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visible imaging polarimetry
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We describe a microfabrication process for fabricating micropolarizer devices with polarization thin film.
The polarization film is less than a 0.5 mm thick and can have a polarization extinction ratio of ;330 in
the visible wavelength range. A single-state micropolarizer array with polarizing pixels as small as 5
mm 3 5 mm has been fabricated. A multilayer spatially multiplexed three-state micropolarizer line
array with a 14.4-mm resolution has also been fabricated for visible imaging polarimetry application.
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1. Introduction

The spatial distribution of polarization in a focal
plane often contains source information. This infor-
mation is discarded by conventional imaging systems
but can be captured by imaging polarimetry. The
polarization of the field reflected off an object is af-
fected by the polarization of the illuminating light,
the orientation of the surface, and the materials and
surface roughness of the object. An imaging system
that detects and analyzes the polarization state of
reflected light gains information about the surface
geometry oryand physical properties of the object.1,2

Since imaging polarimetry is inherently a compu-
tational process, it has generally been reserved for
high-end digital systems. In response to the plum-
meting cost of digital processing, however, there is
increasing interest in inexpensive and mass-
produced imaging polarimeters. In this paper we
describe the use of thin dichroic films to meet this
need. By enabling single-chip imaging polarim-
eters, the technology that we describe provides a po-
larization analog to the thin-film filter technology for
single-chip color cameras. One might measure the
color of a source by using a filter wheel on a single
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detector or by using three filters on three detectors.
Similarly, one can measure the polarization state of a
source by rotating a linear polarizer in front of a
single photodetector element to three angular posi-
tions or by using three small polarizing elements ori-
entated in different directions in combination with
three separate photodetectors. The first technique
is a time-domain multiplexed measurement, and the
second technique is spatial-domain multiplexed mea-
surement. Disadvantages of time-domain multi-
plexing include the need for mechanical rotation of a
polarizing element and a 33 reduction in the tempo-
ral frame rate. Disadvantages of space-domain
multiplexing include a =33 reduction in spatial res-
olution. As with color systems, however, the elimi-
nation of mechanical parts and the smaller device
volume makes the single-chip approach much less
expensive to fabricate.

A plane coated with micrometer-scale polarizing
elements in a variety of orientations is called a mi-
cropolarizer array. Micropolarizer arrays have ap-
plications in three-dimensional displays and machine
vision3,4 as well as imaging polarimetry. The pri-
mary challenge of single-chip space-domain multi-
plexing using micropolarizer arrays is making
polarizing elements small enough to match the pixel
pitch of focal plane arrays. The pixel pitch is typi-
cally 10–50 mm and is intended to achieve reasonable
esolution in a compact camera body. Micropolariz-
rs have been fabricated with metal grids and organic
aterials. Metal-grid polarizers for electromag-
etic radiation can be dated back to Hertz.5 The

linewidth of the metal grid must be much smaller
than the wavelength of the radiation in order to
achieve a high-polarization extinction ratio.6,7
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Metal-grid micropolarizer arrays for IR imaging po-
larimetry have recently been reported,8 but effective

etal-grid micropolarizers in the visible wavelength
ange have not been demonstrated. Photolitho-
raphically patterning polymer polarization film to
ake micropolarizer arrays was proposed by Faris.9

A multiaxis polymer film micropolarizer array with a
48-mm pixel size has been reported in Ref. 10. Poly-
mer film micropolarizer arrays have been success-
fully deployed in display applications, but their use in
imaging is more challenging. For imaging, the
thickness of the polarizing element has to be much
smaller than the pixel size to have a large light col-
lection angle. Polymer polarizers are made by me-
chanically stretching the polymer film. It is difficult
to manufacture uniform stretched films with a thick-
ness of less than 10 mm.

In this paper we describe micropolarizers that use
dye-based polarization thin films of less than 1-mm
hickness coated on a prepared solid surface. The
oated polarization thin film can give a reasonably
ood polarization extinction ratio ~of the order of 102!

from the UV to the near-IR wavelength. Before we
consider device fabrication, we briefly review how a
three-axis polarization analyzer can be used to char-
acterize the polarization state of a source. In Sec-
tion 2 we describe the fabrication of polarizing films
and the plasma etching of patterns in these films.
In Section 3 we describe the fabrication of multilayer
films for a multiaxis micropolarizer array and con-
sider the integration of a micropolarizer array with
complementary metal-oxide semiconductor ~CMOS!
maging sensors.

