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Phase-Shifting VOA With Polymer
Dispersed Liquid Crystal

P. Chanclou, B. Vinouze, M. Roy, C. Cornu, and H. Ramanitra

Abstract—A polymer containing fine droplets of liquid crystal
(LC) is investigated for obtaining an optical phase-shifting at-
tenuator at 1550-nm wavelength. Two mixtures of liquid crystals
and monomers are compared for a cell thickness of 15 um. The
first method uses nanosized L C dropletsto achieve 2.29-rad phase
shifting for an applied voltage of 230 Vrms. The second method
uses microsized L C dropletsto achieve 2.35-rad phase shifting for
an applied voltage of 15 Vrms. Theoretical analysis of the phase
shifting is developed. This optical property is used to achieve
a variable optical attenuator (VOA) between two singlemode
fibers. An optical architecture using graded index rod lenses and
a pattern of photoresist polymer is presented. Typical character-
istics of such VOA are: 12-dB range of attenuation, a maximum
polarization dependence loss of 0.5 dB, 1.1-dB insertion loss, and
a saturation voltage of 20 Vrms.

Index Terms—Liquid crystal, polymer dispersed liquid crystal,
variable optical attenuator.

I. INTRODUCTION

IQUID crystal microdroplets dispersed in a matrix of

polymer is an interesting material for a variety of light
control and electrooptic applications. In this material, the
fabrication problems inherent to either twisted and super-
twisted nematic or ferroelectric LC, such as surface alignment,
cell filling and precise thickness are not encountered. This
simplifies design, reduces cost, and can increase devicelifetime
in high-temperature high-humidity conditions where drastic
geometrical cells are not maintained.

Polymer dispersed liquid crystal (PDLC) is for this reason
particularly convenient in optical telecommunication domain.
The PDLC isused to achieve variable optical attenuator [1], [2].
The operation of theses polymers is based on the molecules
mobility when an electrical field is applied, and the birefrin-
gent of the LC droplets, which leads to either scattered or trans-
mitted incident light. This optical phenomenon is achieved with
adroplet’s size in the range of the wavelength.

Other telecommunication applications could be achieved
with smaller LC droplets. Nanosized droplets of LC cannot
scatter the light in the infrared wavelength wavelength. But a
phase variation of the incident light can be achieved. Another
important property of the nano-PDLC material is its fast
response time compared to PDLC. The aim of this paper is to
achieve small-sized PDLC droplets [3]-{6] in order to use the
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phase variation for performing an optical attenuator or another
optical functions.

In this paper, we describe the material and fabrication process
of two types of cell:

1) specific nano-PDLC mixture for phase phenomena with
droplets smaller than 100 nm;

2) standard PDLC mixture usually used for scattering phe-
nomenathat we have optimized in order to limit the scat-
tering phenomena and improve the phase variation.

We present a theoretical modeling of phase variation. Then the
optical properties (residual scattering and phase variation) of
these cells are measured as a function of the driving voltage.
Experimental results are compared with theoretical results. An
optical application is proposed on the domain of the optical
telecommunication: a variable optical attenuator. In this paper,
we report an optical arrangement that uses the phase shifting to
disturb the coupling between two single-mode fibers.

II. MATERIAL AND FABRICATION METHOD

In this paper, we use a combination of LC (Merck Industrial
Chemicals), polymers, oligomer, and ultraviolet (UV) photoini-
tiators. We describe the principal and fabrication process of two
types of cell with a mixture of:

Process 1) 50% of liquid crystal BLO09 (An = 0.281 at
589 nm, 20 °C) and 50% of UV-curable pre-
polymer NOA 81 with a UV irradiation of 12
mw /cm?;

80% of liquid crystal TL 205 (An = 0.217 a
589 nm, 20 °C) and 20% of monomer PN 393
with astrong UV irradiation of 350 mW /cm?.
These mixtures are filled in glass cells with transparent elec-
trode in indium-tin-oxide (ITO). The thickness of cellsis cal-
ibrated at 11, 13, and 15 xm using spherical polymer spacers
to achieved the LC droplets. We use the UV photopolymeriza-
tion-induced phase separation [7], [8]. The adjustment of the
LC droplets' sizeis performed by adjusting the UV power, and
the UV light isfiltered at 356 nm. Process 1) gives hano-PDLC.
Process 2), with a maximum power of 350 mW /cm?, gives a
PDLC with microsized droplets structure called micro-PDLC.
After UV curing, the cells are sealed with UV epoxy glue.

