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Polarization switch using thick holographic polymer-dispersed liquid
crystal grating

Yan-ging Lu, Fang Du, and Shin-Tson Wu?®
School of Optics/CREOL, University of Central Florida, Orlando, Florida 32816

(Received 18 August 2003; accepted 22 October 2003

Theoretical study of the optical diffraction properties of holographic polymer-dispersed liquid
crystal(HPDLC)-based thick volume grating was presented. It is found that the HPDLC grating can
selectively diffract thes-polarized light only,p-polarized light only, or botts and p beams by
selecting suitable grating parameters. When an electric field is appliest, éimel p-polarized lights
exhibit different diffraction behaviors and, thus, the tunable dual-state or three-state polarization
switching could be realized. @004 American Institute of Physic§DOI: 10.1063/1.1633337

I. INTRODUCTION concentration is larger than 70% to ensure high optical isot-
) ] o ropy without external field. The corresponding LC concen-

Holographic polymer-dispersed liquid crystelPDLC)-  y4tion is thus less than 30%. We define this condition as low
based volume grating has important applications in fréey ¢ concentration or high monomer concentration. In Sec. I,

space optical communications, fiber optics, integrated Opticye present results of this thick HPDLC grating without an
sensor system, optical data storage, and optical compters. gjectric field. We show that the HPDLC grating can selec-

The HPDLC grating is a composite system of liquid crystalyye|y diffract light with one or two polarization states by
(LC) and polymer. If the mixture of photosensitive prepoly- jitapje grating design. The corresponded working condi-
mer and LC are exposed to a UV light with periodically {ions and system performances are investigated. An applica-
varied intensity, which is normally a two-beam interferenceyjqp, i the fiber-optic area as a reconfigurable channel-based
pattern, p_enodlc phase_ separation could be '”_dUCEd- In tr\‘/?/avelength switch is proposed. In Section Ill, the diffraction
_bnght regions, polymerization occurs more rapidly than _thatproperties of thick HPDLC gratings with applied field are
in the dark regions. The LC molecules diffuse tqugsrk regioNSnyestigated. Because of the different diffraction behaviors of
while the monomer diffuses to the bright regionsAs a ¢ gnqp-polarized lights under an external field, the HPDLC
consequence, a superimposed polymer density and LC dropsay pe ysed to construct a dynamic two- or three-state po-
let grating is formed with the refractive index modulated iz ation switch that can selectively change the polarization

periodically. _ _status of the diffracted beam. Potential applications of these
Being different from normal volume gratings, the optical jayices are also discussed.

anisotropy of a LC makes the light diffraction in HPDLC

grating exhibit some special characteristics. It was demon-

strated that the HPDLC acts as an isotropic volume grating dt. HOLOGRAPHIC POLYMER-DISPERSED LIQUID
monomer concentration larger than 24%, where the convereRYSTAL WITHOUT AN EXTERNAL FIELD

tional Kogelnik's diffraction ”“?0@ could be applied.Qn In a HPDLC, if the monomer concentration is high, its
the contra_ry, th? LC_: droplets in HPDLC havel a qom'nateddiffraction properties are very similar to that of a normal
director orientation if the monomer concentration is low. Its

d is cl 08if th “volume gating made with isotropic materidléet us con-
order parameter is close to 0.8 It the monomer concentratiogjye 4n ynslanted grating with thickndssWe model it as

is less than 89%,thus the LC birefringence will affect the having two different domains. Domain A is solid polymer
c}ilﬁraTtl'\l/(? g'rf(?per'gles r?f the g'ratlr:%. Ind th;]s ?;Sbe, theregion without any LC droplets, while domain B contains
ogelnik's diffraction theory is Invalid and shou € 1€ Jower polymer content and a volume fraction of LC droplets.

plac_ed W't.h t_?f;‘ two-wave coupled-waye theory of aniSO-rnis model is based on the scanning electron microscope
tropic media ~1°To date, several theoretical and experimen-

