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ABSTRACT

Conventional phase-shiftinginterferometersare extremely sensitiveto mechanical shock and transmitted vibration because
they utilize separate test and reference optical pathsthat must be aligned to within afraction of the wavelength of thelight
being used. Such interferometers are difficult and time consuming to set up, align, and maintain, and are costly dueto the
number of optics required for the dual-path design. Common-path interferometers such as the point-diffraction type are
much less sensitive to environmental disturbances but until recently have not been capable of phase-shifting. The liquid
crystal point diffraction interferometer (LCPDI), first demonstrated by Mercer and Creath,X employs adye-doped, el ectro-
optical LC device as the point-diffraction source to lend phase-shifting capability to the PDI common-path design. The
advantage of this approach is that it combines the strengths of both types of interferometer to produce a phase-shifting
diagnostic device that is much more compact, robust, and accurate than dual-path interferometers while at the same time
using fewer optical elements. Such attributesmakethisdeviceof special interest for diagnostic applicationsinthescientific,
commercial, military, and industrial sectors where vibration insensitivity, power requirements, size, weight, and cost are
critical issues.

In this paper, we will describe some recent activitiesin the areas of materials development, device design, and fabrication
techniques for the original LCPDI to improve its accuracy, extend its operation to both the visible and near-IR regions of
the spectrum, and to improve its temporal data collection capabilities to near video frame rates.
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1. INTRODUCTION

Conventional phase-shifting interferometers that utilize separate test and reference paths represent the most-accurate and
effectiveway to measure changesin optical path, but their large size and extreme sensitivity to mechanical shock, vibration,
temperature fluctuations, and air turbulence greatly limit their scope for potential sensing and monitoring applications.
Phase-shifting interferometers function by changing the optical path difference (OPD) between the two paths of the
interferometer in discrete stepsthat are equal fractions of awavel ength. When the unchanged wavefront fromthereference
path is combined with the wavefront that has passed through the test section, the differences in optical path produce
interference fringes. In the conventional Mach—-Zehnder and Twyman-Green designs, the OPD is changed by using a
piezoel ectric actuator attached to the back of the reference mirror to physically move the mirror from a central positionin
a sinusoidal fashion. This motion changes the OPD and thus the appearance of the resulting interferogram fringes. The
changesin the position of the fringes are imaged by a detector (e.g, aCCD camera) and stored either in computer memory
or on a hard storage medium such as a disk or videotape. The optical path is determined using the intensity at each pixel
as afunction of phase step. To obtain stable fringes, the alignment of both the test and reference paths must be maintained
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towithin afraction of the wavel ength of thelight being used for the measurement. Otherwise, thefringeswill shift and may
disappear. The extreme sensitivity of these interferometersto bumping, jarring, and transmitted vibration means that they
must be operated on optical isolation tables in a relatively stable environment to ensure that accurate and reliable
interferometric data are obtained.

Both shearing interferometers and point-diffraction interferometers (PDI), in which the test and reference beams traverse
acommon path, are much lessvibration sensitivethan the traditional interferometers described above. In these devices, the
reference beam istypically generated from the test beam following the test section. Shearing interferometery suffersfrom
alow sensitivity to high-order phase errors, low spatial resolution, and an inability to perform gradient measurementsin
more than two directions. In the PDI, light passing through the test section is focused onto a small diffracting object that
is typically either a circle of materia on a high-quality, semi-transparent glass plate or a small sphere in a glass cell
(Fig. 1). The size of the focused spot is several times larger than the object so that light not intercepted by the diffracting
object forms the test beam, while the diffracted light generates a perfect reference beam. The PDI has the advantages of
being substantially more compact and mechanically robust than conventional phase-shifting interferometers, but suffers
from theinability to useinherently more accurate phase-shifting methods?3 because (1) it is composed entirely of passive
optical materials, and (2) because it is difficult to phase shift only one of two beams that traverse a common path.
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Figure 1: Schematic diagram of the LCPDI. Thelaser beam isfocused onto an area of theliquid crystal electro-optic device containing
aglass or plastic sphere in the LC fluid gap. The portion of the beam passing through the microsphere functions as the reference arm
of the interferometer. Application of an electric field to the birefringent LC material produces controlled molecular reorientation with
subsequent generation of interference fringes. Interference fringes obtained from atypical LCPDI device.

