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(57) ABSTRACT 

A diffuser is disclosed Which transmits or re?ects incident 
light into a speci?c range of angles. In a preferred embodi 
ment, this light is uniformly scattered throughout a cone of 
angles. The diffuser consists of tWo parts. The ?rst part 
diffracts or re?ects light into a speci?c offset angle. The 
second part, in the preferred embodiment, uniformly scatters 
the light through a range of angles, Which is centered on the 
offset angle. The diffusers have utility in applications such as 
screens for Wrist Watches, computers, calculators, and cell 
phones. 
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DIRECTIONAL DIFFUSER 

RELATED APPLICATIONS 

[0001] This application is a divisional application of US. 
Ser. No. 10/639,552, ?led Aug. 12, 2003, Which is a divi 
sional application of US. Ser. No. 09/920,060, ?led Aug. 1, 
2001 (now US. Pat. No. 6,608,722), Which claims priority 
to US. Ser. No. 60/222,182, ?led on Aug. 1, 2000, both of 
Which are incorporated herein by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to an opti 
cal diffuser and method for making the same, and more 
particularly to an optical diffuser having a high diffraction 
ef?ciency, broadband response and cost effective method of 
producing the same. 

BACKGROUND 

[0003] Re?ective diffusers are required for many applica 
tions, including liquid crystal displays, to enhance their 
vieWability. Often these diffusers, placed behind the liquid 
crystal element, are simply roughened re?ective surfaces. 
These re?ectors utiliZe no back lighting, but instead rely on 
the scattered re?ection of the ambient light. Unfortunately, 
light scattered from these devices is centered around the 
glare angle, Which is in direct line-of-sight With the unde 
sirable re?ections from their front surface. Furthermore in 
many applications, such as computer screens, and perhaps 
Watches, the preferred orientation of the device is one for 
Which vieWing at the glare angle is not optimum. The 
situation can be improved by using holographic diffusers 
Which alloW the re?ection angles of interest to be offset, so 
that the maximum brightness from the diffuser falls in a 
preferred vieWing angle Which is different from that of the 
glare. One type of holographic diffuser that is sometimes 
used is the re?ective, “surface-relief” hologram. This holo 
gram has the advantage over other types in that if the 
ambient light is White, the re?ected diffuse light is also 
White. Another advantage of the surface-relief hologram is 
that embossing can reproduce it easily and inexpensively. A 
major disadvantage is that the surface-relief hologram can 
be inef?cient. Only a relatively small percentage of the 
incident light is diffracted into the desired vieWing angles 
(typically less than 30 degrees). 

[0004] A non-holographic diffuser, When coupled With a 
re?ective focusing screen, uses randomly siZed and ran 
domly placed minute granules, Which are created by inter 
action of solvent particles on plastic surfaces (See US. Pat. 
No. 3,718,078, entitled, “Smoothly Granulated Optical Sur 
face and Method for Making Same”). These granules are 
dimples of extremely small magnitude (one half of a micron 
in depth), Which re?ect incident light more or less uniformly 
over a restricted angle. HoWever, the angles of re?ectance 
are very small, usually about + or —3 degrees, and the light 
re?ected from them is here again at the glare angle. 

[0005] A second kind of off-axis, holographic diffuser in 
common use today is the volume re?ection diffuser, Which 
can be provided by Polaroid Corporation of Cambridge 
Mass. With volume holograms, fringes that give rise to the 
diffuser re?ection are distributed throughout the volume of 
the material, unlike the surface re?ection concept of the 
“surface-relief” holograms. Because of this, light of a Wave 
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length that is characteristic of the spacing distance betWeen 
the fringe planes is resonantly enhanced over all other 
Wavelengths. Thus, the re?ected light is highly monochro 
matic. For example, if the spacing is characteristic of green, 
then green Will be the predominant re?ected color for 
incident White light. Unlike conventional embossed holo 
graphic diffusers, the re?ection can be extremely ef?cient, 
although only over a narroW Wavelength band. As a result, 
the surface-relief hologram can appear dim because most of 
the incident White light falls outside of this select band. 
Further processing can increase the bandWidth, thus increas 
ing the apparent brightness, but the resulting diffuser still has 
a predominant hue, Which is in most cases undesirable. In 
any event the bandWidth is still someWhat restricted, thus 
limiting the re?ection ef?ciency. 

[0006] Therefore, an unsolved need has remained for a 
diffuser having a high diffraction ef?ciency, broadband 
response and cost effective manufacture, Which overcomes 
limitations of the prior art. 