. . . ]photographs published in Ref. 11. If the refractive indices in
tal works have been done on the diffraction properties ofomains A and B are, andn respectivelyng can be
HPDLC. However, these studies mainly focused on the,  occoq as A B "B
HPDLC with the cell gaps only around J@m. There is still
not much study on the diffraction properties of thick cellgap ~ Ng=fnc+(1—f)n,, (1)
(.g., 100um) HPDLC gratings. , , _ wheref is the filling fraction of the LC droplets, ¢ is the

In this article, the diffraction properties of ideal thick ofractive index of LC droplets, which is the three-

HPDLC gratings with high monomer concentration Were gimensional average index of the LC. Please note that the

studied theoretically. Here, the thick grating refers to grating,qre is not exactly the same as the index of pure polymer
thickness around 100m or thicker. The suggested monomer pao4use there are still some LC molecules trapped in the
polymer matrix and do not phase separate to form the drop-
dElectronic mail: swu@mail.ucf.edu lets. However, because the LC in domain A are fixed and

0021-8979/2004/95(3)/810/6/$22.00 810 © 2004 American Institute of Physics
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cannot be reoriented by the external electric fiéld, may

” '~
be treated as the refractive index of the polymer without 4 f > .
affecting the results. \J
According to Kogelnik’s diffraction theor§,the Bragg cc>>‘ ]
diffraction efficiencies for thes- and p-polarized lights are 2
given by = )
L S ]
. TNy =
= (&) -
L cog20) °
.| m™niL cog26 1
7p=Sir? \ cosé } & ]
whereL is the thickness of the HPDL@),is the Bragg angle 0. ) 1.0 1.5 270 25
within the grating, and, is the first Fourier component of n,xL (um)

the refractive index modulation. It can be expressedas
=|nA—nB|/2, where a sinusoidal index profile is assumi@d. FIG. 1. Diffraction efficiency of a HPDLC grating as a function of the
In the isotropic HPDLC, the refractive index modulation product of refractive _index_modulation and grating th_ickness. The §o|id line
- . represents the-polarized light and the dashed line is for tpepolarized
is identical for thes and p beams. The onIy factor that de- light. The diffraction efficiency for both polarization states can reach their
termines the different diffraction behaviors between differentnaximum simultaneously in this case.
polarization states is the cog{2erm in Eq.(3), which origi-
nates from the unparallel electric fields between the incident ) o )
p beam and the diffracteg beam. This explains why the ~ FOr many practical applications, the gating has to work
p-polarized light normally has a lower diffraction efficiency N @ Spectral band rather than a specific laser line. The spec-
than that of thes-polarized light. This phenomenon has beentral response of the HPDLC grating is studied. Results are
used as a criterion to judge whether a HPDLC grating isdisplayed in Fig. 2. Figure 2 shows that the grating has very
isotropic or anisotropic. However, in the case of a thick HP-Tlat response across the whdleband defined by the Inter-
DLC grating, there exists periodic energy exchange betweefjational Telecommunication UnioiTU). The maximum
the undeflected zeroth-order beam and the first-order dif?PL in this band is less than 0.02 dB, which is negligible.
fracted beam. The diffraction efficiency of thepolarized Besides diffracting both polarization states, the HPDLC
light may exceed that of the-polarized light because they 9rating is also capable of diffracting only one of them. When
do not evolve synchronously. Some useful characteristiclsc_os(mﬂ:(26_1)/%:1/2’1/413/4’-“’ th_e d|ﬂ‘ract.|on eﬁ",
thus are obtained. ciency of thep wave can reach its maximum, while there is
When |COS(29)|=(2€—1)/(2(—1)=1/3,1/5,3/5,..., where no di_ffractior_1 for thes Waye, i.e.,”r]p=1, 775:0- This is a_
k and ¢ are both positive integers anmd> ¢, it is possible to ~ Very interesting result, which means that the HPDLC grating
make 7,=7,=1 for a specific grating thickness, which acts asa pp_lanzatlon beam sphtter Whlle_malntalnmg_lts dif-
means that thep- and s-polarized light can reach their fractive ability. An example is shown in Fig.(@ with
maxima simultaneously. This is a very attractive feature. A€0S(#)=1/2. The work condition for this case is;x¢
we know, typical bulk gratings including the surface relief =1-34#m, which can be satisfied by the suitable design of
gratings and volume gratings are normally polarization dehe grating thickness and accurate control of index modula-
pendent. The unequal efficiencies for different polarizatiortion- Similarly, the HPDLC grating may also be designed to
states result in polarization dependent I6BBL) in related ~ ONly diffract thes polarization while keeping high transmis-
devices. Normally, the PDL has severe negative impact o8O0 for thep polarization. The general condition for this
the performance of an instrument. For example, in the fiber-
optic communication system, PDL induces a loss variation in 0.016