Mercer and Creath first demonstrated the feasibility of adding phase-shifting capability to the PDI by employing aliquid
crystal electro-optical device as the primary modulation element.X They replaced the point-diffraction source and the
passive, semitransparent filter of the conventional design with aliquid crystal cell containing microspheres embedded in
nematic liquid crystal (LC) material (Fig. 1). The incident beam is focused on the area of the LC cell that contains an
isolated microsphere, and optical interference occurs between the portions of the beam that pass through the microsphere
(thereferencebeam) andtheliquid crystal fluid. Becausetheareaof thebeamthat passesthroughtheL Cfluid (thetest beam)
is substantially larger than the microsphere, the portion of the beam that passes through the LC fluid “host” must be
attenuated using adye asan optically absorbing “ guest” in order to obtain sufficient contrast for analysis of output images.
Phase shifting is accomplished by applying an ac voltage to the LC device, which induces molecular reorientation and
produces a change in birefringence as a function of the magnitude of the applied voltage.

Because both the object and reference beams follow the same path, the LCPDI isrelatively insensitive to the mechanical
vibrations, temperature fluctuations, and air turbulence that plague conventional phase-shifting interferometers. Mercer,
Creath,* and Rashidnia® first demonstrated the superior stability and robustnessof the L CPDI in comparing itsperformance
to that of a phase-shifting Mach-Zehnder interferometer. In later work, Guardal ben et al.6 compared the performance of an



LCPDI to that of a Zygo Mark IVxp Fizeau phase-shifting interferometer and found that the two techniques yielded
measurements on the same witness sample that were in remarkably close agreement.

The LCPDI’scompact size (<1in. x 1in.), near-solid-state robustness, and | ow-voltage/power requirements (1.5 Vs and
microamps, respectively) have led to it being described as an “interferometer on a chip,” with the potential of offering
comparable performance to commercial phase-shifting interferometers at a fraction of their size, complexity, and cost.
Additional attributes of the LCPDI include the capability to collect data at video frame rates (with the appropriate LC
material) and at a wide variety of wavelengths. The latter attribute is dependent on (1) the transparency limits of the LC
material, microsphere, substrates; and (2) the availability of wavelength-specific dyes that are sufficiently soluble in the
L C material to provide adequate attenuation. Thiscombination of unique attributes makesthe L CPDI of special interest for
diagnostic applicationsin the commercial, military, scientific, and industrial sectorswhere physical size, robustness, rapid
data collection, and low cost are of primary concern.

In this paper, we will overview two immediate areas of application for the LCPDI and describe some of our most recent
activities in the areas of materials development, device design, and fabrication techniques to improve fringe contrast, to
extend its operation to both the visible and near-IR regions of the spectrum, and to improve its temporal data collection
capabilities to video frame rates.

2. IMMEDIATE APPLICATION AREASAND DEVICE DEVELOPMENT GOALS

In early 2000, a four-year collaborative research effort was initiated between the University of Rochester’s Laboratory
for Laser Energetics (LLE) and NASA’'s Glenn Research Center (GRC) to study the key materials and device issues
for developing the LCPDI deviceinto areliable and useful tool for usein microgravity fluid physicsresearch at NASA and
as a beamline diagnostic for the 60-beam, 40-TW, 1054-nm OMEGA laser system used in the Department of Energy’s
(DOE’s) inertia confinement fusion (ICF) research at LLE. The goal of the research isto develop materials systems and
fabrication methodsthat wouldlead to highly precise L CPDI devicesof consistent quality for both DOE and NA SA research
efforts, with the long-term goal leading to devices that could be manufactured in a cost-effective manner for other
applications in the scientific, commercial, military, and industrial sectors. In this section we briefly describe these
applications and their requirements.

Difficulties in manufacturing of large-aperture optical elements used in the OMEGA system add aberrations to each laser
beam that can result in wavefront errorsin the incident beams. Such wavefront errors can manifest themselvesin unequal
illumination of the target, which in turn reduces the uniformity of the energy being delivered by the laser. Although
numerousdiagnosticinstrumentsare used on OM EGA to analyze problemswith beam uniformity, amore-effective method
than is currently availableisrequired to measure wavefront aberrations at 1054 nm. Shearing interferometery is currently
used to analyze OM EGA beamlines, but the method suffersfrom (1) aninability to perform gradient measurementsin more
than two directions, (2) alow sensitivity to high-order phase errors, and (3) low spatial resolution. The large physical size
and the need for vibration isolation make conventional near-IR phase-shifting interferometers impractical for these
characterization activities since each of the 60 beamswoul d haveto be propagated along distance acrossfree spacein order
to reach the interferometer table. The LCPDI would solve the problem since its small size, light weight, and vibration
insensitivity would allow it to be moved from beamline to beamline as needed.