For a quasi-monochromatic light propagating in
he z direction, the electric-field vector can be decom-
osed into x and y components. The two electric-
eld components can be written as

Ex 5 ax exp~2pvt 2 wx!, Ey 5 ay exp~2pvt 2 wy!,

(1)

where ax and ay are the instantaneous electrical-field
amplitudes in the x and the y directions and wx and
wy, respectively, are their phases. Since all these
quantities are time varying and cannot be measured
directly, four Stokes parameters were introduced to
describe the polarization state.11 The four Stokes
parameters are

S0 5 ^ax
2& 1 ^ay

2&,

S1 5 ^ax
2& 2 ^ay

2&,

S2 5 2^ax ay cos~wy 2 wx!&,

S3 5 2^ax ay sin~wy 2 wx!&, (2)

where ^ & denotes the time average. The four Stokes
parameters together fully describe the polarization of
the quasi-monochromatic light.

The Stokes parameters can be determined by mea-
suring the intensity transmitted through several lin-
ear polarizers oriented in different orientations and a
phase retarder. The electric field transmitted
through a linear polarizer oriented at an angle a with
respect to the x axis and a phase compensator that
retards the y component of the electric vector by an
amount ε with respect to the x component is

E~t, a! 5 Ex~t!cos~a! 1 Ey~t!exp~2iε! sin~a!, (3)

and the transmitted intensity is

I~a, ε! 5 ^E~t, a!E*~t, a!&

5 ^Ex Ex*& cos2~a! 1 ^Ey Ey*& sin2~a!

1 u^Ex Ey*&u cos~wxy 2 ε! sin~2a!, (4)

where wxy is the phase difference between the x and
he y components of the electric field.

The four Stokes parameters can be completely de-
termined by measuring

It, I~0°, 0!, I~45°, 0!, I~45°, py2!, (5)

They are

S0 5 It,

S1 5 2I~0°, 0! 2 It,

S2 5 2I~45°, 0! 2 It,

S3 5 It 2 2I~45°, py2!. (6)

Equations ~6! show that three of the four Stokes
parameters, i.e., S0, S1, S2, can be obtained by mea-
suring linear polarization projections without phase
compensation plus the total intensity.

It can be shown that the Stokes parameters of a
quasi-monochromatic light can be uniquely decom-
posed as the sum of the Stokes parameters of com-
pletely unpolarized light and the Stokes parameters
of completely polarized light.12 Therefore a quasi-
monochromatic light can be regarded as a combina-
tion of a completely unpolarized light and a
completely polarized light. In case the completely
polarized light is linearly polarized, the quasi-
monochromatic light is called linearly partial polar-
ized light. For a linearly partial polarized light, the
last Stokes parameter S3 is zero. The polarization
state of the light can be fully characterized by mea-
suring three linear polarization components of the
light or two linear polarization components plus the
intensity of the light. In this case, a three-axis mi-
cropolarizer array without phase compensation com-
pletely determines the polarization state.

2. Reactive Ion Plasma Etching of the Polarization
Film

In certain materials with long chain molecules, the
molecules tend to align in a nematic state.13,14 A

ematic state is a phase intermediate between an
rdinary liquid state and an ordinary solid state.
he molecules in a nematic state are still fluent but
re more restricted in the nature of their movement
han in ordinary liquids. Owing to this inherently
ssured parallelism of the molecules, only a weak
xternal field is needed to establish a complete and
niform orientation of the molecules. The external
1 April 2000 y Vol. 39, No. 10 y APPLIED OPTICS 1487
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fields could be the electrical field, the magnetic field,
or other aligning effects on solid surfaces. A method
of making polarization thin film by use of nematic
polarizing material was first developed by
Dreyer.15–17 The polarizing material in Dreyer’s in-
vention was methylene blue dichroic dye dissolved in
methyl alcohol.15 The solid surface is prepared by
epeatedly rubbing it in one direction with a soft
aterial. After the dichroic dye solution is put on

he prepared surfaces, the dichroic molecules are
ligned according to the surface preparation. By
areful control of the evaporation process of the sol-
ent, the alignment of the dichroic molecules is pre-
erved and a polarizing thin film is formed. The
olarization film is transparent when the electric-
eld vector is parallel to the original rubbing direc-
ion and is absorbable when the electric-field vector is
erpendicular to the original rubbing direction.
The polarizing material that we used is a dichroic

ye solution from Sterling Optics, Inc., which is called
olacoat. Polacoat dichroic molecules have a
olarization-dependent absorption spectrum range
rom 200 to 700 nm. We used spin coating to deposit
olacoat on glass substrates. The glass substrates
ere transparent silica glass slides 0.8 mm thick.
he thickness of the polarization film can be con-

