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A novel device is described that can be used to generate,
by reflection, polarized optical wave fronts of juxtaposed fields
of alternating orthogonal linear polarization states. It simply
consists of a dielectric! substrate partially covered by a
transparent thin film of certain refractive index and thickness,
with the (e.g., lithographically obtained) pattern of coated and
uncoated areas corresponding to the desired polarization
pattern of the reflected wave. A plane wave is incident at the
Brewster angle of the uncoated substrate, and this suppresses
the parallel p electric-field vibration of the wave reflected
from the uncoated areas. The film refractive index and
thickness are selected to suppress, at the same angle, the
perpendicular s electric-field vibration of the wave reflected
from the coated areas. Thus we achieve integrated crossed
thin-film reflection polarizers (ICTFRP) on the same sub-
strate. We also achieve, for the time, what we may call a di-
vision-of-wave-front polarizing beam splitter (DOWPBS) and
the thin-film reflective half-shade device (TFRHSD).2 Im-
portant applications are anticipated, particularly for beam
shaping, ellipsometry, and metrology.

Operation of this device can be readily explained with ref-
erence to Fig. 1. A plane wave is incident at angle ¢ in a me-
dium of refractive index Ny on a dielectric substrate of re-
fractive index N partially covered by a dielectric thin film of
refractive index N and thickness d. Normalized refractive

indices are defined as
ny = Ni/Np, na= Ns/Ny. (1)

To suppress the p-polarized component of light reflected from
the uncoated substrate, incidence at the Brewster angle is
required:

tan(bp = na. (2)

The complex-amplitude reflection coefficient of the film—
substrate system is given by3

R, = [row + riz, exp(=j27 V(1 + ronriz. exp(—j27 )],  (3)

where roy, and r9, are the Fresnel reflection coefficients of the
01 and 12 interfaces for the v (= p or s) polarization, and { is
the normalized film thickness
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Fig. 1. Division-of-wave-front polarizing beam splitter and half-

shade device consisting of a dielectric substrate (medium 2) partially

covered by a dielectric thin film (medium 1) of appropriate refractive

index and thickness d. p and s indicate the linear polarizations

parallel and perpendicular to the plane of incidence, respectively, of
a plane wave incident and reflected at angle ¢ in medium 0.

{=4d/D,. (4)
=N 2 a1
Dy 2N, (n? — sin%p) (5)

is the film thickness period, and X is the free-space wavelength
of light. Extinction of the s polarization upon reflection oc-
curs when

rois = T'i2s, (6a)
§=1, (6b)

as can be verified by direct substitution into Eq. (3). Equa-
tion (6a) leads to

57 = SoSa, (7a)
where
S; = (N? — N3sin2¢)1/2, {=0,1,2. (7b)

The antireflection condition for the s polarization at oblique
incidence, Eq. (7a), takes the same form as, and reduces to,
the familiar antireflection condition N? = N¢N, at normal
incidence (¢ = 0). Equations (7) can be solved for the s-
suppressing polarizing angle ¢ of the coated substrate:

n?—nt
(1=n?

For operation as DOWPBS and TFRHSD the p- and s-
polarizing angles must be equal, i.e.,

tan?¢; = (8)

&p = ¢s = ¢ )
From Eqgs. (2), (8), and (9) we obtain
‘ s 2n}
ny= m+1 (10a)
or
i vz (10b)
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Fig. 2. Polarizing angle of incidence ¢ [Eq. (2)] and film refractive

index n; [Eq. (10b)] vs substrate refractive index ng. ng <1implies
a dense medium of incidence and internal reflection.

Equation (10a) or (10b) determines the required film refrac-
tive index for given refractive indices of the substrate and
medium of incidence. If the ambient is air (or vacuum), as

often is the case, Eq. (10b) indicates that the film refractive -

index must be </2 = 1.414. Fluoride film materials (such as
cryolite, chiolite, LiF, MgFs, CaFs, and ThF,) do have this low
refractive index.* (For example, CaFs can be prepared by
vacuum evaporation with refractive indices in the 1.23-1.46
range.®

Figure 2 shows the film refractive index and common
polarizing angle as functions of the substrate refractive index.

The required film thickness d is equal to one (or an odd
integral multiple of) half of the film thickness period evaluated
at the Brewster angle. From Egs. (4), (5), and (6b), we obtain
the minimum required thickness:

ds = /2(M4Ny), (11

i.e., d, = a certain fraction (1/2/4 = 0.3536) of the wavelength
of light in the film material.

