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W e have st udied the dynami cal response at 633 and 1550 nm of a new
p olymer -li qui d crystal comp osite , reali zed in a form of a thic k grating . T his
comp osite is know n as Policryps, an acronym that stands for \Polymer Liq-

uid C rystals Polymer Slides ", because it show s a sequence of polymeric sheets
alternated by layers containing only liqui d crystal. Policryps gratings can b e
electricall y switched b etw een di ˜ractin g and non- di˜ra ctin g states w ith a

good di˜ractio n e£ciency in the visibl e region. A fter optimizatio n of their
p erformances, includi ng response time, in the near inf rared region, they can
b e conveniently prop osed as a key comp onent in photonic devices for tele-
com applica tion s. Our results show very interesting resp onse times ranging

from 1 to 3 ms (sw itching on ) and from 0. 1 to 0.4 ms (sw itching o˜ ). Fur-
thermore, switching ON times app ear to b e ruled by two di˜erent physical
mechanisms w ith characteristic times di˜ering by one order of magnitude. A
deep er insight of these mechanisms might lead to resp onse times, all in the

submill i second range.

PACS numb ers: 42.70.Df , 42.79.K r

1. I n t rod uct io n

A swi tchable di ˜ra cti on grati ng is a key com ponent for the real izati on of sev-
era l devi cesused in the chain of opti cal communica ti on netwo rks, such as swi tches,
add- and-dro p system s, beam deÛectors, routers [1]. For instance, one of the eas-
iest way to real ize an opti cal mul tipl exi ng/ demulti plexi ng devi ce is to integ rate
one or several swi tcha ble grati ngs in a gui ding system such as a Ùber or a wave-
gui de. A numb er of di ˜erent techno logies have been proposed for real izing such a
component, incl udi ng, qui te recentl y, a technology based on l iqui d crysta ls (L C)
m ateri als [2].
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R ecently an innovati ve pro cess has been proposed for the real izati on of
di ˜ra cti on grati ngs wi th polym er-LC composites [3, 4]. The resulti ng m ateri al has
been nam ed by the autho rs Pol icryps, tha t is \ POl ym er LIqui d CRYsta ls Polym er
Sl ides" . It is com posed by a sequence of homogeneously al igned LC layers sepa-
rated by isotro pi c polym er wa lls havi ng appro xi m atel y the sam e thi ckness of the
LC ones.

D ue to thei r morphology, being a stack of uni form and tra nsparent layers,
Pol icryps sam ples are inherentl y tra nsparent. Just few electro{ opti cal studi es of
thi s m ateri al have been unti l now perf orm ed [3{ 5]. Ho wever, thi s Ùrst character-
izati on gives a clear indi cati on tha t very hi gh di ˜ra cti on e£ ci ency (D E) can be
reached whi le the dri vi ng vol ta ge can be kept at reasonable values: in a few words,
Pol icryps seems to be a very attra cti ve m ateri al and i t is wel l worth conti nuing the
research studi es on thi s com posite in order to ful ly characteri ze i t and eventua l ly
to get feedback for i ts opti m izati on at tel ecom wavel engths.

The aim of the present wo rk is to give a dyna m ical characteri zati on of some
Pol icryps sam ples both in the vi sible range, at Ñ r ed = 633 nm , and in the near
inf rared (NIR ), at Ñ N I R = 1550 nm , tha t is the C-band of the 3rd wi ndow of
opti cal com munica ti ons.

2. P oli cr y ps op er at in g m od el

The sampl es we have studi ed have been ki ndl y pro vi ded by the group tha t
has invented Policryps at the Uni versi ty of Calabri a, in the frame of a runni ng
Ita l ian Nati onal Research Pro ject [6]. W e got two di ˜erent sampl es labeled as
HC B-25 and HCB- 31. They are made by a com positi on of No rl and Opti cal Ad-
hesive NOA- 65, di luted in a 30% concentra ti on of 5CB nemati c LC, comm ercial ly
avai lable by Merck (Germ any): the grati ng length was a few mi ll im eters and the
pi tch Ê was 1.34 ñ m f or both sam ples, whi le the grati ng depth d was 7.8 ñ m and
8.8 ñ m, respectivel y. The whole pro ducti on pro cessof Pol icryps is presentl y patent

Fig. 1. Policryps operating model.
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pending. Pol icryps sampl es were sandwi ched between glass plates and sealed. The
glass plates were ITO coated for appl yi ng an electri c Ùeld to the cell and no fur-
ther al ignment trea tm ent was m ade. The studi ed geom etry is sketched in Fi g. 1:
Pol icryps shows i tsel f as a thi ck grati ng, thus exhi bi ti ng di ˜ra cti on accordi ng to
the Bragg law [7].