Process 2)

I1l. THEORETICAL BACKGROUND

Our PDLC is composed of nematic LC droplets with a posi-
tivedielectric anisotropy Ae, n,, and n,, aretheordinary and ex-
traordinary refractive indexes of the droplets, respectively, and
nyp iIstherefractiveindex of the polymer. The optical anisotropy
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TOTAL PHASE VARIATION BETWEEN THE ON- AND OFF-S::;A'I\'EII_I\IIEF&NCTION OF THE CELL THICKNESS FOR TwO PDLC PROCESSES
Phase variation A®y e=11pum e=13 um e=15pm
Nano-PDLC (Process 1) 1.67 rad 1.97 rad 2.28 rad
Micro-PDLC (Process 2) 2.06 rad 2.44 rad 2.81rad

corresponds to An. = n. — n, and the refractive index of the
polymer n,, is chosen to be closed to the ordinary LC refrac-
tiveindex n,. The size of the droplets is much smaller than the
wavel ength of thelight used intelecommunication systems. So a
medium containing such droplets apparently becomes optically
isotropic to these wavelengths.

Without voltage, LC molecule aignment is uniform inside
the droplets but randomly oriented from one dropl et to othersin
the polymer host, so the effective refractive index isequal in all
directions at the average of the refractive index of three axes of
the elipsoid. Inside the droplets, the effective refractive index
for an operating light in this OFF-state is estimated to

NOFF = Lﬁno (1)
for alow value of the optical anisotropy (An < 1). When an
electric field is applied, the LC molecules in the droplets align
themselves parallel to the electric field due to the positive di-
alectical anisotropy. If the electrical field is parallel to the light
propagation, the index for an incident light in this ON-state is
estimated to be

NON = To- (2)

Therefore, different light processing can be achieved by ap-
plying an electric field. The variation of the effective refractive
index between the ON- and OFF-state is given by

AR =AoFF — RON
e — Ito A

Ap=le" T 20 €)
3 3

The phase of the output light shifts with the applied electric
field because the effective refractive index decreases. The op-
tical path of incident light in the LC/polymer medium can be
expressed, in the ON- and OFF-state, by

Lorr =7iorr-x-e+np-(1—x) €

Lon =non-x-e+n,-(1=x)-¢
An
AL:LOFF_LON:X'C'T (4)

for x isthe mass proportion (%) of LC in the mixture. We sup-
posethat the optical path inthe PDL Cisthe sum of thefixed op-
tical pathinthe polymer plustheoptical pathin LC withavaria-
tion of effectiverefractiveindex between norr and non versus
the electric field. Here, we aso consider that the phase sepa-
ration of LC and polymer by UV photopolymerization is com-

plete. The total phase variation between the ON- and OFF-state
for the incident infrared light is described by

2r-x - e

TN -An (5)

2m

Adr = AL- y =
where X is the wavelength of the transmitted light (1550 nm)
and ¢ is the thickness of the PDLC. We consider a variation of
L C refractive indexes of —20% between the wavel ength of 589
and 1550 nm at 20 °C [9]. Calculated total phase variations for
two LCs (BL009 and TL205) are reported Table . These results
are compared in the next section with optical measurementsand
discussed in relation to the topic of complete phase separation
of LC and polymer.

IV. OPTICAL PROPERTIES
A. Scattering Phenomena

Onegoal of thispaper consistsof making high phase variation
and low scattering cells. The scattering state is a parasitic phe-
nomenon that increases the insertion loss. Our experiment con-
sists of a free-space interconnection between two single-mode
fibers (at 1550 nm) through collimators with 400-.:m optical
beam. The cell is inserted in the free space to achieve mea-
surements. Fig. 1 shows the measurements of the optical atten-
uation and polarization dependence loss (PDL) in function of
the applied voltage for 15-.:m cells with @) nano-PDLC and b)
micro-PDL C mixtures. The driving voltage is a square wave at
the frequency of 3.5 KHz.

The nano-PDLC cell has aresidual optical attenuation range
of 0.6 dB with a saturation voltage of 150 Vrmsand PDL below
0.04dB. Themicro-PDLC cell hasaresidual optical attenuation
range of 2 dB with a saturation voltage of 10 Vrms and PDL
below 0.1 dB.

The nano-PDLC mixture alows limiting the residual scat-
tering with a ratio of 4.10~2 dB/V, but high voltage is neces-
sary. The micro-PDL C has low operating voltage but has more
residual scattering with aratio of 0.2 dB/V.