To further NASA’s mission of space exploration, fluid management and fundamental science in microgravity remain an
activeareaof research. Current research topicsinclude such diverse areas asthermocapill ary flow,”-8 nucleate boiling,® and
diffusion of misciblefluids. 1% Futurework may includethe onset of turbulence and instabilities such asMarangoni—Benard
and Raleigh-Taylor. All of these systems generally need to visualize or measure the mixing or temperature response of
transparent liquids. Visible-region interferometry at 543 nm is the technique of choice for many such measurements. In
terrestrial-based experiments where size, weight, and power are not critical issues, the use of conventional phase-shifting



interferometersmounted onlargevibrationisolation tablesisnot abarrier. But for extraterrestrial experimentsinorbit, such
as Dhir’s proposal? to use holographic interferometry to study nucleate boiling in the reduced gravity environment of the
International Space Station, severevolume, power, and upmass constrai ntsal ong with thelack of vibrationisolation suggest
phase-shifting, common-path interferometry using the LCPDI asthe most attractive and viable solution. In thermocapillary
flow studies in enclosed chambers, the LCPDI’s potential to capture interferometric data at video frame rates along with
its small size would make tomographic measurements on turbulent phenomena possible—an experiment that to date has
only been accomplished by using the lower-resolution Hartmann—Shack wavefront sensors.1!

3. LCPDI DEVELOPMENT CHALLENGES

For the LCPDI to make thetransition from a proof-of-concept prototype to an interferometric diagnostic of valueto awide
range of users in diverse applications, substantial development work will be required. Some shortcomings of the device
from our experience and from research reported by othersinclude excessive noisein the fringes, a substantial reductionin
contrast with applied voltage, speckle produced by electrohydrodynamic effects in the dye-doped liquid crystal material,
device-to-device inconsistency in performance due to fabrication methodology, and (for microgravity fluid physics
experiments) theinability to collect data at video framerates. Many of these difficulties have been identified as associated
with the following key areas:

3.1 LC guest-host dyes

An attenuating dye“ guest” must be added to the LC “host” in order to balance theintensity of thetest and reference beams
to maximize fringe contrast due to the substantial difference in diameter of the two beams. The dye must satisfy afairly
stringent list of requirementsto be useful inthe LCPDI, including (1) ahigh solubility inthe L C host matrix; (2) good long-
term chemical, thermal, and optical stability; (3) low impact on L C order parameter; (4) large molar absorptivity; (5) low
conductivity; (6) aA ey at thewavelength of interest; and (7) asmall or nonexistent dichroisminitsabsorbancewith applied
voltage. Poor solubility will result in low absorbance and poor fringe contrast. Excessive conductivity imparted tothe LC
host by the dye will produce random speckle from the mobility of charge carriers. If the dye hasalargedichroicratio (i.e.,
its absorbance is afunction of molecular orientation), there will be large changesin fringe contrast as the applied voltage
is changed. For applicationsin the near-IR region (e.g., 1054 nm), the issue becomes even more complicated in that only
ahandful of dyes are available that both absorb in the near IR and meet the other desired criteria.

3.2 Devicefabrication

Coating defects, extrinsi ¢ parti cle contamination either onthe microspheresor inthe LC material, and entrained air bubbles
in the device all can produce spatial noise in the fringe data. Devices must be assembled under Class 10 clean-room
conditions and strict observance of clean-room protocol (including microfiltration of LC guest—host fluids and coating
materialsand scrupul ous cleaning of substrates and microspheres) are paramount in the fabrication of high-quality, defect-
free devices. The existing fabrication technique requires the microspheres to be placed on the substrates by hand using
a high-power microscope. The microspheres are held in place only by surface static charges and can easily become
dislocated and scratch the L C alignment layer when the second substrateis placed unless exceptional careistaken during
cell assembly. As such, the processis highly labor intensive with the yield and quality of the devices greatly dependent on
the skill of the assembler.

3.3 Responsetime

While the temporal response of current LCPDI devices (around 3 Hz) is adequate for applications such as beamline
characterization on OMEGA where the object to be studied isin a steady-state condition, the lack of sufficient temporal
response in current LCPDI devices severely limitsthe utility of existing LCPDI devices as a diagnostic tool for the study
of transi ent phenomena, which comprisesamajor portion of fluid physicsinvestigations. For theseinvestigations, thedevice
must be capable of operating at video framerates (30 kHz), which requiresasubstantial improvement intemporal response
over current devices.



