that repels the particles fromone another during their transit to

chanber 120. This el ectrostatic charge is generdl § the
particles after they are collected from chanber 1&%‘)}:@ ﬁgﬁﬁ%ﬁ ET

el ectronegative gas species other than oxygen, such s as fluorine, fa

- al so*be used advant ageously. =2- The degree of jcharge JUipPPed] t
the particles is preferably sufficient to confer repul sive fofc

anong particles that exceeds their average thernokinetic energy,

thereby creating effective resistance to collision andjcoal escence. As.

further means of yeduci.n a oneratiop, the.internal geonetry and

oper at | fie sencentaiibsand SesiipabiR hsEraationem AralpRes SRosIRR 1 he

di st ancéntehse rhddgtion, Such as sunlighty Ghelimhited absorption iahdiropunifionmsartieleow t he

mean fr . s ' | S. 1L uires

T ol at piapgolbgy SF Sindiicnaf piements R TRRIESICR puitly SyBPHE kUl ehE €

hi gh- vaofidegradationi ons, and rapi d heat dissipation with distance 3

from sur f aggostQtbmmerksally usefil colbrihg AEEIE ABSGILRRrE8 ArahBa bf HagubAtiggoi Ng

represents a highly a nt ageous approach to the producti,on of netal
bart ot Sactn apecich whically ScnBhe Reaty dreygers RB 4 ek vavelenBikptameREmC

e rrg! 0%’?db§({1’pﬁ0hﬁbi’ RLY- OWhenanixed Sntohwhost eatriere suidTHmh;erMb tetidot produce

radi ati @n-¢tr m.ssl anck. " r s, TR - . XDk essi ons
enpl oy P/t °3P@°§’3%W°§§§P§W§F38§§§?§£§&H‘c§a5’ﬁ%§@§?§f’=ﬂ1§?ﬁ° £ on,  and
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Traditional means of forming particles that may serve as coloring agents include
chemi_cal precipitation and mechanical production (e.g., so-called atomizing)
processes. These processes frequently fail to reliably maintain uniform particle size
due to agglomeration, and cause sedimentation during and/or after the particles are

- generated. The problem of agglomeration becomes particularly acute at very small
particle diameters, where the ratio of .surfa'cé area to volume becomes very large
and adhesion forces favor agglomeration as a mechanism of energy reduction.

While suitable for conventional uses, in which radiation absorption is imprecise
and largely unrelated to particle size or morphology, non-uniform particles cannot
be employed in more sophisticated applications where size has a direct impact on
performance.

In US Patent No. 5,534,056; issued May 26 1998, the entire disclosure of- '
which is hereby incorporated by reference, we demonstrated the feasibility of
exploiting certain radiation-absorption properties of select semiconductor materials
to produce highly advantageous optical properties in uniform, spherical, nanosize
particlés. These particles, we showed, may be used as optitail transmission-
reflection "control agents" for a variety of products that require sharp transitions
between regions of high and low absorption, i.e., where the material is largely
transparent and where it is largely opaque. A key physical feature of many suitable
nanosize spherical particles is "optical resonance”, which causes radiation of a
characteristic wavelength to interact with the particles so as to produce self-
reinfbrdng internal reflections that strongly enhance the amplitude of the radiation
trapped within the particle. Conventional pigments offer absorption cross-sections
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cl ai ned.

DEFI NI NG THE | NVENTI ON ARE AS FOLLOWS: 1. An el ectro et c

radi ati on-absorptive material for absorbing selected rad ignt %ghigqga
pr-edet erm ned spectral band, the material including: - (4Q) carrijer
mat eri al having a dielectric constant’,” and (b) df s =TT, {a
particul ate netal or netallic conpound exhibiting a Fro i ch Resonance

produci ng an absorption cross-section greater than 1 in tre—predeter m ned
spectral band when di spBESGRIATIONOEAIMEINVENTON The material of claim1

uher 11 <1 RS R o FeBhnP Ty RRABA, bk R0 ASRag sl o2
' radiation-absorptive material for absorbing selected radiation within a '
predetermined spectral band, the material including:,

(a) a carrier material having a dielectric constant; and

| (b) dispersed therein, a particulate metal or metallic compound
exhibiting a Froellch Resonance producmg an absorption cross-section greater
than 1 in the predetermined spectral band.when dispersed in the carrier.

| An advantage of the present invention is the adaption of metal particles to
provide selective absorption within a defined segment of the electromagnetic
spectrum.

Another advantage of the invention is the introduction into a carrier
" material of metal particles having hypergeometric absorption cross-sections within
a selectable, defined band of the electromagnetic spectrum.

A further advantage of the invention is to confer selectable radiation-
absorption properties to carrier materials without objectionable or excessive
scattering of visible light. | '

Still another advantage of the invention is the creation of novel, highly -
durable radiation-absorptive materials for use in containers, packagés. sheets,
inks, paints, and decorative surface treatments exposed to harsh environments.