the transmitted signal and then degrades the optical signal- ' ' ' ' ' ' '
to-noise ratio. However, if a polarization independent HP- 0.014
DLC grating is employed, the intrinsic PDL could be elimi- 0.012
nated so that it is unnecessary to use the complicated optical
elements to suppress the PDL. Thus, the optical system be- c:g‘ 0.010
comes simpler and more economic. = 0.008
Figure 1 shows the simulation result of a HPDLC grat- § 0.006
ing with cos(#)=1/3, i.e.,k=2 and{=1. The correspond- ’
ing Bragg angle in the grating is 35.26°. If the average re- 0.004
fractive index of the HPDLC is 1.5, the grating density is 0.002
calculated to be 1118 grooves/mm for working in the 1.55
mm telecommunication wavelength window. From Fig. 1, 0030 1535 1,540 1,545 1.550 1,555 1560 1565 1570

both s- and p-polarized lights can reach their maximal effi-
ciencies if the product of index modulation and grating thick-
ness is 1.9um. FIG. 2. The PDL of a HPDLC grating within the ITQ band.

Wavelength (um)
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0.8 [ FIG. 4. Calculated contrast ratio of a HPDLC grating working as a polar-
> 1 ization beam splitter. The contrast ratio is defined as the absolute value of
s 07 [ the efficiency ratio between two polarization states.
£ 06
5 |
2 I
3 04t plication as a reconfigurable switch in WDM communication
?‘E: 03 systems. The input polarized bedfor example s polariza-
0.2 tion), that contains plenty of frequency components, is dif-
o1k fracted by the first HPDLC grating. An entrance converging
ool lens focuses the frequency-divided components upon a po-

0.0 : 1.0 i : : larization modulator array, such as 90° aligned twisted nem-
nxL (um) atic (TN) LC or Faraday rotator that can control the polar-
ization statuses of the output beams. Another identical lens
FIG. f3 I?iffra_ctiO_n jfficiengylof‘HPDLé? grating i? ifunCtion of theal;de- and grating that act reciprocally to recollimate and recom-
t of refractive index modulation an rating thickness wfencos H H H H
u:(:1/2 and(b) cos()=2/3. ¢ is the Braggg anglge in the HPDE?. The( s)olid bine the frequency-separated beams into an optical fiber. Be-
line represents thes-polarized light and the dashed line is for the _Cal!s_e each unit in the m(_)dUIator array can be antrqlled
p-polarized light. individually, we can intentionally change the polarization
state of any channel. If the polarization of a specific channel
is modified, the corresponding beam is not diffracted back to
the output port. A channel-based wavelength blocker or
feature is[cos(%)|= 2¢/(2k+1)=2/3,2/5,4/5,... Figure B)  switch is thus obtained. Furthermore, it is not difficult to
shows the diffraction efficiency as a function of < £ for  modify this system to be an optical channel power equalizer
both polarization states when cog[22/3. As n;X{  or even a reconfigurable optical add-and-drop multiplexer.
=2.12pm, only thes polarization is diffracted and thp Al of these devices have important applications in the WDM
polarization passes though the grating directly without dif-finer-optic communication systems, either for long-haul or
fraction. for metropolitan networks.
To evaluate the performances of these HPDLC-grating- Al of our discussions so far are based on Kogelnik’s
based polarization beam splitters, the contrast ratedined (djffraction theory, thus, our results should apply to other nor-
as the ratio between the ||ght intenSity of two pOlarizationma| isotropic volume gratings_ However, the fundamental

State$ is the main factor. Figure 4 shows the calculated congifference between the HPDLC and the normal volume gat_

trast ratio within the ITUC band for a HPDLC-based beam ing is its tunability. The related optical properties and pos-

splitter as described above. The system parameters are thple applications will be discussed in Sec. III.

same as those used in FigaB If the parameters for Fig.