By appl yi ng a proper electri c Ùeld, we can swi tch the grati ng am ong the ON
and OFF states. W i tho ut any appl ied vo lta ge, a l inearl y polari zed incident l ight
beam wi l l see the phase grati ng form ed by the two m ateri als wi th di ˜erent refrac-
ti ve index and i t wi l l be di ˜ra cted. Appl yi ng an externa l vol ta ge, the molecular
di rector in the LC slides can be reori ented changing the refracti ve index seen by
the im pinging l ight. Eventua l ly, we can reach the condi ti on n L C = n P ol y me r ; i f and
when thi s condi ti on is met, the beam is no m ore di ˜ra cted (Fi g. 1) y .

Pol icryps grati ng behavi or is stri ctl y polari zati on dependent: i t is possible
to observe a di ˜ra cted beam onl y for a p -polarized wave. The reason shoul d be
found in the m olecular orienta ti on inside the LC layers, schemati cal ly represented
in Fi g. 1. In the absence of appl ied electri c Ùeld, we can reasonably assume [5] tha t
the LC m olecular di recto r is ori ented para l lel to the glass plates and perpendicu-
lar to the polym eric sheets. W hen the Ùeld is appl ied the LC m olecular di rector is
rea ligned para l lel to the electri c Ùeld, owi ng to the positi ve dielectri c ani sotro py
of the nemati c 5CB. A nem ati c LC can be opti cal ly vi ewed as a uni axi al crys-
ta l wi th the opti c axi s di recti on coinci ding wi th the molecular di rector. Thus, a
p -po lari zed l ight beam im pinging at norm al inci dence on the sam plewi ll exp erience
the extra -ordi nary value of the LC ref racti ve index, n e, wi tho ut appl ied Ùeld, and
the ordi nary value, n o , wi th appl ied Ùeld. No w, let us recall tha t at Ñre d and 25£ C
the polym er NOA- 65 ref racti ve index is n p = 1:56 and the values for 5CB indi ces
are n o = 1:53 and n e = 1:71, respectivel y. As previ ously said, Pol icryps sampl es
in our exp erimenta l geom etry (see Fi g. 1) work in the Bra gg regim e. Accordi ng ly,
the maxi mum D E condi ti on is reached when the im pi nging beam is at the Bra gg
angle and not at norm al inci dence. Thus, the actua l LC ref racti ve index seen by a
p -wave pro pagati ng in i t is dependent on the angle ˚ between the light polariza-
ti on di recti on and the opti c axi s, namely n ( ˚ ) = n o n e= [n 2

0 cos2 ( ˚ ) + n 2
e sin2( ˚ ) ] 1= 2 ,

and is always smal ler tha n n e wi tho ut Ùeld and greater tha n n o wi th appl ied Ùeld.
Ho wever, at Ñ re d our Bra gg angle wa s around 1 3 £ and the corresponding n ( ˚ ) val -
ues are qui te cl ose to n e and n o, respecti vely. In concl usion, using the m ateri als'
opti cal param eters at Ñre d , a high index contra st is exhi bi ted by the grati ng layers
to the pro pagati ng l ight when no Ùeld is appl ied and a m uch smal ler one when
the electri c Ùeld is on. As a consequence, a hi gh D E is expected wi tho ut Ùeld and
alm ost no D E wi th electri c Ùeld.

y Of cou rse, in a rea l sy stem t h is con d it ion ca n b e fu lÙl led m or e or l ess accu ra t ely d ep en d in g
o n t h e ch oice of m a t er i al p ar am ete rs, t em p er at u re ran g e, an d wo r ki n g wa veleng t h: t h i s i s cl earl y

d em on st rat ed in Sec. 3.
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3. E xp er i m en tal

