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[57] ABSTRACT 
A novel optical ?lter structure for selectively blocking 
radiation of predetermined wavelength is described 
which comprises a plurality of alternate ?rst and second 
layers deposited on a substantially transparent substrate, 
the ?rst layers comprising a transparent nontransition 
ing material of ?rst refractive index, the second layers 
comprising a material characterized by a transition from 
ferroelectric phase having second refractive index to 
nonferroelectric phase having third refractive index 
different from the ?rst and second indices upon being 
heated to a characteristic transition temperature, each 
of the ?rst and second layers having a thickness substan 
tially equal to one-fourth times the ratio of the predeter 
mined wavelength to the respective index of refraction. 

6 Claims, 3 Drawing Sheets 

A statutory invention registration is not a patent. It has 
the defensive attributes of a patent but does not have the 
enforceable attributes of a patent. No article or advertise 
ment or the like may use the term patent, or any term 
suggestive of a patent, when referring to a statutory in 
vention registration. For more speci?c information on the 
rights associated with a statutory invention registration 
see 35 U.S.C. 157. 
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DIELECTRIC OPTICAL SWITCH 

RIGHTS OF THE GOVERNMENT 

The invention described herein may be manufactured 
and used by or for the Government of the United States 
for all governmental purposes without the payment of 
any royalty. 

BACKGROUND OF THE INVENTION 

The present invention relates generally to laser hard 
ened materials and structures, and more particularly to 
a novel optical ?lter structure for selectively blocking 
laser radiation of predetermined wavelength while pass 
ing radiation of other wavelengths. 

Optical switching devices comprising transition or 
switching materials which are transparent in one state 
but which transform to an opaque metallic state when 
heated to a characteristic transition temperature are 
well developed for applications such as optical ?lters, 
modulators, laser output couplers, and the like. These 
devices are generally characterized by a transition from 
substantial transparency below the characteristic transi 
tion temperature to substantial opacity above that tem 
perature. 
The present invention comprises an optical re?ection 

?lter which is substantially totally transmissive at sub 
stantially all wavelengths below a characteristic tem 
perature, but which becomes re?ective upon being 
heated to a ferroelectric phase transition temperature 
upon absorption of invasive radiation. 
The invention comprises an optical ?lter structure 

including alternate layers of ferroelectric material and 
another suitable material which have substantially equal 
refractive indices in the unswitched state below the 
characteristic temperature, and which have in the 
switched state an optical thickness substantially equal to 
one-fourth the wavelength of the invasive radiation to 
be block by the ?lter. When the ?lter of the invention is 
heated to the characteristic temperature, the refractive 
index of the ferroelectric layers changes to a different 
value which produces in the ?lter classic quarter wave 
interference. A ?lter according to the invention may 
therefore be con?gured to allow an optical system to 
continuously receive an operational signal and simulta 
neously block invasive, potentially destructive, radia 
tion. 

It is therefore a principal object of the present inven 
tion to provide an improved optical ?lter. 

It is a further object of the present invention to pro 
vide an optical ?lter for selectively blocking radiation 
of preselected wavelength while passing radiation of 
other wavelengths. 

It is yet a further object of the invention to provide an 
optical ?lter which is transparent below a characteristic 
temperature but which switches to a re?ective state 
upon being heated to the characteristic temperature. 

It is yet another object to provide an optical ?lter 
having fast response time. 

It is yet a further object of the invention to provide an 
optical ?lter having low absorption losses prior to 
switching. 

It is yet another object of the invention to provide an 
optical ?lter which is independent of the wavelength of 
the impinging radiation prior to switching. 
These and other distinguishing features and objects of 

the present invention will become apparent as the de 
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2 
tailed description of certain representative embodi' 
ments thereof proceeds. 

SUMMARY OF THE INVENTION 

In accordance with the foregoing principles and ob 
jects of the present invention, a novel optical ?lter 
structure for selectively blocking radiation of predeter 
mined wavelength is described which comprises a plu 
rality of alternate ?rst and second layers deposited on a 
substantially transparent substrate, the ?rst layers com 
prising material of ?rst refractive index, the second 
layers comprising a material characterized by a transi 
tion from ferroelectric phase having second refractive 
index to nonferroelectric phase having third refractive 
index different from the ?rst and second indices upon 
being heated to a characteristic transition temperature, 
each of the ?rst and second layers having a thickness 
substantially equal to one-fourth times the ratio of the 
predetermined wavelength to the respective index of 
refraction. 

