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Dual-frequency addressed hybrid-aligned nematic liquid crystal

Yan-Qing Lu, Xiao Liang, Yung-Hsun Wu, Fang Du, and Shin-Tson wu?
College of Optics and Photonics, University of Central Florida, Orlando, Florida 32816

(Received 6 July 2004; accepted 27 August 2004

Dual-frequency addressed hybrid-aligned nem@ti&N) liquid crystal cell is demonstrated as a
variable optical attenuator at 1.36n wavelength. By controlling the low- and high-frequency
electric field, the dual-frequency liquid crystdDFLC) molecules can be reoriented parallel or
perpendicular to the substrates so that the maximum obtainable phase modulation is doubled. In
comparison to a homogeneous cell, the DFLC HAN cell shows a lower operating voltage and faster
response time. Furthermore, the DFLC HAN cell exhibits three stable states that have some
applications such as ternary photonic device2@®4 American Institute of Physics

[DOI: 10.1063/1.1809282

Liquid crystal(LC) has been used extensively for infor- When there is no external field across a HAN cell, the
mation display, laser beam steerirfg, spatial light LC directors vary smoothly from a vertical state to a hori-
modulator’ tunable photonic crystél,and variable optical zontal state, as shown in Fig(al, due to the different sur-
attenuator (VOA).5 For intensity modulation, twisted face treatment. Using the Frank elasticity theory, assuming a
nematié and homeotropiccells are commonly used because Strong anchoring at both substrates and using the single elas-
of their high contrast ratio and low operation voltage. How-tiC constant approximatiofk=Kk;;=ka,=ks3), we obtain the
ever, for phase modulation, thin homogeneous cell is a fainitial elastic director orientation anglepo(2) ~ z/2d,"*
vored choice because of fast response time and low operatir[;;ghiCh is approximately a linear function of the LC layer
voltage® To obtain submillisecond response time, stressed€pth(z), assuming the cell gaf) is along thez axis. The
LC,® polymer-network LC® and high-pretilt dual-frequency corresponding phase retardatidhof this cell can be ex-
LC* have been proposed. A common drawback of these ag2ressed as
proaches is that the operating voltage is quite high
~100 V,,o. There is an urgent need to reduce the LC oper- 2 1 (¢ dz
ating voltage for high speed LC phasltg modulators. I'= T“od ajo G—Tmqu)l’z -1}

Hybrid aligned nemati¢HAN) cell* is known to have
no threshold voltage. In a HAN cell, as shown in Figa)l ~whereR=1-n?/nZ n, andn, are the extraordinary and or-
the top substrate has homogeneous alignment while the botinary refractive indices, respectively;is the wavelength;
tom substrate has homeotropic alignment. Due to this speciat is the LC director orientation angle which equéisin the
molecular configuration, the Freederisckz transition threshfield-off state. Although the actual value is determined by
old no longer exists. It is therefore possible to achieve graythe ratio betweem, andn,, it can be proved that the phase
scales with low voltage which is very beneficial for displays 'etardation of a HAN cell is almost half of that a homoge-
and photonics applicatiotd However, a shortcoming of the N€0us(or homeotropig cell, provided that the same LC ma-
HAN cell is that its phase retardation is only about one halfi€ial and cell gap are used. This is because the hybrid mo-
of that of a corresponding homogeneous or homeotropic Ce||ecular_ alignment where the L.CS near the bottom substrate
For a LC optical phased array, ar2phase change is re- (sheaeng;g. 1 makes smaller contribution to the observed phase
quired. For a trgnsmlssmn type VOA, there should be at least When a low-frequency electric fiell is applied, the LC
a 7 phase tuning range. The reduced phase change of tr&ﬁre

HAN cell limits it lcati 1y for the photoni ctors tend to follow the electric field so that the director
» CEllIMItS 11S applications, especially Tor the photonic e ntation anglep(z) is changed. The equilibrium alignment
applications in the infrared region.

. . in this field-on case can be determined by minimizing the
In this letter, we present a dual-frequency liquid crystal; i free energy

(DFLC)* HAN cell for photonic applications with emphasis
on VOA atA=1.5 um. We demonstrate theoretically and ex-
perimentally that the dual-frequency electric fields can effec-

1)

s —— Z=d  4Z

tively drive the LC molecules to either parallel or perpen- —-— 6
dicular position with respect to the substrates. The total = IE
obtainable phase change is equivalent to that of a homoge- —_—

neous cell but at a lower voltage. Furthermore, the optical

decay time is Five times faster than that using single- . ) Z=0
frequency addressing. Finally, the DFLC HAN cell has three E=0 f<f, f>f,

stable states at high frequency, low frequency, and zero field, (@ (b) (c)

respectively, some ternary optical devices are also proposed.
FIG. 1. Schematics of a HAN cell. The rods represent the LC molecules

with the director orientation ofp(z). (a) Initial state atV=0; (b) a high
¥Electronic mail: swu@mail.ucf.edu voltage state at<f; (c) a high voltage state dt>f..
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FIG. 2. The measured phase change of anu8bHAN cell as a function of ~ FIG. 3. The total achievable phase changes of two816LC cells in
the applied voltage under different driving frequencies. From bottom to topdifferent alignments. The solid line is for the HAN cell, while the dashed

f=1, 4, 5.5, 8, and 30 kHz. lines are for a homogeneous cell.
1(%) |94 |? ) From Fig. 2, both voltage and frequency can be used to
F= Efo {k[ iz ~AsE” cos ¢(2) [dz, ) tune the DFLC HAN cell to a desired retardation state, which

makes the active driving between two arbitrary states pos-

where Ae=g,—¢, is dielectric anisotropy, defined by the Sible. To obtain a larger phase change, the cell normally
difference of dielectric constant parallel and perpendicular tovorks at frequencies far from the crossover frequency. In our
the LC director. Assuming a small molecular deformation,DFLC mixture, our low and high frequencies are chosen to

the director orientation angle change is given by be f=1 and 30 kHz, respectively. From Fig. 2, if we apply a
1 kHz, 10 Vs voltage to the HAN cell, the maximum ob-

