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ABSTRACT

The electrically tunable electro-optic component and photonics devices are the potential
bridge in the advancement of next-generation integrated optical devices, photonics circuits, and
display systems. Liquid crystals (LC) are the emerging material for developing electro-optics
and optoelectronic devices due to their intriguing properties, such as low driving power, high
electro-optic coefficient, and transparency in the visible and infrared spectrum. The use of LC
with polymers in the development of electro-optic devices makes them efficient, cost-effective,
and biocompatible components, which can be further explored as flexible devices. The LC can
be used as a core or cladding medium of compact optical waveguides, a propagation medium
in beam steering devices, and an electrically controlled microlens array.

The liquid crystal cladding-based optical waveguides comprise a polymer core that
propagates the light through it. The optical properties of LC cladding are tunable, which alters
the propagation characteristics of transverse electric (TE) and transverse magnetic (TM)
polarized light in the core. The LC waveguide-based optical attenuators and electro-optic
switches can be realized using such geometries. In the LC core waveguide, the LC acts as the
waveguiding medium sandwiched between the polymer cladding layers. The propagation
direction of the guided beam can be changed by developing appropriate electrode patterns on
the substrates. The triangular shape pattern of electrodes results in the LC core's electro-optic
prism, which causes the polarization-dependent electrically controlled beam steering in the
planar waveguides. In the LC waveguides, the fringing field plays a significant role in limiting
the steering angles; therefore, the exclusive utilization of the fringing field results in a gradient
refractive index that can be used for large-angle beam steering devices. The steering of the light
beam towards a common point using the LC medium integrated with a polymer layer is

accomplished as electrically tunable lenses.



The aim of the thesis is to explore the effective utilization of the nematic LC with polymers
in the development of compact, efficient, cost-effective electro-optics devices for guided wave
optics, integrated circuit components, and three-dimensional display systems. The work
focuses on developing integrated waveguides using polymers and LC films to present optical
attenuators, beam steering devices, and further advanced beam steering devices using fringing
fields in LC. The integration of the LC with polymer concave microlenses on the flexible
polymer substrates makes them varifocal and flexible microlens arrays. Towards the end of the
thesis, the integration of free-standing polymer film with guided wave optics is investigated to
demonstrate an acoustic sensor, and the potential application of LC in the fiber cantilever
systems in various fields is discussed.

In the first and second chapters of the thesis, the introduction and classification of the LC,
the background of optical waveguides, and their fabrication as well as characterization methods
are discussed. In the third chapter, we fabricated a planar optical waveguide using negative
photoresist AZ15nXT as the waveguiding medium and LC as the upper cladding, demonstrated
as a low-threshold optical attenuator. The waveguide operates at a low voltage of 1-4 volts and
attenuates TM modes when voltage is applied with a maximum extinction ratio of 12 dB. Then,
we used the LC layer in the core of the waveguide, and a polymer Polyvinyl alcohol (PVA) is
used as the cladding of the waveguide, which is discussed in chapter 4. A pattern of triangular
electrodes is developed on one substrate such that the tunable refractive index prisms induce
in the LC core when voltage is applied across the waveguide. The LC prisms steer the
propagated beam in the plane of the planar waveguide. In the presence of an electric field across
the LC core, the TE and TM polarized light steering in opposite directions. A maximum
steering angle of 7.3° is achieved for TM polarization at an applied voltage of 13 V. Then,
we investigated beam steering using the effect of fringing fields in LC.

In the fifth chapter, a non-mechanical multidirectional beam steering device is fabricated

using a pattern of an electrode system, which comprises a square aperture of the electrode-free

\"



zone. The light beam passes through the aperture of the LC cell, interacts with the fringing field
of LC, and steers in the direction of the gradient refractive index. A maximum steering angle
of 12° is achieved in this configuration, and the tunability of the direction of the light beam is
demonstrated on a two-dimensional plane by applying the voltage to different electrodes. The
concept of beam steering can be adequately employed to realize the lenses where all the light
beams steer towards a common point recognized as a focal point.