DESCRIPTION OF THE DRAWINGS 

The present invention will be more clearly under 
stood from the following detailed description of certain 
representative embodiments thereof read in conjunction 
with the accompanying drawings wherein: 
FIG. 1 is a fragmentary sectional view of a layered 

structure of the present invention. 
FIG. 2 is a plot of refractive index versus temperature 

for barium titanate. 
FIG. 3 is a plot of re?ectance versus relative wave 

number illustrating a representative re?ectance spec 
trum for a ?lter according to the invention. 
FIG. 4 is a plot of minimum transmission versus num 

ber of layer pairs of tetragonal barium titanate in the 
structure of the invention. 
FIG. 5 is a plot of layer pairs of the structure of the 

invention versus nonferroelectric refractive index in 
tetragonal barium titanate. 
FIG. 6 is a plot of re?ection band width for a repre 

sentative structure of the invention versus nonferroelec 
tric refractive index for tetragonal barium titanate. 
FIG. 7 is a plot of maximum laser angle versus maxi 

mum tolerable fractional spectral shift for the invention. 

DETAILED DESCRIPTION 

Referring now to FIG. 1 of the drawings, shown 
therein is a schematic sectional view of a layered struc 
ture representative of the optical ?lter of the invention. 
As shown in FIG. 1, a ?lter 10 of the invention com 
prises a predetermined plurality N of ?lm layers 11 of 
ferroelectric material and alternated with N ?lm layers 
12 of other suitable transparent material, the structure 
thereby comprising a predetermined number 2N of 
layers in the form of l layer pairs. The ferroelectric 
layers 11 comprise a material characterized by a transi~ 
tion from one optically transparent phase having a char 
acteristic index of refraction to a different optically 
transparent phase having a different index of refraction 
upon being heated to a characteristic ferroelectric-to 
nonferroelectric phase transition temperature TC. Lay 
ers 12 are nontransitioning in the operational tempera 
ture range of ?lter 10. The ferroelectric material layers 
11 and nontransitioning layers 12 are selected to have 
substantially equal refractive indices in the unswitched 
(below Tc) state of layers 11 and whose optical thick 
nesses are equal to Ao/4 in the switched state of layers 
11, where M is the wavelength of radiation sought to be 
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blocked by ?lter 10. Therefore, when invasive radiation 
of wavelength M impinges on the stack of layers 11,12, 
the stack is heated to T5, the refractive index of layers 
11 changes to a different value above TC, and a quarter 
wave stack interference ?lter results. 

Filter 10 is preferably constructed of ferroelectric 
layers 11 of a material having a characteristic Tc above 
room temperature and a signi?cant change of refractive 
index at the transition temperature. Preferably, the 
characteristic Tc will not be signi?cantly above room 
temperature. Layers 11 may therefore comprise sub 
stantially any transparent ferroelectric material under 
going the desired change of refractive index, such as 
barium titanate, strontium titanate and mixed alloys 
thereof; barium niobate, strontium niobate, and mixed 
alloys thereof; and barium sodium niobate, potassium 
niobate, bismuth germanate, and strontium sodium nio 
bate. 

Layers 11,12 may be deposited by any process known 
in the art for such purposes, although vacuum tech 
niques, and particularly radio frequency sputtering may 
be preferable as being the process most reproducible. 
The refractive index of a sputtered layer may not be the 
sameyas that of the corresponding bulk crystalline mate 
rial, but may dependent upon the degree of crystallinity, 
substrate temperature during deposition, and oxygen 
content of the sputtering atmosphere. thus for a given 
wavelength the refractive indices oflayers 11,12 may be 
controllable over a fairly wide range which allows close 
matching of refractive indices of layers 11,12 below the 
characteristic TC of layers 11. 

Filter 10 may therefore be fabricated by ?rst (prefera 
bly) depositing a nontransitioning layer 13 (substantially 
identical to a layer 12) on a substrate 15 comprising a 
transparent insulator or semiconductor material. Fol 
lowing deposition of layer 13, alternate layers 11,12 are 
deposited to respective preselected thicknesses to pro— 
duce the quarter wave stack shown in FIG. 1 having l 
layer pairs. The layer thickness d}; for layers 11 are 
chosen so that, 

and d]_ for layers 12 is, 

dL=>\o/4"L (2) 