rolled by either varying the dichroic molecule con-
entration or varying the spin-coating speed. Our
xperiments found a trade-off between the polariza-
ion extinction ratio and the parallel transmission
oefficient. The thickness of the polarization film is
ypically less than 1 mm. The polarization films that
e coated were ;0.4 mm thick for an 1800-rpm spin

oating of the 4% dichroic dye concentration.
The polarization characteristics of the polarizing

lm were measured at the wavelength of 0.6328 mm
ith a linearly polarized He–Ne laser. The trans-
ission coefficient versus incident polarization angle

s shown in Fig. 1. The incident polarization angle
as measured with respect to the direction in which

he substrate was rubbed. From Fig. 1 it can be seen
hat the transmission reaches the maximum when

Fig. 1. Transmission of polarization thin film versus the polar-
ization of the incident light at the 0.6328-mm wavelength.
488 APPLIED OPTICS y Vol. 39, No. 10 y 1 April 2000
he polarization of the incident light is parallel to the
ubbing direction ~at 0 and 180 deg!, and it reaches
he minimum when the polarization of the incident
ight is perpendicular to the rubbing direction ~at 90
nd 270 deg!. The parallel transmission coefficient
s 66%. The perpendicular transmission coefficient
s 0.2%. The transmission extinction ratio of two
olarization states is ;330.
We use microlithographic etching to pattern the

olarizing film. Before etching, a photoresist pat-
ern must be produced on the polarization film.
ince the polarization film is soluble in water and
evelopers for most positive photoresists are water
ased, the common positive photoresists cannot be
sed in this process. We found that the solvent-
ased negative photoresist developer ~AZ OMR-B!
oes not attack the polarization film. Therefore we
hose to use negative photoresist in our process.
he photolithography mask was an e-beam-made
hromium ~Cr! mask on a 3 in. 3 3 in. ~7.6 cm 3 7.6
m! quartz plate. The pattern on the mask consists
f 28.8-mm opaque lines and 14.4-mm transparent
ines alternatively. UV photolithography was used
o transfer the pattern on the e-beam mask to a pho-
oresist ~PR! pattern on the top of the polarization
hin film. Since the photoresist is negative, the ar-
as that are exposed to UV light will be preserved and
he areas that do not receive UV exposure will be
ashed away in the development process. After the
R pattern was developed, plasma reactive ion etch-

ng ~RIE! was used to transfer the photoresist pattern
o a polarizer pattern.

The process for making a single-state patterned
icropolarizer array was as follows:

~1! Spin coating a PR layer on top of the polariza-
ion thin film: The negative photoresist ~AZ OMR-
3! was spin coated at 3500 rpm for 30 s on top of the
olarization film. The sample then was baked at
10 °C for 80 s in a hot plate and cooled for 2–3 min
fterward. The thickness of the spin-coated pho-
oresist was ;1.75 mm.

~2! UV photolithography: A Karl Suss UV-
hotolithography mask aligner was used to transfer
he e-beam pattern on the mask to the photoresist
attern on top of the polarization film. The e-beam
ask was put in contact with the photoresist layer on

he mask aligner. The sample was exposed to UV
ight ~wavelength, 365–405 nm; intensity, 8.3 mWy
m2! for 24 s @Fig. 2~a!, where PF is the polarization

film#.
~3! Development of the photolithography photore-

sist pattern: After the UV exposure, the PR pattern
was developed in the photoresist developer ~AZ
OMR-B! for ;40 s. Then the sample was rinsed
with AZ-OMR rinse and dried with nitrogen imme-
diately. After this process, the negative PR pattern
became clear and the thickness was ;1.55 mm @Fig.
2~b!#.

~4! Plasma RIE of the polarization film: Ions in
the plasma RIE etching are vertically incident and
etch the exposed polarization film anisotropically
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down. The photoresist pattern is copied into the po-
larization film with minimal undercutting by RIE.
Several plasma gases were tested to etch the polar-
ization film and the negative photoresist in a plasma
reactive ion etcher with a 6.5-in. ~16.5-cm! electrode
plate. Table 1 shows the RIE rates of several
plasma gases for polarization film and negative pho-
toresist. It was found that carbon tetrafluoride
~CF4! plasma has the most effective etching rate for

Fig. 2. Fabrication process of a single-state micropolarizer array.

Table 1. Plasma RIE Rates for the Polarization Film and the
Negative Photoresist

Plasma
Gas

Plasma Condition
Etching
Polacoat
~nmym!

Etching
Photoresist

~nmym!
Pressure
~mTorr!