SUMMARY OF THE INVENTION 

[0007] In an embodiment of the present invention as set 
forth herein is a blaZed diffuser, Which includes a re?ective 
surface having a saWtooth structure. The saWtooth structure 
includes a series of contiguous Wedges, each of Which 
re?ects incident oblique light into a beam Which is more or 
less normal to the gross surface of the device. This Wedge 
structure may be regarded as simply an off-axis mirror if the 
Wedge spacing (period) is much larger than the Wavelength. 
Superimposed on this Wedge surface is a second structural 
component, Which by itself diffracts incident light normal to 
its surface into rays, Which constitute only those over a 
restricted narroW angle (e.g. + or —15 degrees). This angle is 
speci?ed as that Which is desired for a particular application. 
In an embodiment, this second surface shape is one that 
uniformly scatters an incident ray throughout the vieWing 
angle. Such a structure gives a so called “?at top” scattering. 
When these tWo structures are superimposed, light incident 
from a predetermined angle Which is dependent on the 
Wedge angle, is uniformly scattered throughout a speci?ed 
range of vieWing angles With a high degree of ef?ciency. 
Almost all incident light is utiliZed and ef?ciencies 
approaching 100% for all visible Wavelengths are possible. 

[0008] In another embodiment, a blaZed diffuser is made 
entirely by optical, holographic means, and it can be fabri 
cated in such a Way that the broadband spectral colors are 
properly mixed so that the diffracted light appears White. 
The recording for this diffuser is done in tWo primary Ways. 
The ?rst is by recording directly from a predetermined 
diffuse surface, and the second is by copying from a volume 
diffuser into a surface diffuser. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] The foregoing and other objects of this invention, 
the various features thereof, as Well as the invention itself, 
may be more fully understood from the folloWing descrip 
tion, When read together With the accompanying draWings in 
Which: 

[0010] FIGS. 1A, 1B and 1C shoW a number of embodi 
ments of the diffuser in accordance With principles of the 
present invention; 
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[0011] FIGS. 2A, 2B, 2C, 2D, 2E and 2E show a number 
of embodiments of re?ective surfaces associated With the 
embodiments of the diffuser shoWn in FIGS. 1A, 1B and 1C; 

[0012] FIG. 3 shoWs the ?at top diffraction pro?le of the 
surface of FIG. 2E; 

[0013] FIG. 4 shoWs the diffraction pro?le of a surface 
Which approximates that of FIG. 2E; 

[0014] FIG. 5 shoWs the ef?ciency of light re?ected for 
the structure of a preferred embodiment; 

[0015] FIG. 6 shoWs light rays passing into and out the 
diffuser shoWn in FIG. 1A; 

[0016] FIG. 7 shoWs interference fringe planes and the 
etched surface in photoresist of an embodiment of the 
diffuser; 

[0017] FIG. 8 shoWs a recording con?guration of an 
embodiment of the diffuser that uses prism coupling; 

[0018] FIG. 9 shoWs a method for copying from a volume 
diffuser into photoresist using prism coupling; 

[0019] FIG. 10 shoWs a method for making a deep stepped 
Wedge structure by using a prism coupling; 

[0020] FIG. 11 shoWs a recording con?guration for add 
ing diffuse re?ectance to a stepped Wedge structure using 
prism coupling; 

[0021] FIG. 12 shoWs a recording con?guration for mak 
ing a ?ne interference fringe structure parallel to a recording 
surface by means of prism coupling; 

[0022] FIG. 13 shoWs interference fringe planes and the 
etched surface in photoresist of a deep stepped Wedge 
structure; and 

[0023] FIG. 14 shoWs a theoretical diffraction ef?ciency 
for a ten-step Wedge grating structure With step height=250 
nm. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0024] The present invention provides an improved dif 
fuser having a high diffraction ef?ciency, broadband 
response and method for making the same. 

[0025] Referring to FIG. 1A, an embodiment of the 
present invention as set forth herein comprises an improved 
diffuser including a re?ective surface. The re?ective surface 
may include a periodic Wedge structure 1, as shoWn in FIG. 
1A, Which re?ects incident light 2 so that incident light 2 
impinges on its surface 3 from an oblique angle, 0, into rays 
4 Which are approximately normal to its surface. These 
re?ected rays 4 are contained Within a small angular spread 
if the period p of the Wedge is much greater than the 
Wavelength of the light, 7». It is essential that the Wedge angle 
(0/2) for the surface 3 in FIG. 1A, be selected for the 
particular application (eg 0/2=15°) and that the period p be 
large compared to the Wavelength (typically p>100 7»). 
HoWever, a period that is too large (>100 microns for 
example) may be visually annoying. If p is not much larger 
than 7», then incident light is scattered over other angles than 
that normal to the surface, as predicted by diffraction analy 
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sis. Furthermore the angle of scattering is then Wavelength 
dependent, a feature that tends to detract from a desirable 
White diffusion pattern. 

[0026] Referring further to FIG. 1B, the diffuser further 
includes a second structure 5, Which is disposed on the 
re?ective surface. The second structure uniformly re?ects 
incident rays across a prescribed angle, 0t. The surface 6, 
Which is shoWn in FIG. 1C, accepts an incoming oblique 
beam and scatters it uniformly over a range of angles, 0t. The 
scattered beam is centered on the normal to the structure 
With high ef?ciency. The geometry of the second structure 5 
or scattering structure, may itself be periodic With period q, 
Which is smaller than, equal to, or slightly larger than the 
Wedge period p. Such examples of these structures are 
shoWn in FIG. 2. 