B. Phase Variation

This paragraph presents the phase variations of the cells. We
use a free-space Mach—Zender interferometer to characterize
the cells at 1550 nm. The cells are inserted in one of the in-
terferometer arms and the movements of the fringes (Fig. 2)
are measured versus voltage. The experimental curvesin Fig. 3
correspond to optical phase shifts for a) nano-PDLC and b)
micro-PDLC for 15-;:m cellsversus voltage. A total phase vari-
ation of 2.29 rad is measured with nano-PDLC at 230 Vrms.
This voltage corresponds to our experimental limit; we cannot



CHANCLOU et al.: PHASE-SHIFTING VOA WITH POLYMER DISPERSED LIQUID CRY STAL

ae]
=
o |
8 |
5 i =
1 %
=1 i =
= 1 5
< v
g 1
<3 | |
o ; .
0 50 100 150 200
Applied Voltage, Vrms
@
4,00 0,16

L 0,14
L 0,12
L 0,10
¥ 0,08

PDL, dB

g 006
+ 0,04

+ 0,02

Optical Attenuation, dB

0,00

Applied Voltage, Vrms

(b)

Fig. 1. Optical attenuation and PDL for (a) nano-PDLC and (b) micro-PDLC,
15-um cells.

apply higher voltage to reach higher phase shift. For micro-
PDLC, a total phase variation of 2.35 rad is measured with
a saturation voltage of 15 V (157 mrad/V). This material has
no threshold voltage and a very low saturation voltage. So the
micro-PDLC is a better compromise because it reaches almost
the same phase shift with alower voltage than the nano-PDLC.
We focus only on the micro-PDLC cells [Process 2)].

We have realized micro-PDLC cells with different thick-
nesses. The thickness of the cell plays an important role in the
total phase variation. Fig. 4 shows the total phase variation for
micro-PDLC mixture versus the cell thickness. We compare
experiment and simulation; the theoretical curve is given by
(5) and the parameters in Table I. There is a good correlation
between model and experiments. When the PDLC thickness
increases, the total phase variation and the saturation voltage
aso linearly increase. 7 and 27 total phase variations are
obtained for around 17- and 32-um cells, respectively. For a
32-pm micro-PDLC cell, the optical attenuation range due to
scattering is 8 dB with a saturation of driving voltage of 70
Vrms. The n cell isinvestigated now for an optical telecommu-
nication application.

V. AN OPTICAL FUNCTION: VARIABLE OPTICAL ATTENUATOR

We apply the phase-shifted function with micro-PDLC to re-
dlizeavariableoptical attenuator (VOA) for the optical telecom-
munication at 1.55-;m wavelength. To achieve the optical at-
tenuation, the micro-PDL C modifies the phase of only apart of
the optical beam. We report in Fig. 5 the structure of the active
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Fig. 2. Theinterference fringesfor micro-PDLC at 1.55 y¢em, 15-pm cell.

area of our VOA.. In order to apply a phase variation on only
part of the optical beam, a photopolymer pattern is deposited
on one substrate. A commercial photoresist is chosen to match
the o, index of the micro-PDLC. The simplest pattern is com-
posed of two pixels diagonally opposed. After patterning the
photoresist, the ITO coated plates are laminated and the mix-
ture is introduced. Then the polymerization of the mixture is
performed with Process 2). No etching is needed for making
electrodes because the substrates are completely covered with
ITO.

The cell with this structure is inserted between two
single-mode fibers, and the spot size of the beam is collimated
by a graded index (GRIN) rod (SELFOC lens) of 400-.m
diameter (Fig. 6). The optical beam is centered on this pattern,
which divides the beam in four parts. The cross-section is
composed of two micro-PDL C parts, which are electrooptically
active, and two polymer areas, which are optically fixed.
The control voltage is applied on the full cell and modifies
only the effective refractive index (and the optical phase)
of the micro-PDLC areas. The light passing through these
micro-PDLC areas is phase-shifted by « relative to its phase
without any voltage applied.