In chapter 6, we developed a concave microlens array using photocurable polymer NOA65
on the Polyethylene terephthalate (PET) substrate. The nematic LC is filled in the cavities of
the concave lens and realized flexible LC microlens arrays with electrically tunable focal
lengths. The flexibility and tunability of the microlens arrays make them promising
components to be used in near-eye virtual reality technology and three-dimensional displays
through integral imaging. The polymer films play a significant role in the electro-optics as well
as acousto-optics systems. The possibilities for efficient utilization of polymer films in acoustic
sensors are also explored. In chapter 7, we have extended this work by integrating a free-
standing polymer film on the tip of an optical fiber cantilever and established a highly sensitive
acoustic sensor. As a first step, we developed a polyvinylidene fluoride (PVDF) film on the
fiber cantilever, which oscillates according to the frequency of sound waves. The dynamic
range of the sensor is demonstrated as 100 Hz to 4000 Hz, and a high signal-to-noise ratio of
70 dB is achieved. Towards the end of this chapter, we discussed the feasibility of the extension
of this work by developing the LC-embedded polymers and elastomers on fiber cantilevers,
which can be potentially recognized in biosensing and soft robotics applications. The electro-
optic devices reported in the thesis can be explored by using other polymers and fast-switching

LCs that can create new avenues for the development of contemporary photonics.
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IR

faqgd U ¥ i I A Saiag-3iP® g 3R Wiciad farsy oftelt Uigh & Tahigpd
3w IUHRON, Bl fdhe 3R feua Ren ot Fafa & Juifad ga g | fafds fvea (Lo)
Saagl- SO SR SiPRdagi-d IuHRull $f AR B & fw I+Rad g 9l §, oY &
P ST UTR, I 3eiae-3HTToe orieh, SR TRamH SR SraRad WagH H URaRI 3aw-
3% IUGRUN & fasr H iR & W1 LC ST IUANT 3¢ I, AT THIET 3R SI9-T7a
YD SN 5, For 31 SFelicl JUBRUN &b =Y H @Il Sl §hall 5 | LC PT STIN Bl SHPbal
JANZS & HR T FafST ATend, §11 WAl Il & U TR [rend 3R ue fagyga Hafa
AIgehIcry TN & =0 H fhar o gel |

fafs forea FafST-snumd ifvwd damss § U Jgad SR gidl § Sl 39d J1ed J
UehTRT BT TR HRall 51 LC et & MOS0 SHad &, Sl DR T SR Soifagd (TE) 3R
YR YEB (TM) Ydipd UBIR Bl TER fIRWarsit &) seat a1 81 LC damss-3nuiid
3{PHd TegueR 3R gaide!-3ifPw g o T snfifa &1 IuaiT Hrds Heqy far S avar
81 LC ®R dass H, LC 95 ST WRal & a1 Yeidd by 7T dammsfen q1ed & =u §
BT BT 8 | Fe¥ee TR UG Sadels U [Adiad Hrap M RId ai &t TR 3= &1 agar o
THdl g | SAICIS & DIV SHR U o URUMEGRY LC HR & Fade -3 T gid §, ot
@R damgs # ydiaxu-FR fagga Fafa aiu Whafr &1 sRo sa1 81 LC dassy #,
RERIT & T Hewagul yftven Frairar 8, St Wi 1o o1 Wiferd e & gwerg, R 47 &
3 SUINT b TRV T GIe 3Uacich Jebich GIl & [ordep] SUTNT SS-ehIUT SitH WIART
JUHU & oTg T T qhdT 81 LC AT 6T SUURT b Udh ATHY fog B1 3R UahT=r fpvum
&1 LRI U AP IRd & 1Y THIGd gIdl § ol [dggd TU U i B arg a9 & FUH
gl &
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i &1 Iz MERIA T USRS, Thidpd Hihe gl 3R A ST UGRH Jorferdi
& foTT Bae, HRI, AT THTAT Soide]-SHTORT JUSRUN & [ H UiferR & 91y A8fes LC
& qUT ST BT Udl ST & | I8 1 LC H BhRST &5 o1 ST oveb 3iifPerd Te=gued, §tm
R {$argd 3iR S Id 17 Wi f$argd 421 oy o fg aiferR 3Tk LC ftherl &1 guaim
B TPIpd IS AHRId P R Hi3d 81 Tl S5 Jsgee IR Sgad fadd AIgehierg
& T LC BT THIPRU 35 dRBIDd SR T Hgeplery TR0 ST 51 ARw & ofd #,
AR R TR & 1Y Yo WS Igaeh [heH & TPHIDHR0 B e U eaf-idh TR I Uafd
H & AU 31 &1l & SIR fafte &5 § BIeeR sebe Red # LC & HIfad SFuaiT iR =i &t
ST & |