[0027] There are a variety of surface shapes that may be 
used for these structures. In the present embodiment, a shape 
for an element of the resulting combined surface can be 
described by the simple equation: 

s(x)=ax2+bx, (1) 
[0028] Where s(x) is the height of the surface and x is the 
coordinate on the surface, and an element is de?ned to span 
only one peak of the structure as is shoWn by the dimension 
q in FIG. 2. The second term of equation 1 represents the 
tilted ?at surface on Wedge 3. The ?rst term is that of a 
quadratic, or parabolic re?ector, either positive or negative. 

[0029] Simple microlens arrays may be approximated by 
periodic, tWo-dimensional parabolic surface arrays and as 
such have been used successfully to create ?at top diffraction 
patterns, i.e., uniform on-axis re?ection (or transmission) 
over a speci?c range of angles. Theoretically, a plane Wave 
of incident light is uniformly re?ected from a periodic 
surface throughout a speci?c range of angles because it has 
a constant second derivative. 

[0030] In general, the diffraction from any re?ective phase 
surface element, s(x), can include: 

[0031] Where y is the re?ection angle (radians), and k=2rc/ 
7». For example, inserting for s(x) the parabolic function of 
equation 1, minus the Wedge (saWtooth) portion, equation 2 
yields 

[0032] The integral in equation 3 is knoWn as the Fresnel 
integral. 

[0033] A typical plot of the amplitudes of the diffraction 
function of equation 3, is shoWn as the dashed curve 7 of 
FIG. 3. Such curves are derived by data plotted in cornu 
spirals, Which are a convenient representation of these 
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Fresnel integrals. As the siZe q of the element increases, the 
undulations evident at the extreme angles are reduced and 
the curve approaches the ?at top distribution, Which is 
desired for a preferred embodiment. HoWever, this second 
component of the diffuser structure is periodic, the period 
icity of Which is q. For a periodic structure, the angular 
re?ection distribution is punctuated by distinct peaks, the 
distance betWeen Which is proportional to the Wavelength, 7», 
but is inversely proportional to the element siZe q. These 
peaks, Which represent the various orders diffracted by the 
structure, are centered on the solid lines 10 shoWn in FIG. 
3. The presence of these periodic peaks need not be detri 
mental to the diffuser visibility if the period q is large 
compared to the Wavelength, in Which case they Will be very 
close together, or if the incident light is specularly broad or 
spatially diffuse, thus obscuring them. For the examples in 
FIGS. 2A and 2B, the elements 11 and 12 are as large as that 
of the saWtooth, i.e., q=p, Which is an extreme, and perhaps 
a desirable case, because it also reduces the undulations in 
the envelope (the dashed curve) as discussed before. 

[0034] For parabolic structures, the diffraction function for 
elements 9 and 12, shoWn in FIGS. 2B and 2D, is slightly 
different than that represented by equation 3 due to the 
inverted parabolic function. The applicable equation for that 
surface is 

[0035] The function f is the complex conjugate of f (i.e., 
f‘=f*), a result that is evident from Fourier analysis, and so 
the amplitude of f is also represented by the dashed curve 7 
of FIG. 3. Here again, a periodic structure as shoWn in FIG. 
2D, results in peaks represented by the solid lines 10. 

[0036] The structures 13 and 14 shoWn in FIGS. 2E and 
2F combine the elements described by equation 3 and 
equation 4. After addition of suitable requisite phase terms 
(to account for lateral shifts and pedestal phase functions), 
these surface components, in the absence of the saWtooth 
component, give diffraction functions f(y) 

f(Y)~YR@{eXP [ikY/2+ika2/2]f(‘{)} (5) 
[0037] Where the symbol We refers to the ‘real part’. 

[0038] Because of the additional phase terms in equation 
5, the dashed curve 10 of FIG. 3 represents the maximum 
diffraction that is achieved. Furthermore, peaks occur in this 
curve at half the distance of those for the cases discussed so 
far, since the period of this combined structure is noW 2q 
versus q previously. 

[0039] The surface shoWn in FIG. 2G is particularly 
interesting. Each element of FIG. 2A alternates With its 
inversion shoWn in FIG. 2B to produce a surface Without 
discontinuities. Each element of Width P, is an offset 
parabola When equation (1) is applied. 

