NASA-CR-194631 /awzf;
e
. . . . S5 S
Multilayer thin film design for far ultraviolet polarizers
using an induced transmission and absorption technique /
Jongmin Kim, Muamer Zukic, and Douglas G. Torr /.»’ (7/ %)

Department of Physics, The University of Alabama in Huntsville
Optics Building, Suite 300, Huntsville, AL.. 35899

Abstract

An explanation of induced transmission for spectral regions excluding the far ultraviolet (FUV) is
given to better understand how induced transmission and absorption can be used to design effective
polarizers in the FUV spectral region. We achieve high s-polarization reflectance and a high degree of
polarization [P=(Rs-Rp)/(Rs+Rp)] by means of a MgF.,/AIMgF, three layer structure on an opaque thick

film of Al as the substrate. For example, our polarizer designed for the Lyman-a line (A=121.6 nm) has
~ 87.95% reflectance for the s-polarization case, and 0.43% for the p-polarization case, with a degree of
polarization of 99.03%. If a double reflection polarizer is made with this design, it will have a degree of
polarization of 99.99% and s-polarization throughput of 77.35%.
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1. Introduction

In the far ultraviolet (FUV) region, a MgF, crystal is known to be birefringent down to 130 nm.!
Johnson? reported a MgF, transmission polarizer with 40% transmittance down to 160 nm which then
dropped to zero near 120 nm. Winter and Ortjohann3 used a 'pile-of-plates’ transmission polarizer made of
four MgF, crystal plates for the Lyman-o line (A=121.6 nm). The transmittance was 20% and the degree
of polarization was 85+1 %.

Mallrath* and Saito et. al.5 used a LiF crystal as a reflection polarizer. Also, Hass and Hunter$
found that a MgF, crystal worked well as a reflection polarizer. Complete polarization can be achieved
when a crystal is oriented at its Brewster angle. However, metal surfaces have much higher reflectances
than crystals. The reflectance curves for a metal are very similar to those obtained from a dielectric in the
visible region, with the exception that the metallic reflectance is generally greater and the minimum
reflectance of the p-polarization does not go to zero as in the case of a dielectric. Hunter” showed that for
optimum polarization, n, the index of refraction, should be large and k, the extinction coefficient, should be
small. Therefore, when the optimum polarization is obtained, the reflectance is low.

A single metal surface at the Pseudo-Brewster angle of incidence is not enough for a high degree of
polarization. Hamm et. al.® designed a triple-reflection-polarizer (TRP) using gold coated mirrors.
Because it had a high polarization ratio ( Rs/Rp ~ 19) and maintained the direction of incident radiation, it
was used by several authors.*~1! The transmittance of the unpolarized light of such a system was about
4%. The merit of the metal multi-surface polarizer is that it works well in a broad wavelength region.

In contrast to the single metallic surface, a thin film multilayer can provide the freedom to specify
the incident angle. We report multilayer polarizer designs which have a higher degree of polarization and a
higher s-polarization reflectance than the metal surface polarizer. We design the polarizer by inducing
absorbed and transmitted p-polarized light. We optimize the design for specific FUV emission lines and a
45° angle of incidence for the convenience of experimental setup.

2. Induced transmission technique

Long ago, Berning and Turner!? showed that a reasonably thick metal film can be induced to
transmit a suprising amount of energy of a particular wavelength when it is surrounded by suitably chosen
interference film combinations. They called this technique ‘induced transmission ( IT )' and explained a
mathematical step to achieve IT to design a narrow band pass filter. Because the performance of IT filters
has some useful advantages - the freedom from sidebands and relatively rapid transitions between pass
band and stop band - many authors!3-2! have tried to improve the design steps. Kard!? used simplified
Vlasov formulas, Landau and Lissbergeri4 used equivalent layer method, and Holloway and Lissberger!s
used the effective interface method. Graphical tools were also used. Beming and Turner!2 used a circle
diagram chart and Baumeister et. al.!6 used a parametric admittance plot. All these authors succeed to find
IT designs but their design procedures were very complicated. This is because the physical mechanism of
IT has not been fully understood.

Figure 1 shows the basic structure of an IT filter with one metal layer. It consists of a high
absorbing center metal layer and a dielectric stack on both sides of the metal layer. Each dielectric stack
has several (5~6) layers of high and low quarterwave stack and a phase adjusting layer. The phase
adjusting layers are located next to the center metal layer, so that the total structure is symmetric. The



authors considered normal incidence and the incident media were the same as the substrates. Some of
authors also considered other structures which contained two metal layers. But their performances were
worse than the those filters with one metal layer and we do not consider them here.