AoE2/ d\2 tainable phase is —1.6at A=1.55 um. This value is about
H(2) - do(2) = - € <_> sin<lz), 3) 50% of the total phase retardation of an &&thick homo-
2k d geneous LC cell, which is 2.68 However, to obtain the
maximum phase change of the DFLC HAN cell, we could
which is directly proportional t&€? and shows no threshold. keep voltage a¥=10 V,, but change the frequency from 1
However, for a DFLC mixture thée is dependent on the to 30 kHz. The total phase change is thus doubled, which is
driving frequency(f).** When the frequency is below cross- one of the main advantages of the DFLC HAN cell.
over frequency, i.e.f<f. Ae is positive, but gradually To compare the DFLC HAN cell with the homogeneous
changes to negative whef>f.. In the high frequency re- cell for phase modulation, Fig. 3 displays their voltage-
gime, the DFLC behaves likes a negatite LC. Thus, the  dependent phase changes. The cell gap and the employed LC
dielectric anisotropyAe(f)in Eq. (2) is frequency dependent. material are the same. The HAN cell is driven between 1 and
As a consequencej(z) andI are all frequency dependent 30 kHz, but the homogeneous cell is driven by a 1 kHz elec-
for a DFLC filled HAN cell. tric field. From Fig. 3, the HAN cell has no threshold voltage
To realize the frequency tuning in a HAN cell as pre- while the homogeneous cell hd4,~2 V., Therefore, to
dicted above, an 8.am HAN cell filled with our homemade achieve the same phase chalsgy, L) the HAN cell has a
DFLC is used for the experiments. The physical properties ofower operating voltage than the corresponding homoge-
our DFLC mixture at room temperatu(@=25°C) are sum- neous cell.
marized as follows: crossover frequeniy=6 kHz, An=n, Besides the lower operation voltage, the dual-frequency
-n,=0.24 atA=1.55um, andAe=+4.7 atf=1 kHz and HAN cell also exhibits a much faster response time than the
Ae=-3.9 atf =30 kHz. To measure the phase retardation, thecorresponding homogeneous cell. In a homogeneous cell, the
DFLC HAN cell was placed between a pair of crossedrise time can be greatly improved by using the overdrive
polarizers™ An Ando AQ4321D tunable laser operating at schemée” However, the decay time relies on the elastic re-
1.55um served as the light source. A computer controlledcovery of LC molecules; it is determined by the visco-elastic
LabVIEW system was used for data recording and processingioefficient of the LC material and the cell gafio improve
Figure 2 shows the measured phase modulation undeesponse time, polymer network liquid crystal has been con-
different driving frequencies. The solid curve is fdr sidered. However, the high operating voltage and light scat-
=1 kHz. Because of the positivke, in the voltage-on state tering become serious concerris.
the LC molecules are reoriented along the field direction as The DFLC HAN cell offers an advantage for improving
described in Fig. ). The phase retardation thus decreasestesponse time. In both rise and decay periods, the electric
When the frequency is elevated to 4 kHz, the phase retarddield is present. As a result, both rise and decay time can be
tion follows the similar trend but the phase modulation depthimproved significantly. Figure 4 shows the optical decay
decreases due to the smallgke|. As f~f. which is time of a DFLC HAN cell based zero-threshold VOA work-
~6 kHz, the LC directors are hardly reoriented. However,ing at 1.55um. A compensation film is employed so that the
whenf > f., Ae changes sign and becomes negative. The LGO/OA is in the bright state a/=0. When a 5.8 W,s 1 kHz
directors tend to be perpendicular to the electric field, asignal is applied, the VOA is in its 7 state which corre-
shown in Fig. 1c). In this case, the phase retardation in-sponds to the “OFF” state. At this time, if the field is re-
creases with the applied voltage. The result§=o8 kHz and  moved the VOA changes from its OFF state to ON state. The
f=30 kHz are illustrated in Fig. 2. transition time(10% to 90% intensityis ~90 ms, as shown
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wl ) ) : ' ' ! lot of attention in different disciplines. The ternary states in
' LC materials and devices have been expldrelf However,
8 os} ! these approaches are either too complicated or not stable
§ ! enough, while our DFLC addressed HAN cell could generate
E o6} ! three stable states easily. Some applications, e.g., the ternary
& ' ‘ phase modulator, ternary logic device, and positive and nega-
F o4l ! e ing T tive tunable LC lens, by using the three stable states of the
' DFLC HAN cell are expected.
o0.2f ' 1 In conclusion, a dual-frequency addressed HAN cell for
00 . . L VOA application is demonstrated. The VOA shows no
0 50 100 150 200 250 300 350 400 threshold voltage and a much faster response time. In com-
Time (ms}) parison with the conventional single-frequency addressed

FIG. 4. The optical decay time of an 8:5m DFLC HAN cell based VOA HAN cell, the dual-frequency HAN cell has doubled phase
The solid line is the normal decay curve by instantly turning off the 58 V retardation. Because of the unique tri-stability feature of the

driving voltage. The dashed lines are for the dual frequency driving, wheré:.)FLC HAN cell, some applications such as the ternary op-
a 35 ms, 30 kHz voltage burst is used to assist the LC directors relaxatiotical devices are suggested.
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