[0040] Asurface Which approximates the undulating para 
bolic surface of FIG. 2E (disregarding the saWtooth or 
Wedge) is that Which is represented by a sine or cosine 
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function. Such a function can be constructed from the 
surface relief etching of tWo interfering, coherent beams. A 
function describing such a surface can include: 

s(x)=c sin(nx/q) (6) 
[0041] Where 2c is the peak-to-peak excursion of the 
function, Which is periodic in 2q. Inserting this function into 
equation 2 results in the diffraction function 

[0043] Where Jrn is the mth order Bessel function of the ?rst 
kind, m is an integer, and f(ym) represents the amplitude of 
the diffracted (or re?ected) beams at the discrete angles of 
y=m7»/p. In FIG. 4, discrete values of |f(ym)|2, for example 
15 and 17, are plotted for the case in Which the period 2q 
equals 387», and the angular spread is approximately :15 
degrees. As can be seen in FIG. 4, the pro?le 16 is not 
?at-topped, but peaks at speci?c angles (17 in FIG. 4). Such 
peaks tend to be reduced as the period, 2q, increases With 
respect to the Wavelength, and a reasonable approximation 
to a ?at top angular distribution is obtained. 

[0044] Another method of producing a parabolic surface 
structure holographically is by the coherent interference of 
three laser beams in a layer of photoresist. If the sources of 
expanded light from each of the beams are arranged such 
that each source is approximately at the apex of an equilat 
eral triangle, then the developed pattern in the photoresist 
Will consist of a close-packed honeycomb array. By using 
suitable nonlinear etching characteristics of the photoresist, 
each honeycomb depression Will develop in the shape of a 
paraboloid. 

[0045] While the speci?c examples discussed so far relate 
to the re?ection of incident light from a surface in air (i.e., 
n=1), the analysis also applies to cases in Which the light is 
re?ected from a surface that is covered, for example, by a 
plastic overcoating. In an embodiment, a re?ective diffuser 
is provided, Which includes a re?ective surface that is 
embossed into the underside of a plastic sheet. In this 
embodiment, slight modi?cations to the analysis must be 
made, mainly in an alteration of the depth of the structure. 
(In equation 2, for example, s(x) becomes n s(x), Where n is 
the index of refraction of the plastic). Also certain modi? 
cations Would enable these devices to be used as transmis 
sion diffusers, rather than re?ection diffusers. 

[0046] Construction of surfaces discussed herein, and 
examples of Which are shoWn in FIG. 1, may be carried out 
by a number of processes. For Well de?ned periodic func 
tions like those shoWn in FIG. 1, the surfaces can be formed 
by micro-machining or laser etching (e.g., MEMS pro 
cesses). Alternatively the surfaces can be formed in tWo 
separate steps, Which includes a ?rst step that produces a 
periodic saWtooth structure such as that shoWn in FIG. 1A. 
Such a strictly periodic structure can, for example, be 
machined With great precision and cast into a number of 
materials. Asecond step, Which adds the diffusion, or second 
component, may be added, for example in the folloWing 
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Way. After appropriately coating the periodic sawtooth struc 
ture With a photoresist layer, the diffusing structure may be 
created by exposure to appropriate optical patterns and 
suitable processing of the photoresist thereafter. These opti 
cal patterns may be generated as an interference pattern of 
a number of coherent beams (the sine Wave for example), the 
three-beam honeycomb pattern as described above, or as a 
result of scanning the photoresist surface With a focused 
intensity modulated light beam (as With a laser). Alterna 
tively the optical pattern to Which the photoresist is exposed 
may be a random function resulting, for example, from a 
laser illuminated diffuser. Randomly diffuse functions 
Whose angular diffraction envelope are ?at-topped, are usu 
ally dif?cult to create, unless unique processes are used. 

[0047] The randomness may be achieved for example by 
using small portions of the prerequisite parabolic surface, 
Which are randomly positioned but Which on the aggregate 
cause re?ected light to be more or less uniformly re?ected 
over the desired angle. 

[0048] Another process, described in the folloWing, is a 
direct holographic method. The structure created by this 
method is different than that discussed so far, in that the 
period p is of the same order as the Wavelength, 7», and thus 
diffraction effects become important. FIG. 5 illustrates the 
results of scalar diffraction theory, in Which curve 18 is the 
major diffracted order, and the diffraction ef?ciency 
approaches 100% for the Wavelength of interest. The step 
height h for the case shoWn in the FIG. 6 is equal to half the 
peak Wavelength. For a central Wavelength peak of 500 nm, 
the step height is thus 250 nm. This ef?ciency curve assumes 
that the surface is an ideal re?ector, providing 100% ef? 
ciency at the peak Wavelength. The ef?ciencies are also high 
for the entire visible spectral range, roughly ranging from 
approximately 85% at 400 nm in the violet to approximately 
75% at 700 nm in the deep red. For this reason 500 nm is 
generally chosen to represent the center of the visible 
spectrum, and the surface structure is designed to operate at 
this Wavelength. Note that there is a signi?cant difference 
betWeen the small scale structure represented by curve 18, 
and the diffraction (or re?ection) from the surface 3 of FIG. 
1A. In FIG. 1A, the step height is many Wavelengths, 
resulting in a diffraction ef?ciency of close to 100% for all 
visible Wavelengths. 