4. LIQUID CRYSTAL MATERIALSAND DYES

The LC material used to construct the LCPDI devicesis Merck E7, acommercial room-temperature nematic LC mixture
of cyanobiphenyl and cyanoterphenyl compounds with arelatively high birefringence, positive dielectric anisotropy, and
abroad nematic phaserange. Therequirement for equal intensity in both thetest and reference beams of the LCPDI dictates
the addition of adye or mixture of dyesto the LC host material. The primary requirements for dyes to be suitable for the
LCPDI are that they need to absorb at the wavelength of interest, have a large molar extinction coefficient to maximize
attenuation efficiency [an optical density (OD) of between 1.8 and 2.5 for the test portion of the beam is necessary], and
possess good solubility characteristics in the LC host to prevent long-term phase separation. For nearly all commercially
availabledyesthat possesssufficient solubility in L C hosts, arelatively high concentration of dye(~1.5to 2wt%, depending
onitsmolar extinction coefficient) isrequired to achievetherequired O.D. values. High absorption efficiency all owsthinner
cellsto beconstructed, which allowsthe benefits of (1) sharper fringesand higher contrast dueto improved molecul ar order
inthe LC material, (2) faster phase shifting since the electro-optical response time of the LC isafunction of the square of
the cell thickness, and (3) reduced risk of long-term dye precipitation. Typically, the LCPDI cell gap spacing ranges from
aminimum of 8 to 10 um to a maximum of around 20 to 25 um, with resulting response times of 100 to 500 ms.

Elevated L C host el ectrical conductivity dueto dyeimpurities(or in somecases, thechemical structure of thedyemolecules)
becomes asignificant problem at higher dye concentrations. Many of the available commercial dyesarerelatively impure
and are frequently composed of a mixture of different compounds with similar chemical structures. In some cases, the
precise chemical structure of the dyesis either not well defined or unknown.

Previous L CPDI devices employed dyeswith alarge absorption dichroism and showed voltage-dependent fringe contrast,
which greatly complicated the analysis of phase-shifting data.1#-% Because the largest market for dyesin L C applications
isininformation display where alarge (and mainly positive) dichroic ratio is desirable, it becomesvery difficult to find a
suitable visible region dye that will satisfy all of the above-mentioned properties and have no appreciable dichroism.
Although hundreds of dyes exist that have sufficient solubility in the LC host, they all exhibit some degree of dichroism
asafunction of their molecular structures. Design and synthesis of adye with an extremely small or nonexistent dichroism
is not beyond the realm of possihility, but the task would be very expensive, time consuming, and labor intensive. As an
alternative, weinvestigated the concept of blendingindividual dyeswith positiveor negativedichroisminappropriateratios
into the LC host to compensate for changes in absorption with applied voltage. Table 1 shows the absorbance asafunction
of applied voltage for such a*“compensated” mixture in a 15-um-thick test cell.

Table1l: Changein optical density as a function of voltage for a
15-nm-path-length cell containing a 2% dye mixture in
E7 (8:2 ratio of negative dichroic anthraquinone dyes to
positive dichroic Oil Red O dye).

Voltage (V) Optical Density
0 1.5336
1 1.5328
2 1.5291
3 1.5294
5 1.4480
10 1.4376