At Ñ re d , as expected by the discussion in the previ ous secti on, we actua l ly
observed over 90% D E and swi tchi ng o˜, almost at 0% di˜ra cti on, wi th an appl ied
vo l tage of 55 V. On the contra ry , using NIR l ight, a much lower D E less tha n
20% wa s observed; m oreover, at Ñ N IR a com plete swi tchi ng o˜ is reached f or an
appl ied vo l tage of about 45 V and increasing i t further leads to DE increasing
again to a few percent. Thi s resul t is not unexp ected because our sam ples were
pro duced for havi ng opti m ized perform ances wi th red l ight: we have reported and
comm ented it extensi vely in a previ ous paper [5], whi le in the present one we
focus our discussion on the dyna m ical response of Policryps grati ng to a vari able
electri c Ùeld. W e perform ed al l our m easurements on both sampl es. The obta ined
resul ts are qui te sim i lar, thus we report here only tho se for HCB- 25. In al l the
fol lowi ng, the impi nging l ight is always p -polari zed. Pol icryps response ti m es were
m easured by recordi ng the di ˜ra cted beam signal detected by a pho to diode. A
dri vi ng vol ta ge, enough to com pletel y swi tch o˜ the di ˜ra cti ve devi ce, was appl ied
to the ITO electro des, using di ˜erent frequenci es in the range of 1{ 100 Hz. In order
to avoid stati c electri c biasing of the sam ple, we always to ok care of applyi ng a
zero-average wa veform . Fi gure 2 shows the oscil loscope im age recorded wi th Ñ re d

l ight at vol ta ge f requenci es of 100 Hz (a) and 1 Hz (b), respectivel y. The appl ied
wa veform is shown in the lower part and the opti cal response in the upp er part.

Fig. 2. Optical resp onse, upp er curves, and driving w avef orm, low er curves, at 633 nm ;

(a) voltage frequency 100 H z, (b) 1 H z.

Fi gure 3 shows the analogous images recorded wi th Ñ N IR l ight. In Fi gs. 2b
and 3b, the opti cal response at 1 Hz exhi bi ts an irreg ular behavi or and even a slight
increase wi th ti me in the detected signal duri ng the hal f period corresp ondi ng to
the OFF state, tha t is when the appl ied vo lta ge is di ˜erent f rom zero. Thi s was
unexp ected and pro babl y due to a m olecular Ûow and/ or turbul ence induced by
free charge (i ons) m oti on under the e˜ect of a consta nt vol ta ge for a qui te long
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Fig. 3. Optical response, upp er curves, and driving w avef orm, low er curves, at 1550 nm;

(a) voltage frequency 100 H z; (b) 1 H z.

ti m e, say 500 m s. T o overcome thi s pro blem, we used a di ˜erent wa veform , in
whi ch the previ ous square vo l ta ge at a slow f requency f 1 is further m odul ated at
a f aster frequency f 2 , in the range of 1{ 10 kHz, the vol ta ge am pl i tude being Ùxed
at 60 V. General ly, liqui d crysta ls have response ti m es to o slow to fol low such
fast dri vi ng signal as the ones at frequency f 2 , so tha t the reori entati on to rque is
alm ost equivalent to tha t imposed by a constant vo l ta ge of the sam e rm s value.
Ho wever, in thi s way we can get ri d of any e˜ect caused by col lecti ve ion m oti on
inside the sampl e.

In Fi gs. 4 and 5, we report the same pi ctures captured on the oscil loscope
di splay as in Fi gs. 2 and 3, but wi th the doubl e frequency modul ati on of the
wa veform z .