where A0 is the wavelength to be blocked, n” is the 
refractive index of the ferroelectric material above the 
transition temperature, and n1_ is the refractive index of 
the nontransitioning material (layers 12) at substantially 
all operational temperatures for the ?lter. Anti-re?ec 
tive coatings may be applied on the last applied layer at 
surface 17 or to either surface 18,19 of substrate 15 (e.g., 
at the layer 13-substrate 15 interface prior to deposition) 
to reduce reflection losses. Further, an odd number of 
layers 11,12 may be applied without signi?cant impair 
ment of ?lter 10 performance if such is desired for con 
venience of fabrication or otherwise. 
The stepwise change in refractive index of ?lter 10 

may be illustrated by considering an ordinary light ray 
21 incident of intensity In at an angle 60 at surface 17 of 
?lter 10, a portion thereof being reflected as illustrated 
at 00 as re?ected ray 23 of intensity RIO. Transmitted 
(refracted) ray 25 of intensity T10 is emergent from 
substrate 15 at angle 0,, (assuming the index of refrac 
tion no of the medium, e.g., air, near surface 17 is the 
same as that near surface 19), but offset from the direc 
tion of incidence of ray 21 by a distance characteristic of 
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4 
the refractive index of ?lter 10. The temperature depen 
dence of the operation of ?lter 10 for an extraordinary 
ray is more pronounced than for the ordinary ray, and 
can be enhanced by optical illumination to lower the 
transition temperature. 

Nontransitioning layers 12 of ?lter 10 may be any 
material which is substantially transparent over the 
wavelength range of interest and which does not un 
dergo a phase change so as to alter its index of refrac 
tion in the operational range of ?lter 10 (e.g., from 
about —20“ C. to about 120° C.) and which preferably 
has lattice constants like those of the ferroelectric layers 
11 (e.g., BaTiO3). For example, a 50/50 composition of 
strontium titanate and barium titanate has a characteris 
tic phase change below —4~0° C. and a lattice constant 
substantially equal to that of substantially pure barium 
titanate. Suitable materials for layers 12 may be selected 
as would occur to one with skill in the ?eld of the inven 
tion. 

Referring now to FIG. 2, shown therein is a plot of 
index of refraction versus temperature for barium tita 
nate (BaTiOg), a desirable material for transition layers 
11 of ?lter 10. An abrupt and signi?cant change at 31 in 
refractive index from 2.37 to 2.40 at about 120° C. is 
evident. The illustrated change in refractive index cor 
responds to a change in crystal structure of the barium 
titanate from tetragonal (a=3.99, c=4.035 angstroms at 
0° C.) in region 33 below 120° C. to cubic (a=4.01 
angstroms at 150° C.) in region 35. The tetragonal struc 
ture for BaTiOg is ferroelectric, while the cubic struc 
ture is nonferroelectric. The tetragonal structure us 
birefringent characteristic of the symmetry of the crys 
tal. ' 

Referring now to FIG. 3, shown therein is an illustra 
tion of the spectral performance of a typical ferroelec 
tric re?ection band ?lter of the present invention. Plot 
ted in FIG. 3 is the re?ectance R of the ?lter versus 
relative wave number v/vo where v0 is the frequency of 
the radiation the ?lter is designed to re?ect. The maxi 
mum re?ection Rzgvand minimum transmission Tmi" are 
related as, 

Tmin'i’R2N=l (3) 

The width of the central re?ection band 37, de?ning the 
range of relative wave numbers re?ected by the ?lter is 
de?ned as BW at half maximum of re?ection band 37. 
The minor higher order oscillations 38a-h shown in 
FIG. 3 on either side of central re?ection band 37 are 
not of signi?cance to the teachings hereof. 

Consider an example ?lter of the invention as illus 
trated in FIG. 1 is required to re?ect invasive radiation 
of wavelength at 0.5 microns. Using the re?ective indi 
ces given in FIG. 2 the layer thickness d}; and d]_ from 
Equations (1) and (2) are, respectively, 0.05208 microns 
and 0.05274 microns. The minimum transmission of the 
?lter at the central re?ection band 37 centered on the 
central frequency v0 (of the invasive radiation) is given 
by: 

Tmin=4/(nH/n1.)' (4) 

The numerical results of Equation (4) are given in two 
different formats in FIGS. 4 and 5. In FIG. 4, Tmin of 
the ?lter (from Equation (4)) versus number of pairs 1 is 
presented for various values of my and an nL of 2.37 
‘(characteristic of tetragonal BaTiOg). In FIG. 5, num 
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her of layer pairs 1 versus n5 is plotted for various de 
sired values of T,,,,-,,. In the present example, i.e., and my 
equals 2.40, a value of T,,,,-,, of 10'2 may be obtained 
using 475 layer pairs and of 10-3 rnay be obtained using 
655 layer pairs. It is noted that certain manufacturing 
advantages are manifest for n;_ appreciably different 
from ny. 
The width at half maximum BW (see FIG. 3) of the 

central re?ection band 37 is given by: 