The unextinguished s reflection coefficient of the uncoated
substrate at the Brewster angle is given by®

Rg = cos2¢. (12)

The unextinguished p reflection coefficient of the coated
substrate at the same Brewster angle is obtained from Eq. (3),
after some manipulations, as
Rp = 2!‘{;1;,)"(1 + ?‘%}p) (13a)
or
Rp = —cos?24/(2 — cos?24). (13b)

From Eqgs. (12) and (13b), we get the following relation be-
tween the unextinguished reflection coefficients of the coated
and uncoated areas of the substrate:

R, = —R2/(2 — R2). (14)
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Fig. 3. Unextinguished s and p intensity reflectances R, and %,
of the uncoated and coated areas, respectively, vs the substrate re-
fractive index ns.

The corresponding intensity reflectances (% = |R|2) are in-
terrelated by

Rp = [Re/(2 — R (15)

Figure 3 shows the unextinguished s and p intensity re-
flectances as functions of the substrate refractive index.

The intensities of the orthogonally polarized half-fields of
the reflected light can be equalized if the incident light is (at
least partially) linearly or elliptically polarized and its azimuth
is adjusted with respect to the plane of incidence. The latter
adjustment can be made by simply rotating the substrate
(surface normal) without change of the (Brewster) angle of
incidence.

The substrate should have as high a refractive index as
possible, so that the film refractive index may assume rea-
sonable (not-too-low) values, and the unextinguished reflec-
tances could be as high as possible. Semiconductors are good
candidates for this application. GaP is essentially trans-
parent for wavelengths >0.55 um. For He-Ne laser light (A
= 6328 A), it has a refractive index” No = 3.33. If we assume
that light is incident from air (N = 1), we find from Eq. (10b)
that the required film refractive index N; = 1.354. A coating
material with this index is cryolite. For operation as a
DOWPBS and TFRHSD, the film thickness must be 1652 A,
from Eq. (11). Light must be incident at the Brewster angle,
73.28°, from Eq. (2). The unextinguished s and p intensity
reflectances of the uncoated and coated areas are 69.65 and
28.55%, respectively, as is obtained from Egs. (12) and
(13b).

As another case, consider the use of a Ge substrate (Ng =
4) coated by a film of the proper refractive index Ny = 1.372
(e.g., ThFy) as an infrared DOWPBS and TFRHSD. In this
case, the polarizing angle is 75.96°, and the unextinguished
reflectances are &; = 77.85% and R, = 40.63%. The required
least film thickness d; = 0.2577\ = 2.7316 um for 10.6-um COs
laser radiation.

Figure 4 shows two examples of coating patterns and the
corresponding reflected polarization patterns.

For the s-polarizing angle ¢ to equal the p-polarizing angle
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Fig. 4. Examples of thin-film coating patterns and corresponding
reflected polarization patterns. ¢ and u indicate the coated and
uncoated areas of the substrate, respectively.

¢p, the (normalized) film refractive index n; must take the
value given by Eq. (10). Because a refractive-index error
is inevitable, it is important to consider its effect. The rate
at which ¢, shifts as n; is changed is obtained by differen-
tiation of Eq. (8) and use of the condition of Eq. (10); this
gives

gy, ol =np (16a)

di’l] (fi% . 1)2

_ _2V3ni(n§+ )12 b

T T {160)
o —2v/3/ny, when n§ > 1. (16¢)

If we assume an air ambient (Ng = 1) and a Ge substrate (N
= ng = 4), we get d¢s/dn, = —0.829 rad per unit change of ny.
To bring ¢ to within £1° of ¢, (75.96°), n; must be tuned to
within £0.02 of the required value (1.372). This is achievable
using present day advanced and well-controlled vacuum
evaporation technology and other film-formation tech-
niques.

The effect of small film-thickness error is determined by
the correspondingly small reflection coefficient for the s po-
larization when d deviates from the polarizing thickness d;
[Eq. (11)] by a small amount. We express the fractional
thickness shift by

67} =(d - ds)fds- (17)

Differentiation of Eq. (8) with respect to {, use of Egs. (6), and
some additional manipulations yield the following residual
reflection coefficient and intensity reflectance:

Ry = —j(x/4) (nz - ;E) A, (18a)

2
R e L (18b)
ny

If in the foregoing example of a Ge substrate (g = 4) we take
A7 = 0.01 (corresponding to Ad = 27.3 nm at A = 10.6 um),
we obtain R, = 8.7 X 10~4, This demonstrates very satis-
factory tolerance to thickness errors, especially at longer
wavelengths.

This work was supported by a grant from the State of
Louisiana Board of Regents and the Foundation for A Better
Louisiana\. :
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