Gas Flow
~sccm!

rf Power
~W!

CF4 30 60 90 32 70
CHF3 30 60 90 9 22
O2 50 60 90 8 100
He 100 60 60 14 70
SF6 30 60 90 8 84
Ar 100 60 90 0 70
the Polacoat polarization film. The etching rate of
carbon tetrafluoride for the polarization film is ;32
nmymin at plasma condition of 30-mTorr throttle
pressure, gas flow rate of 60 sccm, and RF power
setting of 90 W. The etching rate for negative pho-
toresist at the same plasma condition is 70 nmymin.

The plasma RIE process is shown in Fig. 2~c!, and
he etching result is in Fig. 2~d!. The carbon tet-
afluoride RIE took ;15 min. Since the thickness of

the polarization film is ;0.4 mm, 15-min RIE is
enough to etch through the polarization film.

~5! Oxygen plasma RIE of the residue photoresist:
After RIE, the negative photoresist still had a thick-
ness of ;0.5 mm. The residue photoresist that cov-
ered the patterned polarizing film was etched away
by oxygen plasma RIE @Fig. 2~d!#. The oxygen
plasma RIE condition was 50-mTorr throttle pres-
sure, a 60-sccm gas flow rate, and 90-W rf power. In
this plasma condition the oxygen plasma RIE rate for
negative photoresist was 100 nmymin, and the etch-
ing rate for polarization film was ;8 nmymin, which
is small and negligible. The cross section of the pat-
terned single-state thin-film micropolarizer with
14.4-mm lateral resolution is shown in Fig. 2~e!.

Figure 3 shows the transmission photographs of a
micropolarizer line array with a 14.4-mm linewidth.
The spacing between these micropolarizer lines is
28.8 mm, which is double each micropolarizer line-
width. The thickness of these micropolarizer lines is
;0.4 mm. Figure 3~a! is the transmission photo-
graph taken by perpendicular incident light with re-
spect to the polarization axis. Figure 3~b! is the

Fig. 3. Micropolarizer line array with 14.4-mm resolution taken
by ~a! perpendicular incident light and ~b! parallel incident light.
1 April 2000 y Vol. 39, No. 10 y APPLIED OPTICS 1489
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transmission photograph taken by parallel incident
light with respect to the polarization axis.

To show how small the micropolarizer elements
can be fabricated, we used an e-beam-made mask
with an array of 5 mm 3 5 mm transparent elements
as the photolithography mask. We repeated the
process we described to fabricate a single-state mi-
cropolarizer array with a 5 mm 3 5 mm pixel size.

igure 4 shows a transmission photograph of the
evice. The incident light is perpendicular to the
olarization axis. To our knowledge, this micropo-
arizer array has the smallest pixel size ever fabri-
ated with organic polarization film.

3. Fabrication of a Multiaxis Micropolarizer Array and
Polarization Imager

For polarization imaging we need micropolarizer ar-
rays with at least three classes of polarizing ele-
ments. The classes must have different polarizing
states, and elements from different classes must be
interleaved in the array. We fabricated these de-
vices by using vertical stacks of single-state layers.
We spin coated a thin layer of silicone polyimide on
the top of the single-state micropolarizer device to
protect it. The silicone polyimide layer was optically
transparent and had a thickness of ;0.5 mm. Fig-
ure 5~a! shows the cross section of the micropolarizer
device after the silicone polyimide was spin coated.

Fig. 4. Single-state micropolarizer array with a 5 mm 3 5 mm
ixel size.

Fig. 5. Cross section of a single-state micropolarizer array with
protection layers.
490 APPLIED OPTICS y Vol. 39, No. 10 y 1 April 2000
There is a surface relief on the device because of the
selective RIE of the polarization film. To planarize
the surface, we spin coated a thin layer of spin-on-
glass ~SOG! material. SOG is an optically transpar-
ent dielectric material that is specially designed to
planarize the surface. Figure 5~b! shows the cross
section of the micropolarizer device after we spin
coated the SOG. The thickness of the SOG layer is
;0.4 mm. After we spin coated the SOG, the surface
elief was less than 0.1 mm. Compared with a hor-
zontal pixel resolution of 14.4 mm, this surface relief
s negligible. A thin layer of silicon dioxide was de-
osited on top of the SOG by plasma-enhanced chem-
cal vapor deposition ~PECVD!. The silicon dioxide
rovided a standard contact substrate for the polar-
zing layers. We also found that rubbing the surface
f SOG produced no alignment effect on the Polacoat
aterial. The PECVD-deposited silicon dioxide

ayer was ;0.2 mm. The cross section of the device
s shown in Fig. 5~c!.