[0049] The parameters of FIG. 5 are chosen for the case 
of an air interface bordering the re?ective saWtooth surface, 
similar to the situation shoWn in FIG. 1A. In the actual case, 
as With the situation of FIG. 1A, a preferable con?guration 
is the coating of the surface With a protective layer, usually 
a clear plastic material 19 having an index of refraction, 
n=1.5, as in FIG. 6. The tilt angle of the saWtooth 3 is chosen 
to provide an optimum vieWing angle normal to the surface 
When light is incident at the proper offset angle, Which for 
illustrative purposes can be 30 degrees. The Wedge angle, 
[3/2, can be selected for the overcoated surface as shoWn in 
FIG. 6. Snell’s LaW, sin 0=n sin [3, for light passing from air 
With index 1 into a medium With index n, yields, for an 
entrance angle from air of 0=30 degrees, an exit angle of 
[3=19.47 degrees Within the n=1.5 surface. The Wedge tilt 
angle is half this value, or 19.47/2=9.74 degrees. The revised 
step height is h=250/n=250/1.5=166.67 nm. The period p is 
calculated from the grating equation for normal incidence, 
[3=p sin 0, or p=500/sin 30°=500/(1.5 sin 19.47°)=1000 
nm=1.0 micron. 
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[0050] One method of creating the periodic Wedge is by 
recording the interference of tWo counterpropagating laser 
beams, 20 and 21 in FIG. 7, in a material 22 such as 
photoresist (n=1.7). The equation for spacing betWeen the 
interference planes, d, can include: 

[0051] where 00 is the half angle betWeen the beams, and 
k0 is the laser recording Wavelength. Thus the sine of the half 
angle is calculated in accordance With the folloWing: 

[0052] Where a recording Wavelength of KO=441.6 nm 
from a He—Cd laser and an index of refraction of n=1.7 for 
photoresist have been used. The spacing, d, has been cal 
culated as 

[0053] Thus equation 10 yields an angle betWeen the 
beams of 0O=100.36°. The interference fringe structure, 23, 
is shoWn in FIG. 7. This structure represents, after exposure, 
planes of maxima and minima of exposure intensity. When 
the photoresist plate is immersed in developer, etching or 
removal of the exposed photoresist proceeds from the top 
surface layer doWnWard, the most exposed layers being 
removed preferentially over the least exposed layers. Ideally, 
the developer reaches the ?rst Zero exposure plane, Which is 
represented by the dotted line 24 in FIG. 7. The fringe 
planes lying beneath this plane are not affected by the 
development. 
[0054] The preceding discussion represents the types of 
calculations that must be made in order to accurately form 
the fringe planes, and thus the saWtooth structure in a 
photoresist material, Which is ultimately used as a master 
copy for mass production. In an embodiment, at least one of 
the beams, 20 and 21, in FIG. 7, can have some variation so 
as to create the desirable angular diffusion. 

[0055] If there Were no diffuse component to the beam, 
then the light diffracted from the saWtooth surface relief 
structure Would, for incident White light, display all the 
spectral colors from violet to red, although each Would be 
vieWable from a different angle. But controlled diffusion is 
a requirement of this technology. Adding a diffuse compo 
nent to obtain White light means adding a variation in the 
grating period p or in the slope of the saWtooth, so that all 
colors are mixed at the same diffraction angle. For example, 
taking the extremes of 400 nm for violet and 700 nm for red, 
the period p for these tWo colors is, respectively, p=400/sin 
30°=800 nm (violet) and p=700/sin 30°=1400 nm (red) for 
the same diffraction angle of 30 degrees. If these extremes 
in the period for the visible spectrum are noW present as part 
of the surface relief structure, then the diffraction angles for 
the design Wavelength of 500 nm range from 38.68 degrees 
to 20.92 degrees, so that the total variation is 8.68+9.08= 
17.76 degrees. Since the diffuser is nominally designed to 
operate at an angular spread of plus or minus 15 degrees 
from the main diffraction angle of 30 degrees (or a total 
angular spread of 30 degrees), there is suf?cient angular 
variation for mixing the entire visible spectrum suf?ciently 
to produce White light. 