A summ ary of the most signiÙcant results is presented in the T abl e. D i ˜er-
ences am ong the achi evements at Ñ red and Ñ N IR are again evi dent, despite the f act
tha t m olecular reori enta ti on in LC is obvi ously onl y dri ven by electri c and elastic
forces and must not depend on the l ight tra veling in the sam ple. However, the
response of the di ˜ra cti on grati ng is not im mediatel y and onl y related to the LC
m olecular di rector reori entati on. The di ˜ra cti on e£ ciency of a Bra gg grati ng is
rul ed by the so-called Ko gelni k form ul ax [7]:

D E = sin2
2 ¤ d Â n

Ê cos # B
;

where # B i s the Bragg angle, d i s the grati ng depth, Ê | the grati ng pi tch and
Â n | the di ˜erence between the polym er and the LC refracti ve index. The most
im porta nt physi cal param eter a˜ecti ng D E value in thi s form ula is the refracti ve

z No t ice t h at in Fi gs. 4b an d 5b , r eco rd ed wi t h f 1 = 1 Hz, t h e m od u la ti o n at f 2 is no t
v iewa b l e i n t h e wa v efor m, b ecau se t h e rat io i s t oo hi gh t o let b o t h fr equ en ci es b e d i spla yed
sim u lt an eously ; f or t he sam e rea son t h e sho wn am p li t ud e scal e (ch an n el 2) i s m ean in gl ess.

x For an i sot rop ic m at er ials Ko g eln ik f orm ula h as b een ext end ed b y t h e t h eor y of Mo nt em ezzan i

a nd cowor ker s [8] .
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Fig. 4. Optical resp onse, upp er curves, and new drivin g w aveform, low er curves, at

633 nm; (a) voltage frequency 100 H z, (b) 1 H z.

Fig. 5. Optical resp onse, upp er curves, and new drivin g w aveform, low er curves, at

1550 nm; (a) voltage frequency 100 Hz, (b) 1 H z.

index contra st of the grati ng. Unf ortuna tel y, not m any data about refracti ve index
values at Ñ N IR are presentl y avai lable for LC m ateri als, so tha t a comprehensi ve
compari son of theoreti cal predi cti ons and experim enta l Ùndings has not been yet
perform ed. Ho wever, thi s study is now in progress, incl udi ng measurements of
ref racti ve index values at Ñ N IR [9], because, in our opinion, i t is cruci al for a
correct design of Pol icryps grati ngs (and in general of LC- based devi ces) opti m ized
for worki ng at NIR wa velengths.

From the last two colum ns of the T able, we noti ce also tha t t O FF ti m es are
one order of magni tude smal ler tha n t ON ti m es, the form er being in the hundreds
of ñ s range, and the latter in the m s one. Let us recal l tha t the grati ng is swi tched
OFF whi le the electri c Ùeld is appl ied and swi tched ON when i t is rem oved. For
tha t, the to rque responsi ble for molecular reorienta ti on in the LC layers is rul ed
duri ng swi tchi ng OFF by the balance between elasti c forces and electri c ones. In
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T ABLE

Resp onse times of Policryps samples.

Light w avelength V oltage frequency Mo dulati on frequency

Ñ [nm ] f 1 [H Z] f 2 [H z] t O N [ñ s] t O F F [ñ s]

633 1 1000 1300 160

633 10 1000 1000 130

633 100 10000 900 70

1550 1 1000 2800 440

1550 10 10000 3200 320

1550 50 5000 1500 370

1550 100 10000 1300 320

our case, the electri c Ùeld is qui te intense, tha t is about 4.5 V/ ñ m , yi elding a fast
reorienta ti on. On the other hand, molecular reori enta ti on duri ng swi tchi ng ON is
onl y due to restoring elasti c f orces, tha t is m ainly to surf ace intera cti ons wi th the
polym er layers and the glass substra tes. Thus, the observed di ˜erence in response
ti m es is in agreement at least qual i tati vely wi th the physi cal pi cture underl yi ng
i t. However, we observed large Ûuctuati ons in the measured t ti mes, not com -
parable wi th tho se observed in t ones. For instance, standard errors in t

have been estim ated to be about 5%, whi le standa rd errors in t are even greater
tha n 25%, putti ng som e doubts on the wa y we have measured them , as the ti m e
interv al between 10% and 90% values of the maxi mum l ight signal detected by the
photo diode. Lo oki ng more caref ul ly at the swi tchi ng ON process, i t app ears tha t
i t is not rul ed by a single ti m e constant. Fi gures 6 and 7 show digi ti zed data of
swi tchi ng ON oscil loscope tra cks, open ci rcl es, to gether wi th a single exponenti al

Fig. 6. A nalysi s of optical response in the OFF {O N transition at 633 nm: digitize d

data (op en circles); single exp onential Ùt (dotted line); tw o-exponential Ùt (solid line).
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Fig. 7. A nalysis of optical resp onse in the O FF{O N transition at 1550 nm: digitize d

data (op en circles); single exponential Ùt (dotted line); tw o-exponential Ùt (solid line).