Figure 2 shows the top half of an IT filter which was designed by Berning and Tumner.!2 It also
shows the phase changes for some of the reflected rays at each boundary. The lights reflected from the
first 6 boundaries are in phase with each other but the light reflected from the 7 th boundary is almost (not
exactly) out of phase with the others. When we add or substract the number of quarterwave stack layers,
keeping all other parameters the same (symmetricity, thicknesses of the phase adjusting layers and metal
layer), the transmittance drops dramatically. The reflection at the last boundary is much higher compared
to the other boundaries and the ray reflected from this boundary should be designed to interfere
destructively with the other rays reflected from the quarterwave stack boundaries. Therefore, the
quarterwave stack is needed for compensation of the rays from the high reflecting metal surface by
reflecting rays of similar amplitude which are out of phase.

If we consider the center Ag layer as a substrate ( there is no light coming from the bottom of Ag
layer), the maximum transmittance into the Ag layer is obtained when the phase adjusting layer has a
thickness which makes reflection from Ag boundary exact out of phase with the others.(We call this
thickness as dp , ©) We examine the change of two phase adjusting layer thicknesses which give the best
IT performance for different Ag layer thicknesses in Bemning and Tumer's design. Whenever the best
transmittance is obtained for different Ag layer thicknesses, the top and bottom phase adjusting layers have
the same thickness. Figure 3 shows the change of the best thickness of the phase adjusting layers as a
function of Ag layer thickness. It shows that as the Ag layer is getting thinner - more light can come back
from the bottom of Ag layer - the thickness of phase adjusting layer(dp 4 ) is farther from the thickness
d, p° Therefore, it is obvious that the phase adjusting layer plays an important role in the out of phase
relation between reflected light including the light coming from the bottom of the Ag layer. Because of the
strong absorption of the Ag layer, the light coming from the bottom of Ag layer is weak and dp 5 is very
close to dp 4 °.

The dielectric stack below the central Ag layer, which is symmetric to the top dielectric stack, is
explained by considering the IT filter structure as a Fabry-Perot etalon. When a spacer layer has absorbing
properties the transmittance of a Fabry-Perot etalon is given by
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for normal incidence. Here t and r are amplitude transmittance and reflectance and subscripts 1, 2, and 3
represent incident, spacer, and substrate mediums, respectively. A is the design wavelength and d, is the
physical thickness of the Ag(spacer) layer. Re is the real part of a complex number. Using a reversibility
relation of the transmiftance
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Then Eq.(1) is a function of t,), ty,, r,), and r,;. For an IT filter of which the incident medium (1) is same
as the substrate (3), there can be only one set of t,; (=t5;) and ry; (=ry,) that gives best transmission T for
a specific n; (=m,), n Ag k Ag and d,,. Therefore, whenever the incident medium is the same as the
substrate medium and the top dielectric stack is designed properly, the symmetric structure gives the best IT
performance.

The top dielectric stack is used to make the light interfere constructively when it enters the center
Ag layer. Likewise, the bottom diclectric makes the light interfere constructively when it enters the
substrate. Therefore, IT is obtained by minimizing the reflectance. As a result, the IT structure has
maximum absorptance for the passband wavelengths.

From this point of view, we can simplify the IT filter design procedure.
After the coating materials are decided,
1) Assuming a metal layer as a substrate, calculate the thickness of the phase adjusting layer to achieve
destructive interference between reflected waves. _
2) Decide the number of dielectric quarterwave layers to maximize the transmittance into the metal
substrate.
3) Select the thickness of the metal layer : as the metal layer is getting thicker the signal is lowered. As
the metal layer is getting thinner, the background is increased.
4) Put the same dielectric structure in reverse order below the metal layer.
5) Adjust the thicknesses of the two phase adjusting layers to give the best IT performance.

Using a personnel computer this procedure can be followed easily without the use of any complex
formulas or complicate graphical methods.

3. Design of an FUV multilayer polarizer

As we explained in a previous section, IT is obtained by minimizing the reflectance. We use this
concept to design a reflection FUV polarizer. For an oblique angle of incidence reflected and transmitted
light are different for s- and p-polarizations. If we make the p-polarization reflectance very small
maintaining a large s-polarization reflectance, the reflector works as a polarizer.