[0056] A method for making the diffuse structure is to use 
a split beam holographic setup and a predetermined diffuse 
surface. This method alloWs for ?exibility in the range of 
recording angles. The method does, hoWever, require the 
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fabrication of a diffuse plate With the requisite viewing 
angles, Which is inserted into at least one of the tWo 
recording beams. In one con?guration, as shoWn in FIG. 8, 
requires the use of tWo prisms, 25 and 26, With a liquid gate 
plate holder contacted by index matching liquid to both 
prisms. The calculated angles for beam 20 With respect to the 
normal, i.e., 49.56 degrees, is so large that it exceeds the 
critical angle, 0C, Which is 0C=arcsin (1/n)=arcsin (1/1.7)= 
36.03 degrees. In the absence of a coupling medium, i.e., an 
air interface, all incident light Would be at almost normal 
incidence to the face of the equilateral prism 25. Beam 20 
enters the face of the opposite prism 26 such that the angle 
of incidence to the photoresist material 22 from the n=1.5 
glass layer is equal to 34.61 degrees. In this case the fringe 
spacing and tilt angle in the photoresist are as required for 
the example above. Because the angle of incidence of beam 
20 does not exceed the critical angle into photoresist, an 
alternative scheme alloWs beam 20 to enter the tank directly 
from air at 58.43 degrees, Athird alternative is one in Which 
the rectangular plate holder tank is immersed in a large 
square tank ?lled completely With index matching liquid, 
thus eliminating the prisms altogether. While this latter 
method is relatively easy to implement it does require great 
care in alloWing the index matching liquid to completely 
stabiliZe before making the recording. 

[0057] Copying directly from a volume diffuser, as an 
alternative to the above, has many advantages. One advan 
tage relates to a volume diffuser With the requisite offset and 
viewing angles, Which can be efficiently produced holo 
graphically. Another advantage relates to the copying pro 
cedure, Which is simpler than direct recording using a 
predetermined diffuse master, provided certain conditions 
are met. One of these conditions is that the peak Wavelength 
of light diffracted from the master falls roughly into the 
center of the visible spectral range. Also the volume diffuser, 
Which is used for copying, can have the proper angular 
spread to create an adequate vieWing angle in the re?ective 
mode. 

[0058] A method of forming a structure like that of FIG. 
7 from a volume hologram is shoWn in FIG. 9. In order to 
form such a structure We assume that (1) photoresist 22, is 
in intimate contact With the holographic diffuser 27, (2) 
beam 21 is incident from outside, passing through the 
photoresist and into the volume hologram, (3) beam 20 is 
re?ected from the interference planes 28 Within the volume 
hologram back through the photoresist layer and (4) the 
index of refraction of the volume hologram has a typical 
value of n=1.5. Thus copying is done With only a single 
beam. 

[0059] In order to create beams 20 and 21 at angles of 
49.56 degrees and 30.08 degrees (as shoWn in FIG. 7), these 
beams, denoted as 29 and 30 in FIG. 9, must have angles of 
59.61 degrees and 34.61 degrees respectively in the loWer 
index material 27 (n=1.5). Such beams exist in the volume 
re?ective hologram 27 only if it contains fringe planes tilted 
at 12.5 degrees as shoWn in FIG. 9, and Whose spacing 
d=216.28 nm. This assumes that the copy Wavelength is 
441.6 nm. Light incident normally onto these fringe planes 
Will reconstruct coherently at a Wavelength of }\.=2Ilh= 
2(1.5)(216.28)=648.85 nm, Which is red. This result points 
out a fundamental characteristic of this type of construction; 
namely, that copying into a high index material at large 
incidence angles from a loWer index master, requires that the 
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master be red-shifted With respect to the copy. In other 
Words, reconstruction of a blaZed surface pattern producing 
light peaked in the green spectral region requires a master 
peaked in the red spectral region. Such a volume hologram 
can be easily made With a conventional holographic setup 
using red laser light (e.g., a Kr laser at 647 nm or a He—Ne 
laser at 633 nm) and either red-sensitive photographic 
emulsion or photopolymer. It is also possible to copy from 
a photopolymer master diffuser that is already tuned to the 
green spectral region, provided that certain steps are made to 
convert the diffuser to the red region. For example, the green 
Polaroid Imagix diffuser photopolymer can be copied 
directly into a DuPont 706 photopolymer, using either green 
laser light at near normal incidence or blue 441.6 nm laser 
light at a large angle of incidence. The DuPont material can 
then be tuned to the red region using DuPont CTF color 
tuning ?lm, Which essentially sWells the photopolymer to a 
larger thickness, thereby increasing the spacing betWeen the 
planes and changing the color from green to red. 

[0060] Here again the angle for beam 20 in the photoresist 
is greater than the critical angle (49.56>36.03) and We must 
resort to coupling by means of a liquid gate. The photoresist 
plate is placed in a rectangular tank containing an index 
matching liquid for glass at nz1.5 (e. g., xylene) that is liquid 
coupled to an equilateral prism, as shoWn in FIG. 9. 

[0061] Variations of the methods disclosed here can result 
in efficient directional diffusers. For example, With the ?rst 
type disclosed, uniform angular spreading of the incident 
beam may be accomplished by a variation of either the 
period p or the slope 0/2 from saWtooth element to saWtooth 
element. HoWever, such a procedure may require that the 
element siZe p be reduced (for example from 100 7» to 10 or 
20 7») so as to preserve the smooth visual texture of the 
diffuser. If the siZe p is too large, visible portions of the 
diffuser Will not scatter into the observation direction. 