Fig. 8. Geometric dimension s of the grating (not in scale).

Ùt, dotted l ines, and a two -exp onenti al Ùt, sol id lines. The Ùgures corresp ond to
two properly chosen exp erimenta l recordi ngs, but al l the others gave com pletel y
sim i lar results. It is f airl y evi dent tha t the single exponenti al curve canno t Ùt rea-
sonably the data points, whi le a very good Ùt is obta ined by the tw o-exponentia l
curve. In fact, a â 2 value 100 ti m es lower is obta ined in the latter case, see the
inserts in Fi gs. 6 and 7. Thi s result gives us an indicati on tha t two com peti ng
physi cal m echanisms are interveni ng in restoring the ori enta ti onal order in the
LC layers: are both of them of elasti c nature ? An answer to thi s questi on and
a correct indi vi duati on of whi ch m echanisms are invol ved in thi s pro cess needs
further investigati ons, especial ly system ati c experim enta l measurements, but also
a proper theoreti cal m odel for i t. W e shoul d l im i t oursel ves at thi s stage to point
out tha t the geometry of the LC regions in Pol icryps is very di ˜erent f rom the
geometry in a com mon LC cell , where only a 1-dim ensional conÙnement is per-
form ed. Fi gure 8 shows clearly how LC layers in Pol icryps are conÙned in 2-D : in
one dim ension between the glass substra tes, and in the other between the polym er
sheets. Ho wever, the length scale is not the same in both di mensions, being about
8 ñ m in one and about 0.7 ñ m in the other. Thus, the rati o between characteri stic
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lengths in Pol icryps is of the sam e order as the rati o between the two measured
ti m e constants (shown in the inserts of Fi gs. 6 and 7). If further studi es wi l l pro ve
tha t these rati os are correl ated, and when we shal l have a m ore preci se idea of the
physi cal m echanisms involv ed, then we coul d properly act on the ancho ring energy
of di ˜erent surfaces, f or instance appl yi ng pro per surfactants, in order to let the
smal ler ti m e constant be the only one relevant in the swi tchi ng ON pro cess.Thus,
our goal is getti ng a sub-m il l isecond grati ng swi tch, in parti cular at Ñ N IR , whi ch
wi l l render Pol icryps a very interesti ng com ponent in the fabri cati on of photo nic
devi ces.

4. Co n cl usion s

W e perform ed a dyna mical characteri zati on of the Ùrst produced Pol icryps
grati ngs, undergoing an electri c Ùeld variabl e in ti me tha t perm i tted swi tchi ng
ON and OFF of the di ˜ra cted beam . In parti cular, we pointed out di ˜erences
between experim enta l Ùndings using red l ight and NIR l ight in the tel ecom C-band.
Our present aim is com bini ng these resul ts wi th theo reti cal m odels for anisotro pic
di ˜ra cti on grati ngs and wi th ref racti ve index measurements at Ñ N IR in order to
design and real ize Pol icryps opti m ized for tel ecom appl icati ons.

The observed response ti m es, ranging from 1 to 3 m s for swi tchi ng ON and
from 0.1 to 0.4 m s for swi tchi ng OFF, are al ready very attra cti ve for pra cti cal
appl icati ons. Mo reover, Pol icryps grati ngs, exhi bi ti ng a m ore com plex conÙning
of LC m ateri al tha n conventio nal LC cells, are interesti ng systems also for fun-
dam ental studi es on elasti c bul k and surface intera cti ons in l iquid crysta ls. Our
resul ts on the doubl e ti m e constant behavi or of the switchi ng ON pro cess can be
a starti ng point for further investi gatio ns in tha t di recti on.
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