The silicon dioxide was rubbed and coated to pro-
uce a second polarization film. This second-layer
olarization film had a 45-deg polarization orienta-
ion with respect to that of the first-layer polarization
lm. Micropolarizer lines with a 14.4-mm linewidth
ere fabricated on this polarization layer. The

econd-state micropolarizer lines have 14.4-mm lat-
ral displacement with respect to the first-state mi-
ropolarizer lines and are also parallel to them. The
ross section of the two-state micropolarizer lines is
hown in Fig. 6. Observed from the top view of the
icropolarizer array, the micropolarizer elements
ave three polarization states. The first-state mi-
ropolarizer polarization axis is perpendicular to the
ine. Each micropolarizer line of this state has a
4.4-mm linewidth. The second-state micropolar-
zer polarization axis has a 45-deg angle with respect
o the first-state micropolarizer polarization axis.
ach micropolarizer line also has a 14.4-mm line-
idth. In the third state, there are no polarizing
lements. Light with any polarization can go
hrough this state. The linewidth of this state is

Fig. 6. ~a! Cross section of a two-state micropolarizer array. ~b!
Cross section of a two-state micropolarizer array with a protection
layer.
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also 14.4 mm. There are many advantages to using
a completely transparent line as one state. One ma-
jor advantage is that it reduces the total thickness of
the device while maintaining the same function.
The total thickness of the device that we fabricated
was 2.0 mm, which was ;14% of the lateral resolu-
tion.

Figure 7~a! shows the transmission photograph of
two-layer and three-state micropolarizer line ar-

ay taken by linearly polarized incident light. The
inearly polarized incident light has a polarization
irection in the vertical direction, which is perpen-
icular to the polarization axis of the first micropo-
arizer lines. Figure 7~b! shows the transmission
hotograph of that device with a 45-deg linearly
olarized incident light with respect to the vertical
irection, which is perpendicular to the polarization
xis of the second-state micropolarizer lines.
A polarization imager consists of a photodetector

rray, such as a CMOS or a CCD sensor array, and
multiaxis micropolarizer array. The pixel size of
micropolarizer array is the same as the pixel size

f the CMOSyCCD array. The micropolarizer ar-
ay can be either fabricated directly on the sensor
rray or fabricated on a transparent substrate and
ip-chip bonded with the sensor array. The polar-

zing elements of the micropolarizer array are well
ligned with pixels of the CMOSyCCD array. The
olarization imager captures different linear polar-
zation light according to the polarization orienta-
ions of the linear micropolarizer elements at a
mall spatial spot.
Figure 8 shows the top view of a CMOS sensor

rray used for the polarization imager. The CMOS
ensor array has a pixel pitch size of 13.8 mm 3 14.4
m and a pixel number of 352 3 288. We flip-chip
onded the multiaxis micropolarizer array with the
MOS sensor array to make the polarization im-
ger. The polarizing elements of the multiaxis mi-
ropolarizer were aligned with the pixels of the
MOS sensor array under a microscope aligner.
igure 9 shows the top view of the CMOS-based
olarization imager that we made. It can be seen
learly that the polarizing elements of the micropo-
arizer array are well aligned with the pixels of the
MOS sensor array.

4. Summary

We have developed a microfabrication process for fab-
ricating micropolarizer devices with polarization thin
films. The polarization thin films are made by spin
coating a dichroic dye solution on a rubbed surface.
The polarization films are less than 0.5 mm thick and
have a polarization extinction ratio as high as 330 in
the visible wavelength range. A single-state mi-
cropolarizer array with polarizing pixels as small as 5
mm 3 5 mm has been fabricated. A multilayer three-
tate micropolarizer line array with a 14.4-mm reso-
ution was also fabricated on a transparent glass
ubstrate for visible wavelength polarization imaging
pplications. Finally, we have demonstrated a
MOS-based three-state polarization imager with
Fig. 7. Transmission photographs of a multiaxis micropolarizer
array with a 14.4-mm resolution taken ~a! by a vertical polarized
incident light and ~b! by a 45-deg polarized incident light with
respect to the vertical direction.
Fig. 8. Top view of a CMOS sensor array.
Fig. 9. Top view of a CMOS-based polarization imaging sensor
array.
1 April 2000 y Vol. 39, No. 10 y APPLIED OPTICS 1491
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spatially multiplexed three-state micropolarizer de-
vices.

The authors are thankful for many discussions
with John Hughes and Ken Purchase for the fabrica-
tion issues of the micropolarizer device.
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