To achieve this reflectance difference we use the boundaries between the high and low absorbing
materials. The Fresnel coefficients are complex numbers for absorbing film materials. Amplitude changes
as well as phase angle changes are different between the two polarizations. The differences are large at the
boundary between high and low absorbing materials. LiF is the lowest absorbing matenial in the FUV
region, but it is hygroscopic and has been proved unsuitable for applications in a high energy radiation
environment. MgF, is the most attractive low absorbing material in this region. Al is chosen as the high
absorbing material because it is the only material that has a high reflectance down in this short wavelength

range.

In the FUV region, even MgF, exhibits absorption and we cannot make use of a quarterwave stack
as in IT filters. We must minimize the number of layers to achieve a high reflectance of s-polarization.
Therefore, a MgF,/AUMgF, three layer stack on a thick opaque Al substrate is examined.

For an estimation of the film thicknesses, we use the method of summation.?2 In analyzing a
multilayer thin film, this summation method is more straightforward than the matrix methods. Using this
method we can trace step by step every reflected and transmitted wave, and select important waves among
all the multiply reflected waves. Important waves are those which have much larger amplitudes than other
waves at a specific point. Considering the phase difference between important waves, we estimate the thin
film thickness.

Figure 4 shows the light waves we consider to determine the thin film thicknesses. Table 1 shows
the Fresnel reflection and transmission coefficients for the p-polarization state and 121.6 nm when the light
is incident at a 45° angle of incidence. We use optical constants of Al and MgF, from reference 23 and
24, respectively.

The role of the top MgF, layer is to maximize the amount of the p-polarized light that can pass
through the center Al layer. In the IT filter case this role is accomplished by making the reflected light
interfere destructively. For our polarizer case, the transmission of the p-polarized light is maximized by
making the reflected light interfere constructively. This is because we have only two boundaries above the
center Al layer and the amplitudes of the Fresnel reflection coefficients are quite different between these
two boundaries. This is explained in Figure 5. Figure 5-(a) shows the case when we make the reflected
light from the first two boundaries interfere destructively (a and b in Figure 4). Then the electric ficlds that
reach the second boundary can interfere constructively (¢ and d in Figure 4), and this gives a large reflected
amplitude from that boundary (b in Figure 4). Even though this light interferes destructively with the light
reflected from the first boundary (a in Figure 4), the result is still a large reflectance. Figure 5-(b) shows
the opposite case. In this case, the top MgF, layer is designed for constructive interference between the
reflected waves and also the electric fields that reach the second boundary interfere destructively. There is
also a small reflectance from the 2nd boundary. This reflected light interfere constructively with the light
reflected from the first boundary, the sum is smaller than in case (a). In Figure 4 the wave d passes
through the top MgF, layer twice, and is reflected at the first and second boundary after it starts from c.
The thickness of the top MgF, layer is determined to make the sum of the phase changes of this round trip
equal to n.

In the IT filter bottom dielectric stack is used for the same purpose as the top onc. For the
polarizer, we use the fact that the MgF, layer is sandwiched by high reflecting Al layers.  This bottom
MgF, layer is designed for use as a transmission and absorption induced layer for p-polarization. In order
to induce absorption, the sum of the waves going up to the central Al layer must have a large amplitude.



This is achieved by making the waves interfere constructively. For this purpose, we consider the f and g
waves as important waves in Figure 4. The amplitudes of the transmission coefficient are 1.16 and 1.35 at
the AVMgF, and MgF,/Al boundaries, respectively. The reflection coefficient at the MgF./Al boundary is
0.96. The decrease in amplitude by propagation through the MgF, layer is small. Therefore, f and g have
larger amplitudes than e, in Figure 4. Furthermore, the multiply reflected waves h — can be made in phase
with f and g. For the transmission induced layer, i and j waves are important. If we make them interfere
constructively, they will have large amplitudes when they go into the substrate. As a result, this three layer
structure has a large transmittance for p-polarization. The constructive interference between f and g and
between 1 and j are achieved simultancously, because the bottom MgF, layer is sandwiched by Al. The
phase differences between f and g, and i and j are equal. The thickness of the bottom MgF, layer is chosen
to make the phase difference equal to zero. Consequently, the bottom MgF, layer thickness is
approximately half that of the top MgF, layer.

The exact thicknesses of the two MgF, layers and the best thickness of the central Al layer are
determined by computer fitting. Figure 6 shows the changes of the electric field in one of our polarizers
designed for the Lyman-o line at a 45° angle of incidence. The electric waves at the top and bottom of
cach boundary in the three layer thin film are calculated by the method explained in reference 25. In the
figure, the length and the direction of the line are the amplitude and the phase angle of the electric field
relative to the incident wave. Because we consider the tangential components for both polarizations, the
sum of the fields are continuous at every boundary. This shows that with the help of the top MgF, layer,
most of the p-polarized waves pass through the high absorbing Al layer. It also shows that the bottom
MgF, layer works as a transmission and absorption induced layer. Due to the differences in the Fresnel
coefficients between the two polarizations at oblique angle of incidence, we achieve a good reflection
polarizer. For this design, the s-polarization has 0.97% transmittance and 10.36% absorptance.