("H — 'IL) (5) 4 
BW : 7 n11 + nL 

FIG. 6 plots BW versus nH(for cubic B8Tl03). In the 
present example (mg: 2.40), BW is seen to be less than 
0.01. From FIG. 4 it is seen that a large value for m; is 
desirable in order to minimize the required number of 
layer pairs for a selected value of Tmm. As seen from 
FIG. 6, no practical limitations are necessarily imposed 
on BW by achieving a larger value of n11. 

Referring again to FIG. 1, the effects of angle of 
incidence of invasive radiation on the shift of the central 
reflection band can be calculated as follows. The maxi 
mum angle of incidence 0m“ at which the ?lter will 
operate as intended is given by, 

I v 
emnx = 2 2,, ("H - "L)("H + "1.) 

where 'y is the maximum tolerable fractional shift of the 
central re?ection band. In the example discussed above 
(nH=2.40, n1_=2.37), 6maxis 13° for a practical value of 
a 7 equal to 0.5. The total ?eld of view 2 0m“ is there 
fore 26° for the example. Achieving a large value for 
nHin order to reduce 1 results in an increase 9",“. FIG. 
7 presents 9mm versus 'y for various values of nyaccord 
ing to Equation (6). 
The present invention, as hereinabove described, 

therefore provides an optical re?ection band ?lter for 
selectively re?ecting a preselected wavelength upon 
being heated to a characteristic temperature, while re» 
maining substantially transparent to all wavelengths 
below the characteristic temperature. The response of 
the ?lter is wavelength independent prior to switching 
from the transparent state to the re?ecting state. The 
?lter may be constructed to be effective at angles of 
incidence of invasive radiation up to about 15°. The 
?lter blocks radiation centered about a preselected band 
centered on a preselected invasive wavelength and, due 
to the switching mechanism characterizing its opera 
tion, exhibits minimum absorption losses in the un 
switched (transparent) state. 

(6) 
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It is understood that certain modi?cations to the in 

vention as described may be made, as would occur to 
one with skill in the ?eld of the invention, within the 
scope of the appended claims. Therefore, all embodi 
ments contemplated hereunder and encompassed within 
the scope of the claims have not been shown in com 
plete detail. Other embodiments may be developed 
without departing from the spirit of the invention or 
from the scope of the appended claims. 

I claim: 
1. An optical ?lter structure for selectively block 

radiation of preselected wavelength, comprising: 
(a) a substantially transparent substrate; 
(b) a plurality of alternate substantially identical ?rst 

layers and substantially identical second layers on 
said substrate, wherein said ?rst layers comprise a 
transparent material of preselected ?rst refractive 
index, and said second layers comprise a material 
having a substantially transparent ferroelectric 
phase of second refractive index below a character 
istic transition temperature and a nonferroelectric 
phase of third refractive index different from said 
?rst refractive index and from said second refrac 
tive index above said characteristic transition tem 
perature, said ?rst layers having said ?rst refractive 
index above and below said characteristic transi 
tion temperature; and ' 

(0) wherein the thickness of each of said ?rst layers is 
equal to one-fourth times the ratio of said prese 
lected wavelength to said ?rst refractive index and 
the thickness of each of said second layers is equal 
to one-fourth times the ratio of said preselected 
wavelength to said third refractive index. 

2. The ?lter structure as recited in claim 1 wherein 
said second layers comprise a ferroelectric material 
having a characteristic transition temperature near 
room temperature. _ 

3. The ?lter structure as recited in claim 1 wherein 
said second layers comprise a ferroelectric material 
having a characteristic transition temperature higher 
than room temperature. 

4. The ?lter structure as recited in claim 3 wherein 
said second layers comprise a material selected from the 
group consisting of barium titanate, strontium titanate, 
barium niobate, strontium niobate, barium sodium nio 
bate, potassium niobate, bismuth germanate, and stron 
tium sodium niobate. 

5. The ?lter structure as recited in claim 1 wherein 
said ?rst refractive index equals said second refractive 
index. 

6. The ?lter structure as recited in claim 1 further 
comprising an antire?ection coating on at least one of a 
surface of the layer most remote from said substrate and 
a surface of said substrate. 
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