3(b) are used, results remain unchanged. From Fig. 4, the

contrast ratio is over 30 dB for the most part of théband.

This contrast ratio is acceptable for many telecommunication M !

applications. If a higher contrast ratio is needed, cascading \

HPDLC layers may be a viable approach.
The polarization splitting properties of the HPDLC grat- N A2 -

ing have many applications, for example, optical addressing, HPDLC Lens 90°TN Lens HPDLC

variable optical attenuating, beam steering, etc. However, be-

FIG. 5. System schematic diagram of a channel-based reconfigurable wave-

cause the HPDLC grating combines the wavelength dlﬁracfength switch by using HPDLC gratings for both frequency diffraction and

tion property and POla_rizatior_‘ splitting ability together, _it Will pojarization beam separation. This wavelength switch may be used in the
enable other applications. Figure 5 illustrates a possible apaDM fiber-optic communication systems.
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I1l. DIFFRACTION UNDER AN EXTERNAL FIELD 1.0
When a sufficiently high voltage is applied to a HPDLC 09
cell, the polymer portion in the material remains unchanged 2 0.8
while the LC droplets are reoriented. When a HPDLC isin & 07 X
the field-off state, the orientation of the droplets is random & 06
through the sample. When the HPDLC is in the field-on 'f_f o5k
state, the LC directors inside the droplets are aligned along % 04
the electric-field direction. Under such a circumstance, the &
normal incident light encounters the same refractive index & 03
for different polarization states. However, the incident light 02
should always propagate obliquely in a HPDLC grating to 0.1
satisfy the Bragg condition. If the polarization of the incident 0.0
light is perpendicular to the plane defined by the LC director 00 01 02 03 04 05 06 07 08 09 1.0
and the wave vector of the incident light, tisolarization Normalized Electric Field

encounters the Qrdl_nary refraCF'V? mde.( In the.LC drop- FIG. 6. Diffraction efficiency of a HPDLC grating as a function of the

lets. If the polarization of the incident light is in the plane normalized applied electric field. The solid line representsstpelarized

defined by the LC director and the wave vector, which is thdight and the dashed line is for thepolarized light.

case ofp polarization, the refractive index in the LC droplets

is different. It is determined by main refractive indices of the

LC, ny, ne, and the angle between the LC director and thewheren,, andn,. represent the index modulation fer and

incidence direction as p-polarized light, respectively. Although this mathematic

NgNe f[rea(tjment is fnot suitable for thedhigAh gir_ef_ringent HPD_LrC]:,f it
_ , 4 is adequate for our present study. And, it is more straightfor-

(ngsin® 6+ ng cos’ )% @ ward than Montemezzani and Zgonik’s methddlthough

where is the same as the Bragg angle if the applied field ishe underlying physics is the same.

high enough to reorient the LC directors to be normal to the ~ Figure 6 shows the calculated diffraction efficiency in a

LC cell.l® The overall refractive index of the HPDLC then telecommunication wavelength window as a function of the

can be obtained by using, or n ¢ () to replacen ¢ in Eq.  normalized electric fielE o, on the HPDLC.E oy is de-

(1). As a consequence, light with different polarizations will fined as

nLC,e( 0)=

see the different index modulation,. The HPDLC grating 0 (E<Ey)

is no longer an isotropic volume grating although it still con-

tains high monomer concentration. Furthermore, because the Enom= | (E~En/(Esa=Ewn)  (En<E<Esd, 7
orientation of the LC director is determined by the field in- 1 (E=Egp)

tensity, the index mod_ulat|on, an_d thgn the light d'ﬁra(.:tlonwhereEth andEg, are the threshold field and saturated field,
should also change with the applied field. The electromcallyres ectivelv. From this definition. .. = 0. it means that
tunable HPDLC grating is thus achieved. P Y- b om