4. Results

Figure 7 shows onc of the calculated results designed for the Lyman-a line at a 45° angle of
incidence. The design has a 87.95% reflectance for the s-polarization case, and a 0.43% reflectance for the
p-polarization case. The degree of polarization P=(Rs-Rp)/(Rs+Rp) is 99.03%. If we make a double:
reflection polarizer with this design, a 99.99% degree of polarization with a 77.35% s-polarization
reflectance is achieved. The spectral distribution of the degree of polarization for the single, double and
triple reflection polarizers, respectively, are shown in Figure 8. A four reflection polarizer can even made
which does not change the direction of the incident light. The four reflection polarizer has 59.83 % s-
polarization reflectance, and a degree of polarization very close to 100%.

Utilizing the same approach, we can design the three layer structure for any wavelength in the FUV
region. A polarizer designed for 130.4 nm and a 45° angle of incidence is shown in Figure 9. It has a
92.74% s-polarization reflectance and a 0.001% p-polarization reflectance. As a singje reflection polarizer,
the degree of polarization is almost 100%. Another polarizer for the 135.6 nm line at the same angle of
incidence has a 93.01% s-polarization reflectance and a 0.005% p-polarization reflectance. It has a
99.99% degree of polarization as a single reflection polarizer.



The next step in our research is to fabricate and characterize FUV polarizers. The problems in
fabricating the Al layers and our plans to solve them were reported in reference 26. The final results will
be reported later.

5. Summary

We explain the concept of induced transmission from a physical point of view. Based upon this
new knowledge, we use a concept of induced transmission and absorption to design a multilayer reflection
polarizer in the FUV region. Using MgF, and Al as low absorbing and high absorbing materials pair, we
achieve high s-polarization reflectance and a high degree of polarization. For example, a polarizer designed
at the Lyman-o. line at a 45° angle of incidence has 87.95% reflectance for s-polarization and 0.43%
reflectance for p-polarization. The degree of polarization of this design is 99.03% as a single reflection
polarizer and 99.99% as a double reflection polarizer. For the 130.4 nm line and a 45° angle of incidence,
our design has a 92.74% s-polarization reflectance and a 0.001% p-polarization reflectance with almost a
100% degree of polarization. Another design for 135.6 nm at the same angle of incidence has 93.01% and
0.005% reflectances for s- and p-polarizations, respectively, with a 99.99% degree of polarization. Our
polarizers are designed for a 45 angle of incidence, but any other angle can be selected if needed.
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Figure 1. Schematic diagram of the structure of a single metal layer IT filter.
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Figure 2. Phase changes of some of the reflected rays for the upper half of an IT filter designed by
Berning and Turner.
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Figure 3. Change of the phase adjusting layer thickness as the Ag layer thickness changes in Berning and
Turner's IT filter. In this specific deisgn dp , © corresponds to 173.6 nm.
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Figure 4. Important light waves for estimation of the thickness of the MgF5 layers.
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Figure 5. Two different phase relations between reflected waves from vacuum/MgF, and MgF,/Al
boundaries.
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Figure 7. Calculated reflectances for s-polarization (solid line) and p-polarization (dashed line) of a
polarizer designed for the Lyman-a. line at a 45° angle of incidence.
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Figure 8. Calculated degrees of polarization for the single (solid line), double (dashed line), and triple
(dotted line) reflection polarizer made of the design shown in Figure 7.
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Figure 9. Calculated reflectances for' s-polarization (solid line) and p-polarization (dashed line) of a
polarnizer designed for 130.4 nm at a 45° angle of incidence.



Incident| Reflection at Boundary | Transmission at Boundary
Material|Vacuum| MgF2 | Al |Vacuum| MgF2 Al
"Vacuum V.14 0.67_
(+178. (+0.3)
MgF2 0.14 0.96 1.47 1.3§
(-1.4) (+54.5)] (-0.3) (+27.1)
Al 0.96 1.16
(-125.5) (-60.8)

Table 1. The Fresnel reflection and transmission coefficients for p-polarization light incident at a 45 angle

of incidence from vacuum. top : amplitude ratio of the reflected or ransmitted light to the incident light.
(bottom): phase angle change.