The mixture contained one positive dichroic dye (Oil Red O) and five anthraquinone-based negative dichroic dyes
synthesizedin our laboratory in aratio of 2:8 (positiveto negative dichroic dyes). Thefive negativedichroic dyeswere used
in equal proportions to make up the negative dichroic portion of the mixture, and the total dye concentration in the Merck
E7 LC host was 2% w/w. Figure 2 shows the molecular structure of these two types of dyes.
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Figure 2: The molecular structures of dichroic dyes
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For the near-IR region of the spectrum, the selection of potential dye candidates for an LCPDI intended to operate near
1054 nm is severely limited to atotal of around 10 to 20 materials. Most of these dyes used in laser applications (e.g.,
Q-switching) areionic or highly polar and show very poor solubility in liquid crystal hosts (0.01 to 0.05 wt.%). The low
solubility of thesedyesin L C hostslimitstheir maximum blocking efficiency toan O.D. of <0.1 at apath length of 25 um—
two decades | ess than required to produce acceptable fringe contrast for diagnostic purposes.
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We addressed this issue by synthesizing a series of zerovalent transition metal dithiolene complexes, which from our
previous work2:13 and the work of others, 1415 (1) were known to have strong absorption bands in the 600- to 1500-nm
region, (2) were highly solublein liquid crystal hosts, and (3) could be designed to possess liquid crystalline propertiesif
appropriate terminal functional groups are selected. The latter is a distinct advantage in that it would alow higher
concentrationsof thedyeto beadded to theliquid crystalline host without substantially reducingitsorder parameter (degree
of order). Our investigations focused on compounds using nickel asthe central transition element with thioalkyl termnial
substituents (Fig. 3). Figure 4 shows the electro-optical behavior of amixture of nine of these dyesin Merck E7. This new
series of dyes shows a small degree of negative dichroism, whereas the materials synthesized previously showed only
positive dichroism. The mixture easily exceeds the required O.D. of 2 in the off-state at a 10-um path length. Further
compensation of the dichoism is possible with the addition of existing positive dichroic nickel dithiolenes.

5. FABRICATION OF AN LCPDI

Many of theassembly techniquesand material susedtofabricateL CPDI devicesarewell devel oped and areidentical tothose
used to fabricate commercial LC devices (e.g., information displays, shutters, choppers, tunable wave plates, and spatial
light modulators). Figure 5 shows a cross-sectional view of an LCPDI device. The glass substrates, typically 30 mm x
25 mm x 3-mm thick, are coated on the inner surfaces with a 200-A layer of indium-tin oxide (ITO) conductive coating,
whichisitself overcoated with a200- to 500-A layer of apolymer alignment coating such as Nylon 6/6 or apolyimidethat
has been applied by spin deposition. The polymer alignment coating is buffed with a velvet roller to produce a preferred
orientation direction for the L C molecules when the cell isfilled. Polymer microspheres are used as reference diffraction
elements and as cell spacers. The microspheres used as reference diffraction elements are placed by hand in a widely

5\ Y, Figure 3: The molecular structure of highly soluble zerovalent nickel
ONO , Where X = SR dithiolene dyesfor near-IR LCPDI devices. The*X” groupsarethioalky!
N substituents with varying chain lengths and substitution positions.
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Figure5: A cross-sectional diagram of an LCPDI cell. With afew exceptions, the fabrication techniques and material sused arethe same
as those used in the assembly of L C wave plates, shutters, choppers, spatial light modulators, and information displays.

separated, diamond-shaped pattern near the center of the clear aperture of the cell with the aid of a high—power optical
microscope, whilethose used as cell spacersare dispersed into aUV-curing adhesive and applied to the coated surface near
thefour cornersof the substrates. The substratesare carefully joined together using aspecially designed fixture, and the UV
adhesive is irradiated to bond the substrates. Upon successful completion of the bonding process, the cell is filled by
capillary action with the dye-doped L C mixture and is edge sealed with the same UV curing adhesive.

Any defects in the coatings, extrinsic particle contamination, or air bubbles in the vicinity of the diffractive reference
elements will produce spatial noise in the fringe data, as will defects or abrasions in the alignment coating produced by
motion of the reference microspheresduring the assembly process. To obtain high-quality, defect-freedevices, al processes
must be done in a Class 100 clean-room environment, with final assembly done under Class 10 conditions. Liquid crystal
guest—host fluidsand coating materialsmust bemicrofiltered to 0.2 um, and both substratesand microspheresmust undergo
a rigorous cleaning process to eliminate foreign contaminants. Bonding of wire leads to the LCPDI device using a
conductive epoxy formulation completes the assembly process. A completed LCPDI device is shown in Fig. 6.



LCPDI

Figure 6: A completed LCPDI device, mounted
in a positioning stage and ready for evaluation.

