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We developed a broad band achromatic linear paléwiz switch for visible and near infrared radiatiolThe achromatic
switch is based on a twisted nematic cell filledhwa dual-frequency nematic material. The swikltapable of fast

switching linearly polarized light between two axtjonal directions with a switching time in the iséicond range.
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1. INTRODUCTION

The switchable polarization rotators are of primgartance in many modern optical applications, sastdisplays,
spatial light modulators, and beam deflectors. hSaigotator can be designed with a half-wave etadly controlled
nematic cell with antiparallel alignment at the thmundary plates. However, this rotator can ogeoaty in a narrow
spectral band where the half-wave condition issfiati. A rotator comprised of multiple liquid ctsgs (LC) cells can
provide a broader operational spectral region J1, & twisted nematic (TN) cell alone can provide tachromatic
polarization rotation controlled by an applied éliecfield [3]. An ‘ideal’ achromatic rotation foa broad optical range
with a high contrast (a small induced ellipticityjght be achieved when the cell thickndsdight wavelengthA and
the nematic birefringencén satisfy the Mauguin condition >>A/2An [4, 5]. Unfortunately, a largd needed to
satisfy this condition causes a long switching tiofethe nematic devicezad?, see, for example Ref. [6]. Several
approaches have been suggested to use ratherNhiellE for polarization rotation [7-11], howevéietr dynamics have
not been explored. Recently we have shown thatdiyg dual-frequency nematics one can significagfiged up a
switching of rather thick nematic cells with antigitel alignment and large “pretilt” angle [12-14h this work, we
present the first results on the dynamics of dreddency TN cells and evaluate their performanceaarization
rotators. We demonstrated the operation of elstyi switchable thick TN cells as achromatic lingelarization
rotators for the wavelength range between 0.4 and 2.7y m with fast switching within 10 ms.

2. OPTICAL DESIGN

It is well known that the wave equation for lightopagation in helical structure along the helicdkséhas an exact
solution [15]. Analysis of this solution shows tha relatively thick TN cell rotates the linearlylarized light
achromatically: The vector of electric field follswhe twisted director structure of the TN cellhisTwave-guiding
effect occurs if the thickness of the TN agtkatisfies the Mauguin condition written 8s>>1, whereu = 77dAn/ A©

is the Mauguin parameter, ai@l is the angle of total twist [4, 16].

To analyze the Mauguin condition quantitativelyeaan calculate the transmittancef the TN cell placed between a
polarizer oriented along the director at the emteaplate and an analyzer oriented perpendiculartyé director at the

exit plate [5]:
T= sin® (Ov1+u?)
1+u? '

(1)
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Fig. 1. Transmittanc& vs. the Mauguin parametercalculated with Eq.(1) for 9qsolid line) and 4%(dashed line) TN cells.

Figure 1 shows the transmittari€evs. the Mauguin parametarcalculated using Eq.(1) for ®@nd 48 TN cells. As
expected, for a large that corresponds to the Mauguin regime, the tréttemee decreases nonmonotonously, through
the series of decreasing maxima and zeros. Thditadgs of maxima depend only anwhereas the positions of
maxima and zeros depend on bothind © . One can consider that the cell performs in tteifliin regime when T<1%
and, therefore, whem =10 for any twist angle®. This condition shows that to design & @@hromatic rotator for

A <2 um with a nematic material of typical birefringend& =0.22, one should use a TN cell of a rather large
thickness, at least 48m. Such a thick cell would show extremely slow dynamild,[as the relaxation time of TN cell
when the field is switched off is determined by:

d2
Tore = nglK ~1s, @)
off

where y, ~0.1kg[n™ & is the rotational viscosity an&, ~10™N is the effective elastic constant of a typical
nematic material [6].

To resolve the contradictory requirements of a tstemponse time and a chromatic compensation witaleed TN cell,
several multi-element approaches have been exploféget TN cell may be replaced by a linear poldidrarotator
containing two or more switchable LC cells. Foamyple, two identical half-wave plates were usedtierachromatic
rotation of the linearly polarized light in the g (450 — 700 nm) [1, 2]. The second half-wavéeplgas oriented to
double the polarization rotation while suppresshmg elliptic polarization induced by the first onkn the three element
design, the ferroelectric LC half-wave switchablate [7] or a thin 99 TN cell [8, 9] were placed between two passive
birefringent plates; the resulting transmittancéiiggh T = 0.98 in the visible range (400 — 700 nm). The achrdenat
polarization switch with a nematic cell sandwictedween two identical 183 N cells was designed and showed good
performance for visible or near infrared specteaiges [10, 11]. The multi-element optical destgmwever, imposes
strict requirements for the refractive indices rhatg and requires antireflection layers to diminikb interference of
reflected and transmitted beams.