Yet another advantage of the invention is the provision of color pigments

- that do not bleach as a result of exposure to sunhght _ o

A still further advantage of the invention is the provision of a method for

efficiently manufacturing the metal particles of the present invention in a manner

~ that facilitates precise control over chemical composition.

| Other advantages will, in part, be obvious and will, in part.. appear
hereinafter. The invention accordingly comprises compositions and articles of
manufacture possesaing the features and properties exemplified in. the
constructions described herein and the several steps and the relation of one or
more of such steps with respect to the bthers and the apparatus embodying the
features of construction, combination of elements and the arrangements of parts

that are adapted to effect such steps, all as exemplified in the following summary



a wave ength within the predeterni ned spectral band, the sumof (i) the
real conponent of the dielectric constant of the particulate netal or
metallic conpound and (ii) twice the real conponent of the dielectric
constant of .the carrier is approxinately equal to zero. 3.  The materi al
of* claim1l1l or 2 wherein the particulate nmetal or netallic cohpound consists
of spheres, -the spheres having a ratf@s that is small relative to
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claim 3 wherein the sp eres have radii that deviate by a-factor of at |east
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Hf N, Tlp%ﬁselyN[wm;bleﬁvdma@ Qﬁelei:)nc Zperbertre]sN[ eerthin( Wnetals Ocanl)exhibit
Ti[errJAI[err] N (where O<x<1), and Ti[err]Zrlerr] N (where 0<x<l1).
absorption cross-sections in excess of 1 In characteristic wavelength bands. The

critical factors
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-14 - 7. The material of any preceding claimwherein the particulate

_ corrpo the spheres having a radius that is small relative
to-wav e predeterm ned spectral band. 8. The materi al
of cl a @ﬂmpmliumﬂm pheres have substantially identical radii in the
range O. : The materlal of any one of clains 1 to 6,

wherein the particul ate corrpound i s13rN spheres, the spheres having a
radius that is small relative to wavel engths within the predeterm ned

spect FighE R47KIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. An. electromagnetic radiation-absorptive material for absorbing selected
radiation within a predetermined spectral band, the material incfuding:
(a) a carrier material having a dielectric constant; and
(b) dispersed therein, a particulate metal or metallic compound
. exhibiting a Froelich Resonance producing an absorptlon cross-section greater

~ than 1 in the predetéﬁnined spectral band when dispersed in the carrier.

2. The material of claim 1 wherein the particulate metal or metallic corﬁpound_.
and the carrier each have a dielectric constant including a real component and, at
a wavefength within the predetermined spectral band, the sum of (i) the real
component of the dielectric constant of the particulate metal or metallic compound
and (i) twice the real component of the dielectric constant of the carrier is

approximately equal to zero.

3. The material of claim 1 or 2 wherein the particulate metal or metallic
compound consists of spheres, the spheres having a radius that is small relative

to wavelengths within the predetermined spectral band.

4. The material of claim 3 wherein the spheres have radii that deviate by a
factor of at least 2 from a mean radius. |

5. The material of any preceding claim wherein the particulate metal or
metallic compound is present in sufficient volumetric densnty to substantlally block

passage of the selected radiation.

6. The material of any preceding claim wherein the particulate compound is
selected from the group consisting of TiN, ZrN, HiN, TiC N, (where 0<x<1),

ZrC N1 « (where 0<x<1), Ti,Al,,N (where 0<x<1), and Ti,Zr{ N (where O<x<1). _
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10. -Fhe—wmterial of any one of clains 1 to 6, wherein the particulate

conpou | s Hf N spheres, the spheres having a radius that is small relative
t o-wav ’mu” he predeterm ned spectral band. 11. The materi al
of an wherein the carrier material is selected fromthe

grioup consi sting of gt ass, pol yethyl ene, pol ypropyl ene, pol yester,
pol ynet hyl net hacryl ate and copol ynerl4 ¢ hereof , and pol ybut yl net hacryl ate

and copol y . ' atd Qo= i ve
mater a1 ol BRBhRRGT eny Beceffi it WhERARRhE haritidie ampoaRls 17
band, FMbgpléevesalthy sphehes tlavingea aadhwsdthait tis sredlerelative to wanelomgthsf t he
enbodi nents of the acconpanyi ng draw ngs.

within the predetermined speéctral band.

8. The material of claim 7 wherein the spheres have substantially identical

radii in the range 0.2-0.6 pm.

9. The material of any one of claims 1 to 6, wherein the particulate compound
is ZrN spheres, the spheres having a radius that is small relative to wavelengths

within the predetermined spectral band.

10.  The material of any one of claims 1 to 6, wherein the particulate compound
is HfN spheres, the spheres having a radius that is small relative to wavelengths
‘within the predetermined spectral band.

11.  The material of any preceding claim wherein the carrier material is selected
from the group consisting of glass, polyethylene, polypropylene, polyester,
polymethylmethacrylate and copolymers thereof, and polybutylmethacrylate and
copolymers thereof. o

12. An electromagnetic radiation—absorptive material for absorbing selected
radiation within a predetermined spectral band, substantially -as herein described

with reference to any one of the embodiments of the accompanying drawings.
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