The Gaussian beam passing through this PDLC cell isthere-
foretransformed such that it has a symmetric center field distri-
bution, which prevents coupling to the symmetric fundamental
mode L Py, of the single-mode fiber. The light is converted to a
similar LP»; mode, which cannot propagate in the fiber. More-
over, this field cannot propagate in the GRIN rod with the ad-
equate property to achieve the magnification of the symmetric
fundamental mode of the single-mode fiber. The attenuator is
then at its maximum attenuation state, ideally fully blocking the
light (Fig. 7). For intermediate voltage, when the phase shift of
the light passing through the micro-PDLC areasis less than ,
only apart of the light is transformed to the similar LP,; mode
so thelight is partialy attenuated. The level of optical attenua-
tionisthus afunction of the applied voltage. When a saturation
voltage is applied to the electrodes, the micro-PDLC and pho-
toresist o, areas exhibit the same optical path so these areas
are optically uniform and no more phase shift occurs, which
leads to a minimum attenuation. Fig. 8 shows a polarizing mi-
croscopic photograph of the cell. The micro-PDLC uniformity
is good enough to allow an optical function with a spot size of
400 pm at 1.55-pm wavelength.

In order to achieve a good attenuator, we have chosen a
cell with more than 7 phase shifting. A 17-um cell thickness
is prepared. Preliminarily, this cell has been characterized
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Fig. 4. Total optical phase variation for micro-PDL C versus cell thickness. Solid line and dots represent theoretical and measured results, respectively.
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Fig. 5. Structure of the active optical area.
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Fig. 6. The VOA component between Selfocs.

by measuring the electrooptical characteristics in a uniform
micro-PDLC area. We have obtained a scattering attenuation
range of 3.2 dB, a 0.04-dB maximum PDL, and 3.25-rad phase
shifting at 18 Vrms.

Then, we have characterized the VOA by aligning the optical
beam in the phase shift area. Experimental optical attenuation,
PDL, andinsertionlossof theVOA isreportedindetail inFig. 8.
The alignment of the optical beam in the center of the pattern
and the adjusting voltage during alignment must be chosen to
optimize these optical characteristics. Fig. 9(a) shows a device
with a400-.:m collimated beam diameter with a 15.8-dB range
of attenuation, a maximum of 0.8-dB PDL, and a 1.5-dB inser-
tion loss. This same device with an appropriate alignment has
12- dB range of attenuation, a maximum of 0.5-dB PDL, and a
1.1-dB insertion loss [see Fig. 9(b)]. This result shows that the
intensity repartition in the four areas of phase shifting is critical
on the angular and lateral alignments between the optical beam
andthecell. Thelevel of attenuation and PDL isafunction of the
quality of the phase repartition. Another device has been done
with a 2-mm collimated beam diameter. Fig. 9(c) shows the ex-
perimental results: 10.5-dB range of attenuation, amaximum of
0.3-dB PDL, and a1.8-dB insertion loss. The saturation voltage
of these devicesisaround 18 Vrms, equivalent to the saturation
voltage of the phase phenomena. Thelarger beam size decreases
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the PDL because more droplets are crossed by the beam, sothe Fig. 9. Experimental optical atenuation and PDL versus voltage for
average PDL decreases. collimated spot size diameter of (a) and (b) 400 «m and (c) 2 mm.
The photoresist polymer index is chosen to be equa to the

index of the micro-PDLC: no,,. Inthiscondition, the scattering  perform an inverted VOA that is transparent without voltage.
and phase-shifted phenomena can be associated to limit thein-  We just have to use a photopolymer exhibiting the same phase
sertion loss of the device and to improve the attenuation range.  as the micro-PDL without voltage, for a 17-um thickness. If
The originality of this VOA is that the phase-shift architec- thereisno photopolymer layer to achieve a phase pattern in the
ture allows reaching a low insertion loss (=1 dB) even though micro-PDLC cell, the attenuation range and PDL are similar to
the level of the initial scattering attenuation is rather high (= those shown in Fig. 1(b). The design of the photopolymer and
2 dB). Moreover, the fabrication of the VOA iseasy; thereisno  micro-PDLC phase pattern must be optimized to achieve high
ITO ectching for the electrodes. With this architecture, we can  performance of attenuation.

Fig. 8. Polarizing microscopic photograph of the cell.
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V1. CONCLUSION

In conclusion, we have demonstrated the functionality of a
VOA based on phased shift micro-PDL C. Simulation and exper-
iments give similar results for phase shifting with micro-PDLC.
A 7 phase shift is obtained for a17-.m cell thicknessand alow
saturation voltage of 18 Vrms (= 1V /um). The residual scat-
tering attenuation of this mixture is around 2 dB. The optical
architecture of the proposed VOA prevents the drawback of the
scattering on the insertion loss. The phase-shifting VOA uses a
pattern of photoresist polymer to generate active area and static
ones in order to modulate the phase shift. An attenuation range
of 12 dB, 0.5-dB PDL, and 1.1-dB insertion loss with a satura-
tion voltage of 20 Vrms are trends of the commercial VOA.
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