A thick TN cell @=40u m) was tested as a polarization switch of infraradiation at10.6um [17]. The switch off
time of the thick TN cell was about 0.5 s in agreatrwith Eq.(2).

In this work, we propose polarization rotators fobse TN cells filled with the so-called dual-freqpeg nematics. The
distinctive feature of a dual-frequency nemati@ ifequency dependent dielectric anisotrdjs(f) =&, (f)—&,(f)
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which is positive below some critical frequendly and negative atf > f_, here g, and &, are the dielectric
permittivities referred to the director. The driving voltage aligns the director paratielthe field whenf < f_and

perpendicular to it wherf > f.. The dual-frequency nematic allows one to redbeeelaxation time because the direct

and reversed transitions between the twisted amdebtropic states are controlled by the driving agdt of proper
amplitude and frequency.

For a TN cell with planar alignment (the directois parallel to the bounding substrates), the switg time of the polar
angle for director reorientation towards the homaut state (parallel to the applied field of loreduencyf, ) is:

I, = yldz
' g Ae(fUZ-PKy,

(3)

where &, is the free-space permittivity ard is the RMS applied voltage. The switching timepofar angle for the
director reorientation from normal back to the Tihlts (perpendicular to the applied field with higdquency f, ) is:

yd®
T, = ) 4
", |De(f,)|UP + Ky “)

Assuming thatAe(f,) = —-Aeg(f,) =3, one can make both and 7, two orders of magnitude shorter thag. in Eq.(2)
by applyingU =30V .

Furthermore, if the original director orientatiom riot planar, but strongly tilted with respect be toundary plates,
a=rl4, bothr, andr, are short, as described by the formula [12]:

nd’
As(f)U?+2K,

(5)

L, =
go

We explore two approaches to design a switchaldadirand polarization rotator based on dual-frequérnd cells,
either @.1) one 98 TN cell or .2) two 45 TN cells with opposite handedness.

2.1. 90° TN cell

Equations (3-5) show that fast switching dual-fremqey TN cells allows one to employ the simplesttchéble
broadband polarization rotator, namely? 90N cell working in the Mauguin regime. The potani is parallel to the
director at the entrance plane of the TN cell. Tasmitted light may have one of the two orthaqgrolarizations:
parallel to director at the exit plane if the digcremains in the twisted state or perpendicuaditector at the exit
plane if the applied voltage transfers the direato homeotropic state. The 9UN cell does not require complete
reorientation into the homeotropic state becauskeifbulk region in the middle of the cell is innheotropic state, the
remaining distorted regions near the surfaces dcclmange the state of polarization. The perforraamaality of the
achromatic rotator is determined by how small s thaximum intensity of the unwanted polarizatiortha required
range A, <A<A., is. This intensity is determined by the large®t  for u=u,, in Fig.1, where
U, =7/dAn(A, )/ A,.,©. For arotator with aa priori defined quality? < 7., the formula foru,,,, above defines
the minimum cell thickness:

nax !

Ui (T ©) A e

max?

min — mn(/]max)

(6)
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Obviously, the thicker cells are more desirablewiver, in addition to the longer switching timae thick cells might
pose another problem, related to the backflow &ffee. material flows triggered by the directoonientation. To
mitigate the backflow effect, we used a polymebtitzation technique [18, 19]

2.2. Two45° TN cdls

The second approach for achromatic polarizatioatootis a pair of 45TN cells arranged as shown in Fig.2. A
horizontally polarized light beam is passing thiodke right-handed (TN1) and left-handed (TN2) Téllsc The easy
axes at the incident and output substrates ofélie @are shown by arrows in Fig.2. When the vatagapplied only to
TN1, to switch it into the homeotropic state, theident polarization is rotated by 4&ounterclockwise by TN2, which
is in the “off” state (no voltage applied). If TN2 switched “on” and TN1 is “off’, then the incidiepolarization is
rotated by 4%clockwise. As a result, depending on states of BNd TN2, the output light would have two mutually
orthogonal linear states of polarization.

1kHz or

Sl T

Laser m (@ 1 kHz

Polarizer

TN1

Analyzer

Detector
Fig.2. Polarization rotator scheme utilizing twd 2™ cells with opposite handedness.

The main advantage of this approach is that tifeTa6 cells can be approximately 2 times thinner t8@h TN cell
because,,, 0 ©, see Eq.(6). Decreasing the thickness by a fadtBrmakes the cell faster by a factor of 47dsd?,
Eq.(3-5). However, a drawback of the approach ithé increased number of reflective surfaces (telts instead of
one); the problem can be mitigated by using onencomglass plate for two cells, with conducting #leges at both
sides. Second, the incomplete reorientation ofithextor near the boundaries of the cell in theéotropic state might
transform the incident linear polarization intoimical. This unwanted transformation occurs beeathe director
alignment is at the angle of %®ith respect to the linear polarization of propimglight.