To study the light diffraction in anisotropic volume grat- the applied field is weaker than the threshold field of the

. ? o HPDLC so that directors in the LC droplets remain random.
ing, Montemezzani and Zgoriikextended Kogelnik's theory If Eorm=1, it means that a saturated field is applied and all

by two .aspfacts. Th? birefringence of .the refract_lve inde C droplets are reoriented along the normal of the LC cell.
modulation is taken into account by using tensor instead o _ = _
he systems parameters aig=1.5, n,=1.5, n,=1.75,

scalar for relative permittivity in the solutions of coupled- —65.91°, L =92 um. Assuming the LC filing factor in do-

wave equations. Moreover, they also considered the different ~. " " - L .
L . main B is 25%, thus, the original refractive index modulation
directions between the energy stream propagation and the . A
S R : IS n;~0.01 for eithers beam orp beam. When a field is

wave vector, which is due to the average birefringence in the

HPDLC. This phenomenon is very evident if the volumeapp“ed’ the refraptlve indices of the dllfferent _polarlzat|on
S . L : states undergo different changes in this special case. The
grating is recorded in a birefringent crystal. However, in the,
. . S index of thes beam should decrease gradually and then
HPDLC gratings that we are studying, the intrinsic average . : ;
. ) . . feach zero in the end with a saturated field, because the re-
birefringence is relatively small because of the high mono-, L . .
. : . fractive index in LC droplets matches well with that of the
mer concentration. We only need to consider the influence on . )
: L o - ~surrounding polymer matrix. On the contrary, because of the

the diffraction induced by the birefringence of the refractlvehi h birefringence(0.25 and large Bragg angle, the refrac

index modulation. The diffraction efficiencies & and 9 g ) 9 g9 angle,

p-polarized beams can thus be obtained by direct modifica;[-lve index of thep beaf“ n L.C dropletsnchle( 0), may be
X o arger than the three-dimensional average index of randomly
tion from Kogelnik's results as

oriented LC droplets if an external field is applied. The index
C [ mnyel modulation for thep-polarized light thus increases with the
s~ ()\ Cosg)’ ®  field intensity, which gives rise to some unique diffraction
characteristics as shown in Fig. 6. When no electric field is
applied, the HPDLC acts as an isotropic grating. Due to the
well-selected Bragg angle and HPDLC thickness, the

7p=Sir? (6)

Nyl cog20)
\ cosf '
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R\ ML 4 WA S 4 WL states by simply tuning the electric field. WhEp,m is zero,
0.9F\, s beam \ /‘- both s andp beams are highly diffracted; when the normal-
.. 08} \v [z pbeam “ /- ized field is 0.6 and 0.78y- ands-only diffraction are ob-
% ozl ‘\ ,’ \ ’ ] ta?neq with high efficiencies_,, rgspectiyely: We believe that
S 46k W ' \ I’ ] this kind of three-state polarization switch is not only funda-
T \ 1 \ P mentally interesting but also practically useful.
s °°r \v " “ ] The PDL and contrast ratio of these switching states are
S 04F ‘\ ' \ /l ] also studied. They are all close to the results shown in Figs.
£ o3} \ ' ;1\ 2 and 4, thus no separated figures are supplied. HPDLC grat-
- ozl ‘\ " ‘\ ] ] ing would exhibit other features by changing the grating de-
o1l N \ " ] signs. Combining the special polarization properties with
Y AV .\.\ /. light diffraction ability, other useful optical devices can also
O'%.o 01 02 03 04 05 06 07 08 09 10 be constructed.