[0062] A variation of the holographic method discussed 
herein, is the addition of a ?ne diffusing structure to a coarse 
Wedge structure. This coarse Wedge structure is of larger 
dimensions than that of the methods described in FIGS. 7 
and 8, and can be constructed in the folloWing manner, as 
shoWn in FIG. 10. TWo beams enter the photoresist layer 33 
that is coated onto a glass substrate 34 from the same side 
35 at an oblique angle, such that the interference fringe 
structure 36 is coarse and inclined at some angle With respect 
to the surface. Prism coupling alloWs for a large degree of 
obliquity in a manner similar to that shoWn in FIG. 9. 

[0063] A diffuse component can be added in a second 
exposure step by contacting the photoresist layer 33 to a 
re?ective diffuser 39, as shoWn in FIG. 11. In this case the 
incident beam 37 is totally re?ected as a diffuse beam 40 that 
encompasses a range of angles. The contact can be done 
using either a liquid gate, or by reversing the plate and 
attaching the diffuser directly to the glass substrate and using 
a liquid gate betWeen the photoresist and the prism. For this 
procedure to be effective, the resist should be coated to a 
several micron thick layer. The ?rst exposure should be done 
at a laser Wavelength for Which absorption is large, for 
example 441.6 nm, so that the amount of re?ected light is 
minimal. The second exposure should be done at a longer, 
less absorbing Wavelength, for example 457.9 or 476 nm, so 
that the re?ected beam is nearly equal in intensity to the 
incident beam. 



US 2005/0174646 A1 

[0064] An alternate technique adds a ?ne step structure to 
the coarse Wedge of FIG. 10, in place of the ?ne diffusing 
structure. With this technique the second exposure uses tWo 
beams that enter the photoresist from opposite sides so that 
the interference fringe structure is ?ne and parallel to the 
surface. This is also done by prism coupling, using a single 
beam 37 that is totally re?ected that interferes With itself, as 
shoWn in FIG. 12, With the ?ne fringe structure designated 
as 38. For this eXposure the photoresist plate is reversed so 
that the surface 35 faces out. When the photoresist is 
developed after the composite exposure, the resulting struc 
ture is a deep Wedge-shaped grating that has a ?ne stepped 
grating superimposed onto it (FIG. 13). 

[0065] The diffraction efficiency for a ten-level structure is 
shoWn in FIG. 14 and includes the spectral distribution for 
diffracted orders +2, +1, 0, —1, and —2. Also included in this 
plot is the spectral distribution for a single-step blaZed 
grating, Which is identical to FIG. 5. It is clearly evident that 
the spectral distribution for the single-step shalloW blaZed 
grating forms an envelope for the ten-level deep stepped 
grating. The number of orders that appear under this enve 
lope decreases as the number of levels is reduced, but their 
individual spectral Width increases. 

[0066] As can be seen from FIG. 14, the diffraction is 
specularly discrete, alloWing only narroW band color com 
ponents to be observed at any given vieWing angle. In order 
to avoid this often undesirable result, the photoresist can be 
eXposed in narroW adjacent stripes that yield, for eXample, 
red, blue, and green light diffracted at the same angle to 
produce White. The proper angle for light diffracted from the 
stepped grating structure is determined by the periodicity of 
the coarse Wedge grating, and that periodicity depends, in 
turn, on the oblique angle that the interference fringe struc 
ture makes With respect to the photoresist surface. 

[0067] Another variation on this method consists of ?rst 
making a Wedge grating structure of large periodicity and 
adding the step structure or diffuse structure to it holographi 
cally. In this con?guration, it is similar to the structure 
shoWn in FIG. 1c. For the step structure, the procedure 
consists of coating the Wedge structure With a thin, uniform 
layer of photoresist, Which can be done either by dip coating 
or by spin coating. The coated Wedge surface is then 
immersed in an index-matching liquid gate that is optically 
contacted to an equilateral glass prism, as described above. 
The step structure is made by eXposing to a totally re?ecting 
beam of laser light that is coupled to a diffuse surface, also 
described above. With this method many more diffracted 
orders are obtained than With the totally holographic method 
described above, due to the much greater depth of the 
preformed structure compared to that obtained holographi 
cally, but With diffuse miXing the diffracted light appears 
White. 

[0068] The discussion has focused on devices that uni 
formly scatter light through a solid angle. But in some 
applications it may be desirable to achieve non-uniform 
scattering. One can modify the processes to create blaZed 
diffusers that have a Wide range of scattering properties. 