3. CELL PREPARATION

3.1. 90° TN cell

We use polymer-stabilized dual-frequency TN celithwhe planar alignment on the glass substratesthe dual-
frequency nematic mixture MLC2048 witl, = 1X9dz, Ac=3.2 at f;, =1kHz and A¢ =-3.1 at f,, =50 kHz (all

data for the room temperature) [13]. The planagnahent layers were prepared in a standard waypby &ating,
baking, and rubbing the polyimide PI12555 (HD Micystg@ms L.L.C.) over the conducting indium tin oxifd&O)

electrodes of the glass substrates. The rubbestratds were assembled in an orthogonal fashidme cEll gap of
45um was fixed by polyester films. The cell was filledth a mixture of MLC2048, a right chiral dopani®.1

(concentration 0.01% by weight), and a reactiveages RM257 (2%), all purchased from EM Industri@$he small
amount of R1011 was added to avoid degeneracy bative right and left twists and to assure a homeoges right
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handed twist. The helical twisting powdTP [ 28.4 ym™ of R1011 in MLC2048 was measured in the lab. Nbé&t

an excessive amount of chiral dopant might spdilcapperformance of the cell in the hometropidestay inducing a
strong twist in the regions near the substrates.

The reactive mesogen RM257 was used to diministbéioi-flow effects by developing a polymer netwarkide the
cell. The filled cell was cured under ultraviolight of intensity 40 mW/crfor 30 minutes at room temperature. The
polymer chains of mesogenic monomer grow alongdttector [20]. In order to form a polymer netwarénnected to
both substrates, we polymerized the mixture ingitesence of the low-frequency voltage30 V) that kept the director
in the homeotropic state. The connected polymbroré mitigated the backflow effect and reducedItgbt scattering
as compared to the polymer network created in thpap state. Note that a useful side effect o golymerization
approach was that in the field-off state, the doed the bulk of the cell was somewhat tilted gweom the planar
orientation, thus increasing the dielectric torcara eliminating the threshold of reorientation whae field was
applied.

3.2. 45° TN cdls

We prepared two 45TN cells with opposite handedness filled with thal-frequency material MLC-2048, using ITO
glass substrates with obliquely deposited SiO ghavides a high pretilt alignment (about’46r MLC 2048) of the
director. A high pretilt angle together with ddedquency feature of the LC material and overdgviechnique allows
one to significantly reduce the cell switching tii@]. Using Eq.(6) and optical characteristicstod MLC-2048, one
can see that a 45N cell of thickness 2@m, would provide efficient rotationT, <0.03) of the polarization of

incident light by 48in a wide spectral range (0.5 — 2im).
No chiral dopants were used for preparation ofeTN cells.

4. EXPERIMENTAL RESULTS

4.1. Thick 90° TN cell
We tested experimentally the switching performaofcé5 p#m thick TN cell in the so-called normally white mode],

with the TN cell sandwiched between a pair of cedspolarizers, Fig.3 (a). The TN cell was orientechave the
incident light polarized along the rubbing directiat the plate of incidence. Figure 3 (b,c) shbew the transmitted
light intensity (top run) is affected by the applieoltage at different frequencies (bottom run) thaitches the state of
polarization by 90 degrees. Part (b) shows therimédiate states of polarization, while part (cdveh the abrupt
changes of polarization by 90 degrees. In the field state, the TN cell shows an intermediatel lef/the transmission
(because of some tilt in the middle of the celldqueoed during the UV-polymerization), Fig.3 (b). ellow-frequency
voltage establishes the homeotropic state (zenstnatance in Fig. (b,c)) and the high frequencfage establishes the
TN state with the director perpendicular to thédfiand thus parallel to the bounding plates (maximansmittance in
Fig. 3(b,c)).

To speed up the switching process, we used shiz¢pof high amplitude at both driving frequend@lowed by lower
holding voltages [12]. Typically, the short pulsesre of RMS amplitude of 50V and holding voltagel6 V at 1 kHz
and 20 V at 50 kHz. Figure 3 (c¢) demonstratesasballoscope pictures of fast switching between tihisted and
homeotropic states. The response time wasdfbr both direct and reverse transitions betweenhbmeotropic and
twisted states.