As for the practicality of our proposed devices, a pos-
sible concern is the angular acceptance width of the incident
FIG. 7. Diffraction efficiency of a HPDLC grating as a function of the light because of the thick grating. For a 1@@n thick HP-
r_lormallzed applied e!ectl_'lc field. The _solld .Ilne representssﬂp@lar_lzeq DLC, the Corresponding full width at half maximum of the
light and the dashed line is for theepolarized light. Three-state polarization o . . . . .
switching is realized by tuning the intensity of the applied field. angular sensitivity is-0.01 radian, which IS ea_5||y ?Cmev' _
able for a laser beam. For a telecommunication fiber-optic

device, a suitable collimator may also be used to suppress the

s-polarized light is designed to be highly diffracted, whereasfiber divergence angle within the acceptance band. Another
the p-polarized light has no diffraction under this condition. issue associated with the thick grating is the device driving
When an external field is applied on the sample, the indexoltage. Normally, the field for driving the HPDLC is
modulation for boths and p beams changes so that their ~10 V/um,** thus the operating voltage for our devices will
diffraction efficiency cannot keep their original values anyreach~1kV which is quite high. Although choosing suit-
more. The efficiency of th@ beam gradually goes up from able surfactant may reduce the HPDLC threshold and satu-
zero, while the efficiency of the beam diminishes from 1.0. rated field by an order of magnitud®this technology has
For simplifying the derivation, we ideally linearize the rela- ot been widely used due to the problems associated with the
tionship between the index modulation and the normalized!PDLC surfactant. Moreover, to fabricate a thick HPDLC
field. When the normalized field reaches 0.34, thesample is a challenging task.

p-polarized light is highly diffracted while the efficiency of

s-state light is zero. When the electric field is 0.7, the dif-

fraction properties of the HPDLC grating change again with!V: CONCLUSIONS

75~ 98% and7,=0. The efficiency changes af andp We have investigated the light diffraction properties in
beams experience one and a half circles in the whole fielghpp ¢ gratings for both field-off and field-on states. If no
span and almost switch symmetrically due to our HPDLCeIectric field is applied, the HPDLC grating with a high

design: T.he Bragg apgle, |n|t|a! index_modulation, andmonomer concentration acts as an isotropic grating. The HP-
sgmple th|ckn(_ess. Obwpusly, a thlpker HPDI_‘C c;ould be deDLC grating could exhibit a very low PDL or high contrast
signed to obtr?un more circles of _eff|C|ency switching betwe,enratio between different polarization states by optimizing the
the two polgr!zat|on states,. b.Ut it makes the sample fabrlcagrating design. The corresponding required conditions for
tion more d'f.f'CU|t'. Thus, this Is not a preferreq approach._ different working statuses are derived. A possible application
These diffraction changes in HPDLC grating areé so IN-5q 5 smart channel-based reconfigurable switch is proposed.
teresting and useful that the HPDLC works like a light filter | - sufficiently high voltage, the HPDLC grating loses its
or modulator. We may intentionally let either kind of polar- isotropy. Thes- and p-polarized light show different diffrac-
ization be diffracted or blocked through electric tuning. If the o, o4 racteristics with the change of field intensity. Based

input light is linearly polarized, a variable optical attenuator/On this property, a dual-state or three-state special polariza-
modulator could be constructed without the rear poIarizatioqion switch is realized. In general, The HPDLC is such a

?nﬁlyzer n clommé)n pglar;zatlon mfdP'at_éfS” thg 'r?PUth versatile device that combines the grating diffraction, selec-
ight is unpolarized, a dual-state polarization switch Is thusg, polarization switching, and electric field tunability. Po-

obt_amed. Its physical mechanism is totally different from thetential applications for telecommunication light switches and
ordinary TN LC and Faraday modulator, although the Outpu{ 4 riaple optical attenuators are foreseeable.
polarization state is also controlled by the applied field.

In addition to the dual-state polarization switching, the
three-state switching is also attainable by selecting S“itablﬁCKNOWLEDGMENTS
grating parameters. Figure 7 shows the calculation results.
The studied grating is made with the same HPDLC for Fig. 6  The authors would like to thank Charles Wong of Cho-
but the internal Bragg angle and grating thickness are differrum Technologies and Hongwen Ren of UCF for useful dis-
ent. During simulationsf=63.43° andL=166.6.m are cussions. This work is supported by AFOSR under Contract
used. From Fig. 7, the HPDLC can work in three differentNo. F49620-01-1-0377.
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