G5931

The composition of the reference diffractive microspheres plays avery important role in the ultimate performance of the
L CPDI. The microspheres must be somewhat compressiblein order to (1) ensure that thereisintimate contact between the
substrates and the sphere so asto exclude L C material, and (2) provide sufficient areato produce adequate reference beam
energy for maximum fringe contrast. Glass microsphereswereeval uated early on becausethey areavailablein well-defined
size distributions and are chemically inert; however, we found their incompressibility to be a major problem for device
fabrication. If the assembly pressure on the substrateswastoo low, (1) the sphere was displaced from the cell during filling
with LC fluid (in the most extreme case), or (2) asmall quantity of LC fluid became trapped in the contact area between
the microsphere wall and the substrate. The latter situation greatly degrades contrast. Too high of an assembly pressure
caused the glass microspheres to shatter. Unfortunately, the margin of error between these two extremes is quite small in
practice. Polymeric microspheres proved to be a much better aternative for LCPDI device fabrication due to their much
higher compressihility, which allows for a larger and more intimate contact area between the microsphere wall and the
substrate. The result is better intensity matching between the sample and reference areas of the LCPDI and substantially
improved fringe contrast. Figure 7 compares the fringe contrast of a 20-um glass microsphere and a 24-um polystyrene/
divinyl benzene (PS/DVB) plastic sphere contained in the same 20-um-thick LCPDI cell.

Figure7: Comparisonof interferencefringes
obtained from (a) a20-um glassmicrosphere
and (b) a 24-um polystyrene/divinyl ben-
zene microsphere in the same 20-um-thick
LCPDI cell.
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Figure 8 isaschematic representation of the situation. The cross-sectional areaof contact between the sphere and substrate
wallsthat isavailable asthe reference portion of the beam (shown asthe shaded areas) is substantially larger for the plastic
microspherethanfor theglassmicrosphereduetoitsgreater compressibility, accountinginlargepart for theimprovedfringe
contrast seen in Fig. 7. Our most recent experiments indicate that the best results are obtained when the diameter of the
polymer reference microspheresis 1.5x larger than the intended cell gap. Additonal contributions to the improved fringe
contrast come from the higher refractive index of the PS/DV B microspheres, which is a better match to the extraordinary
refractive index (ng) of the LC material.
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Figure 8: Schematic diagram of the compressibility of (a) the 20-um glass microsphere and (b) the 24-um PS/DV D microspherein the
20-um-thick LCPDI cell shownin Fig. 7.
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Oneissueof initial concern wasthat compression of the polymer microspheres might produce stress-induced birefringence
that would compromise performanceof theL CPDI. Our experimentshave shown that although stress-induced birefringence
isproduced inthe microspheres during the assembly process, it appearsto havelittle or no effect on either thefringe quality
or the phase-shifting capability of the LCPDI. Figure 9 shows photomicrographs of two polymer microspheres [PS/DVD
and polymethylmethacrylate (PMMA)] in two separate L CPDI devices assembled in the same manner and viewed under
apolarizing microscope (100x, nearly crossed polarizers). The uniaxial isogyreinthe PS/DV B microsphereisevidence of
stress hirefringence, which is absent in the PMMA sphere under conditions of nearly identical compression. Figure 10
comparesinterferencefringepatternsfromboth devicesat several appliedvoltagelevels. ThePS/DV B microspheresproved
to be the diffractive element of choice for the LCPDI because (1) they are available in a wider range of diameters with
narrower sizedistributionsthan are PMMA spheres, and (2) PMMA spheresaremorebrittleand show cracksafter exposure
to the LC fluid under compressive conditions over extended periods of time (weeks to months).

@ O

Figure 9: Photomicrographs under crossed polarizers of (a) a
42-um-diam PS/DVD sphere and (b) a 30-um-diam PMMA
sphere each in a separate 20-um-thick LCPDI device. The
diameter of the PS/DVB sphereis~50 um, while the diameter
of the PMMA sphere is ~40 um. The stress birefringence due
to compression in the PS/DVD sphereis quite evident.
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6. ELECTRO-OPTICAL PROPERTIESAND PHASE-SHIFTING BEHAVIOR

The phase-shifting capability and its dependence on applied ac voltage was determined in avisible-region LCPDI device
using a Soleil compensator inserted into the beamline of the LCPDI test-bench setup. A polarized HeNe laser and a PIN
photodiode with arotatable analyzer were used as the light source and detector, respectively. A series of fixed ac voltage
levels generated by a Stanford Research Systems Model DS345, 30-MHz synthesized function generator were applied to
the LCPDI device, and the amount of the electrically induced phase shift was determined by adjusting the Soleil
compensator to achieve an optical minimum on the detector. Figure 11 shows curvesfor calculated and normalized phase-
shift data plotted on acommon axis as afunction of voltage for a22-um-thick LCPDI device. Theresponse curve over the
full voltage range is highly nonlinear, as is expected due to the quadratic nature of the response of the LC material to the
ac field; however, because small increments of applied voltage produce substantial phase shifts, it iseasily possibleto find
sections of the response curve in which to operate where the phase shift with applied voltage is linear and predictable.
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Figure 10: Voltage-controlled fringe shifting for two separate L CPDI devices containing PS/DV B and PMMA reference microspheres,
respectively. PS/IDVB (a,b,c) and PMMA (d,ef) at 1.0V (aand d), 1.25V (b and €) and 1.37 V (c and f).