To determine the transmission spectra of the rdthtearly polarized light, we placed the polymeakslized 45um
thick TN cell between parallel polarizers (normalilack mode of a TN cell [16]) in the sample contpemt of a
Spectrum One NTS PerkinElmer infrared spectromekggure 4 shows the transmission spectra of thec&Nin the
homeotropic and twisted states versus the waveigsgtid line) in comparison with the calculategnsmission (dashed
line) of the twisted state calculated using Egafdd the data on optical dispersion of MLC 2048 [21]

The transmission of the TN cell was>0.9 in the homeotropic state anl<0.02 for the TN state, in the broad
spectral range (0.4 — 24m), Fig.4. Note that the performance of the TN w&lk not optimized as we did not employ

antireflection layers of any kind.
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Fig.3. a) Optical setup: (1) diode laser wilh= 1.55:/m, (2) polarizer prism, (3) TN cell, (4) analyzeigon, and (5) photodiode;

b) transmitted light intensity (top trace) vs. slpwhanging sinusoidal voltage (bottom trace thnaives envelope of the sinusoid)

applied at two different frequencies: 50 kHz (ladirt of the bottom trace) and 1 kHz (right patg time scale is 2.5 s/square; c)

fast switching of the same TN cell by a sequenc8pafcial Short Pulses {,= Usg, =50V) and holding voltages (4,=16V,

Usoi~=20V), time scales are 25 ms/square.
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Fig.4. Transmission spectra of the polymer-stadilig@ TN cell of thicknessd = 45um placed between two parallel polarizers
vs. wavelength (solid line) and approximation adaagly to (2) (dashed line).

4.2. Pair of 45° TN cells

Figure 5 shows the transmission of linearly pokidight through the pair of electrically contrallet® TN cells
(arranged as in Fig.2) at =1.55um. The two cells are of opposite handedness. Ealths of thickness 2@m and

has a high-pretilt alignment set by SiO depositidin. switch the cells between the homeotropic daday twisted state
we applied the overdriving technique with high-aitojgle pulses and holding voltages at frequenciasdl50 kHz. The
analyzer was parallel to the output easy axis efsticond TN cell. The optical signal is changirmgnf maximum to
minimum as the linear polarization of light is sshied between the two orthogonal orientations. Swigching time of
both TN cells is about 2 ms, which is two ordersmagnitude faster than for the 2fh thick cell switched in the
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conventional mode, according to Eq.(3). The fasponse, however, is accompanied by a slow drithéntransmitted
intensity (less than 5%) when the cell is switchethe homeotropic state. A similar effect waseviesd in the 90TN
cell with no polymer stabilization and might beateld to the backflow effect and thus might be rattgl by the polymer

stabilization.
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Fig.5. Switching of the pair of 45TN cells at A =1.55um (uppr trace) performed by the sequence of higpliarde short

pulses (WUw~=74V, Usoi~=66V) and holding voltages =50V, Usq=5V) at two frequencies 1kHz and 50kHz
voltage Y (middle trace) applied to TN1;,ybottom trace) applied to TN2. The response tifneach cell is about 2 ms.
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Fig.6. Transmission spectra of the pair of #8ls with opposite handedness (a); TN cells arrarege and voltages applied during
measurement of transmission spectra (b).

In Fig.6a we show the normalized transmission speof the pair of 45 TNs. During the transmission spectra
measurements the TN1 was in the planar stajg{135V) while the TN2 was in the homeotropic state(k=50V) as
shown in Fig.6b. The analyzer was oriented pdradiethe output easy axis of the TN1 (upper cuivig.6a) or
perpendicular to it (bottom curve, Fig.6a). Thensmission spectra for the opposite case (TN1 htvopo and TN2
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planar) are similar. The optical transmission of B80% was observed in the wide spectral range-@%um. In the

visible part of the spectrum, the intensity of tmewanted light polarization is higher than for tinérared region
(Fig.6a), which is in apparent contradiction to(EY. This behavior of the transmitted signal isstqarobably caused by
the residual director distortions near the surfabas can modify the incident linear polarizationoi the elliptical one
and thus lead to the leakage of undesired polaizaf light. This leakage is more pronounceddoorter wavelengths.
It is not significant in 99 TNs as the director orientations at the oppositessates are mutually perpendicular. 1 45
TNs, the parasitic effect can be mitigated by fartloptimization of cell parameters such as thettaiggle and
adjustments of mutual orientation of the cells.

The optical signal experiences some additionallaioins in the infrared part of the spectra (uppanve, Fig.6a), which
may be caused by Fresnel reflections at the irtesfair/glass, glass/ITO, ITO/LC; the issue camaddressed by using
antireflection coatings and conductive electrodesentransparent in the infrared part of the spettru

5. CONCLUSIONS

We explored two approaches to design the achroriadgiar polarization switch for a broad spectralga from visible
to near-infrared. The achromatic linear polaratwitch based on the polymer-stabilized dualdesgy 98 TN cell
with a 45um thickness showed a response time of 10 ms andabpriansmission oT = 0.9 in the broad spectral range

from 0.4 to 2.7um. We further improved switching performance bylaemg the 98 TN cell with two 48 TN cells,

that allowed us to obtain a faster response tineuia2 ms, while preserving a relatively high lewdl optical
transmission aT = 0.9.
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F33615-00-C-1683 and NSF grants DMR-0504516 and B0A56221; we thank P. Bos and B. Winker for statinb
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