R & Ted 3R g 3reAml 7, LC &1 Uiy 3R i, iifded damss &t gy,
R 3% fmfor & Ary-ary demor gui faftat w =t @t wrh 31 f srem §, 799 TeRIES
BIERRRE AZ15nXT HT TN FP T WIFR HPHd daNSsS B davsiaT A1eqd 3R LC Bl
U FATET & =0 T I, o) HH-IRIes SHMPHd Teguex & & H Y& fRid fasan man | damss
1-4 o2 % HH el TR HIH HRAT 8 IR TM HIS B &fio1 el § o Aol &l 12 dB & Sifrad
I 81 & Surd & Iy A faan ST 81 R, g8 daTS & Yol § LC IRd HT ST {3,
3R T TgAP UliaISe 3ehied (PVA) BT IUUNT IaTES & ST & =7 | fobar S g,
et ==t srearg 4 B Y 71 B 1 Aivfig 3aaeis &1 Us U Ue gebee W fawRid farar sirar 8
SR o & B3 A1 3Tade Jadhich 05 LC HR H ORd BRd § e 3aT3s H dlees AL gidl
81 LC TS @R aaise & fqaH H vaiRad S dl 9aid g | LC HR & T fdggd & &1 Sufufd
# TE 3R T™ 7 fausid fe=mafi & uerer Tai &1 4aidRur fddn| 7.3 V,, & ardlees R TM
¢[dIHRUT & o 13° T BB an WIGRT HIvT U foar S g1 iR, 894 LC | b et &
YT BT JUTUNT PHReb STH LRI I ofid B! |

urad e H, U 1R-gife sglewnes $in ©af fSagy e 3aeis Ried & U &1
IUART Fxp e famar man g, o saacie-aaa & &1 Ue 9l TR XN gidr 8| YT
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fhRUr LC ¥ & TU=R ¥ oRd! 7, LC & fThfohT &3 & Iy araeiid &l 8, 3R gId 3uddd
GBI P! = H T 8| 3 PUBTRIA H 12° BT HfRpdH Wi 101 Uit far S g, 3ik
GBI faur &Y fa=n o1 AN o fafte goacls W diees dF] dab fg-Smam! fauqq R
TaRId foan ST 31 S WA &1 SfaURoN 1 3 PT (e 3 & g gai w0 3 o
forar ST garar § STet Tt v i e g fig ) 3iR Sgd § o i Uise & &9 § A

T 5

A 6 T, g Ul XYW (PET) Isdcc WR Hiciadiad Uitk NOA65 BT SUIRT
FRD TP HAqd ASehIai TR B RId $T1 "8H LC /add aF &1 Igisil & W1 gl § 3R
fIggd U I o A T Bidhd daTg & a1 Tia LC ATShicld IRIUET &1 UgH gidl & |
ARG TR BT i 3R SAfaferet S ifid AR & Aread ¥ Have-si@ smyrh
rRafdemar Mfiet ik B-smamf fewa & Iuah fre ST aret SIS gedh -1l § | 9gad
el saae-3iDeT & TTy-A1Y af-uebIRre! yonfera § #Aew@yul Yftrewt fAurd 81 eafe IR

A Sgaeh ther! & ST SUANT B GHTGTSN BT+ Ul AT ST 8 1 31earg 7§, §9A Teb Db

BIEeR SPHT B Al IR T WB1-RIST Ui b &) Tdhlpd B 39 T B! 9g1 & 3R Th
P YagId @afe IR RIMUT f5a1 81 Ugd Fad & & H, T BN dhc W TH
Ureifamgfersty waRgs (PVDF) fhed fawsRia ot St eafy ant ot Sy & SR Sle &l
T YW 1 A=A I BT 100 Hz ¥ 4000 Hz F &0 H yafRid fmar mr g, $iv 70 dB 3= fwra-
C-TIR U g1t forarT STl 8 | S 3181 & 3id &, 8 WISeR dieaiar R LC-TSS IR
3R ZARCIHY IR Hb 9 S & AR I HIGRIAT R 7201 1, o SRR 3R wiwe
JAsifeay Suan § IHIfdd TU § Tgar o gl 21 NRE § Rui by ¢ saec)-sifids
SUSBRUT B 3T TR 3R BRe-RAFRNT LC &1 I b @Il S Febdl § S GHBTAH
TICIER o faehTd o fofg 1Y IR &1 Hebel B |
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