3500 T T T T T
3000 T ) . .
— Figure 11: Phase shift data as a function of
= 2500 - - voltage for a22-um-thick LCPDI device. Al-
= 2000 - | though the magnitude of the electrically
% induced phase shift is highly nonlinear over
£ 1500 | . the entire voltage range, its efficiency per unit
voltage is so large that only small sections of
1000 . . thetotal curveneed to beused to achievelinear
- - — Normalized phase shift (°) : e
. and predictable phase shifting.
500/ —— Calculated phase shift (°) - precictable phase siitiing
O | | | | |
0 2 4 6 8 10 12
Applied voltage

G5935

With the relationship between applied voltage and phase shift established, the response time between any two levels of
phase shift can be determined by evaluating the change in dielectric constant (determined as a capacitance change) of the
L C guest—host mixture as afunction of applied voltage. Since the perceived dielectric constant and the index of refraction
in LC materials are both related mathematically to the orientation of the L C molecules with respect to the applied electric
(or optical) field, changes in molecular orientation will have an identical effect on both the birefringence and the cell
impedance. Changesin cell impedance with time immediately after application of discrete voltage levels can be directly
correlated with the temporal phase-shift response under the same conditions. The advantage of this approach is that the
measurement technique isrelatively ssmple and rapid, requires no laser source or optical components, and can ultimately
be used as a feedback-control mechanism to precisely control optic axis orientation (and thus phase shift) through custom
driving waveforms.



Changesinimpedance as afunction of time were determined by measuring the voltage across aresistor connected in series
with the LCPDI cell. Thetypical impedance value of the seriesresistor wasaround 100 Q, which isinsignificant compared
to 100-kQ impedance of the LCPDI cell. Because the SRS digital function generator was unable to switch between two
voltage-state levels without going through an intermediate zero-voltage state approaching 100 ms, the output of two
identical SRS function generators, preset to voltage valuesV; and V,, was fed into a custom-built circuit consisting of an
analog demultiplexer with aswitch that allowed the output of the test circuit to switch between V and V, with adelay of
only 4 ns. The circuit also contains a dip-switch—sel ectabl e series resistor and a variable-gain operational amplifier for the
series resistor. Voltage changes across the series resistor with time were amplified and imaged on an Hewlett Packard
54520A digital oscilloscopeto produceaplot of current versustime (sincethe current isdetermined sol ely by theimpedance
of thecell). Thiscurrentincreasefollowstheequation of afirst-order exponential shown asthevoltageacrossthetest resistor
as given by:

V(t) = Vpesk —a* el=bt).

Selecting two points along the curve as a and b and inputting these values along with the voltage levels into the above
equation gives amathematical model for the envel ope of the signal. Using this model, the rise timesto go from theinitial
phase-shift value to either 95% or 99% of thefinal phase-shift value can be calculated free from noise. Tables2 and 3 give
response time data at several voltage levelsfor a360° phase shift in 10-um- and 22-um-thick LCPDI cells, respectively.
Response times for both rising voltages [V, >V (tise)] and falling voltages [V, < V1 (tyecay)] are reported in the tables.

Table 2: Response time data for a Ocoto 360cophase shift in a 10-nm-path LCPDI device.

V4 Vs, tise Frequency tdecay Frequency
(seconds) (M) (seconds) (thdecay)
213 3.16 0.1200 8.06 0.28 357
252 8.00 0.0170 58.82 0.17 5.88
2.69 10.00 0.0076 131.58 0.15 6.67
Note: Rise time and decay time were measured from initial value to 99% of steady
state.
Table3: Response time data for a Ocoto 360cophase shift in a22-rmm LCPDI cell.
V4 V, tise Frequency Ldecay Frequency
(seconds) (Utiso) (seconds) (U gecay)
150 173 >2.20 <0.45 >2.36 <0.42
2.20 3.00 1.08 0.93 1.44 0.69
4.50 10.00 0.04 25.00 0.12 8.33
Note: Rise time and decay time were measured from initial value to 99% of steady
state.