[0069] Both categories of structures have been described 
in the foregoing in reference to their scattering properties in 
one dimension only. That is, the emphasis has been on 
shoWing hoW an incident beam Whose obliquity to the 
surface (i.e., 0=30°) is scattered uniformly throughout an 
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angle 0t, as in FIG. 1. But in the other direction, Which 
folloWs the coordinate going into the paper in all of the Pigs, 
the illumination beam 2 (See FIG. 1) is assumed to have no 
obliquity, but to impinge perpendicular to the surface. In 
order to obtain a uniform angular diffusion, there is a similar 
requirement for scattering over an angle of 0t in this dimen 
sion also, albeit Without an offset 0. For the ?rst category of 
diffuser described here, the surface pro?le into the paper for 
the surface of FIG. 2 Would contain the parabolic compo 
nent, thus providing a diffuser, each portion of Which 
scatters uniformly throughout a pyramidal solid angle Which 
is offset from the incident illumination by angle 0. Similarly 
if a beam, Which is randomly diffuse throughout a cone of 
angles, is reconstructed as beam 20 in FIG. 9 from the 
photopolymer hologram 27, the resulting aluminiZed dif 
fuser Will scatter incoming light throughout a conical solid 
angle, offset by angle 0. 

[0070] Having thus described at least one illustrative 
embodiment of the invention, various alterations, modi?ca 
tions and improvements Will readily occur to those skilled in 
the art. Such alterations, modi?cations and improvements 
are intended to be Within the scope and spirit of the inven 
tion. Accordingly, the foregoing description is by Way of 
eXample only and is not intended as limiting. 

1-15. (canceled) 
16. A method for making a directional re?ector having a 

re?ective surface, Wherein the re?ective surface includes at 
least one periodic surface comprising a plurality of periodic 
surface pieces and Wherein the period surface pieces are 
each described by a parabolic function and re?ect an inci 
dent ray throughout a speci?ed uniform cone of angles, 
comprising the steps of: 

creating a gray scale mask; 

transmitting recording light through the gray scale mask 
such that a desired parabolic function is displayed; and 

recording the desired parabolic function in a layer of 
photoresist. 

17. The method for making a directional re?ector having 
a re?ective surface of claim 16, further comprising the step 
of coating a second periodic surface With the layer of 
photoresist prior to recording the desired parabolic function. 

18. The method for making a directional re?ector having 
a re?ective surface of claim 17, Wherein the second periodic 
surface is Wedge-shaped. 

19-20. (canceled) 
21. A method for making a directional re?ector for 

re?ecting an amount of incident light, the directional re?ec 
tor having a re?ective surface, Wherein the re?ective surface 
has a periodicity on the order of a Wavelength of the incident 
light and Wherein the re?ective surface further includes a 
coarse periodicity having an asymmetrical blaZed pro?le and 
a ?ne periodicity, comprising the steps of: 

creating the coarse periodicity having an asymmetrical 
blaZed pro?le by prism coupling and recording into a 
layer of photoresist using more than one beam, Wherein 
each beam is separated by a small angle and Wherein 
each beam is incident at a large oblique angle; and 

creating the ?ne periodicity by re?ecting a single beam 
from the layer of photoresist using prism coupling. 

22. The method for making a directional re?ector having 
a re?ective surface of claim 21 further comprising the step 
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of adding a diffuse component by having one beam be 
incident through the photoresist layer onto a predetermined 
diffuse re?ector by means of prism coupling. 

23. Amethod for obtaining White light using a directional 
re?ector having a re?ective surface, Wherein the re?ective 
surface has a periodicity on the order of a Wavelength of 
incident light and Wherein the re?ective surface further 
includes a coarse periodicity having an asymmetrical blaZed 
pro?le and a ?ne periodicity, comprising the steps of: 

creating the coarse periodicity having an asymmetrical 
blaZed pro?le by prism coupling and recording into a 
layer of photoresist using more than one beam, Wherein 
each beam is separated by a small angle and Wherein 
each beam is incident at a large oblique angle; 

creating the ?ne periodicity by re?ecting a single beam 
from the layer of photoresist using prism coupling; and 

recording the ?ne periodicity in adjacent narroW parallel 
stripes, Wherein each stripe re?ects a different color. 

24. A method for making a directional re?ector having a 
re?ective surface, the re?ective surface comprising a ?rst 
periodic surface component having a periodic Wedge-shape, 
the periodic Wedge-shape having a ?rst period and a second 
periodic surface component, the second periodic surface 
component having a second period, Wherein the combina 
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tion of the ?rst periodic surface component and the second 
periodic surface component cause an oblique light ray, 
Which is incident on the re?ective surface, to be re?ected 
into a cone of rays, comprising the steps of: 

mechanically ruling the Wedge-shape; 

creating a plastic replica from the mechanical ruling; 

creating a random array of shalloW parabolic depressions 
by spraying the plastic replica-With a ?ne droplet spray 
containing a plastic solvent. 

25. The method for making a directional re?ector having 
a re?ective surface of claim 24, further comprising the steps 
of: 

creating a metal replica from the sprayed plastic replica; 

creating a second plastic replica from the metal replica; 
and 

spraying the second plastic replica With a ?ne droplet 
spray containing a plastic solvent. 

26. The method for making a directional re?ector having 
a re?ective surface of claim 25 Wherein the steps are 
repeated. 