7. SUMMARY AND FUTURE DEVELOPMENTS

Although substantial progress has been made toward improving the fringe contrast, reproducibility, and data collection
capabilities of the LCPDI inits current form, anumber of technical hurdles still remain to be overcome before the LCPDI
can be considered as arobust device that could be widely used by non-optics professionals. Additional visible region dye
candidates with larger molar extinction coefficients need to be identified and/or developed in order to alow construction



of deviceswith the thinnest possible path length to optimize both fringe contrast and response time. Electrical conductivity
imparted to thehost by addition of thedyes(both visibleand near IR) isapersistent problemthat will also limit theminimum
achievablecell thicknesswithout competition from el ectrohydrodynamic effects. For thenear-I R region, our planto address
thisissueisto prepare zerovalent dithiolene dyes using palladium asthe central metal. These materials are known to have
aconductivity about one order of magnitude lower than the corresponding nickel complexes, but are much more difficult
to prepare.

For the LCPDI to evolve past the level of alaboratory prototype, radical changes need to be made to the current “hand-
fabrication” processin order to achievetherobustness, uniformity, and device-to-device performance consistency required
for it to be widely accepted as a useful diagnostic tool. We are investigating a new fabrication technique for the “next-
generation” LCPDI device that makes the reference diffracting elements and spacers an integral part of the substrates
through deposition of a suitable optical materia directly on the substrate surface. These “structured” substrates would
eliminate many of the assembly difficulties and performance limitations of the current LCPDI device as well as open the
possibility of mass-producing LCPDI devices at low cost by the same processes used to manufacture commercial LC
displays. Deposition approaches under consideration include vapor-deposited inorganic thin films, photolithographic
patterning of a spin-deposited photosensitive polymer, and contact printing of athermoplastic, thermosetting, or UV-cured
optical polymer onto the substrate surface. Some promising preliminary work has already been done in this area.

This development in turn opens a new challenge of how to apply and process an LC alignment layer on the structured
substrate in a manner that does not physically damage or compromise the structural elements. Although the classical
mechani cal buffing techniquehasbeen used successfully inthepast to fabricate hundredsof L C circular polarizersand wave
plates containing TayOg spacer elements for the OMEGA laser system, we anticipate that the much smaller aspect ratio of
the LCPDI diffractive central elements as compared to these spacers puts them at much greater risk of either damage or
complete removal by the mechanical shear forces present during the buffing action. We areinstead investigating the use of
new L C alignment coatings in which the preferred L C alignment direction is generated photochemically using polarized
UV light. The advantages of this approach are as follows: (1) it is non-contacting and thus mechanically non-destructive
with respect to the structured substrates; (2) unlike buffing, no extraneous particles are generated; and (3) the equipment
and process are compatible with Class 10 clean-room conditions.

Achieving further reductions in response time will require additional effort in two areas: (1) driving waveforms and
electronics, and (2) LC materials. Efforts are underway to devel op custom driving waveforms, electronics, and softwareto
maximize control over the phase-shifting capability and provide a user friendly interface for setting up and conducting
characterization activities. Inthematerial sarea, wearel ooking at the possibility of using dual-frequency-addressed nematic
L C materialsto provide bi-directional field-driven control over the L C optic axis (most nematic LC materialsrely onfield-
free relaxation to return to their original orientation) and ferroelectric LC materials. The latter materials are of special
interest because their response time can be up to two orders of magnitude faster than nematic LC materials, and because
theoptic axisorientationisfield driveninboth directions, depending onthe applied field polarity. Another advantageisthat
the electro-optic response for the ferroelectric LC'sis inherently field linear and displays no threshold effect. The more
highly ordered and layered structure of these LC materials, however, will pose some special new challenges in terms of
ordering around discontinuoussurfaces(such asthereferencediffraction elementsinthe LCPDI), molecul ar alignment, and
device fabrication.

Although a substantial amount of development work remainsto be done before the L CPDI can be considered a“ standard”
characterization tool for interferometry, this “interferometer on a chip” has a bright future as a phase-shifting diagnostic
device for applications in the scientific, commercial, military, and industrial sectors where vibration insensitivity, power
reguirements, size, weight, and cost arecritical issues. Further researchinthekey areasof material sdevel opment, hardware/
software control, and device fabrication will yield LCPDI devices that are highly accurate, physically robust, and able to
be manufactured at low cost using commercial LCD manufacturing technol ogy.
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