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ABSTRACT

We report the demonstration of a compact laser-beam deflector based on electro-optic prisms formed within a thin-film
polymer waveguide. We fabricate planar waveguides using a polymer that can be readily poled and cured through the si-
multancous application of a poling voltage and heat. The index of refraction of each prism in the cascade, but not of the
surrounding polymer, is modulated by the electro-optic eflect through the application of a drive voltage, A laser beam, to be
deflected, is coupled into and out of the planar waveguide by cylindrical lenses. The application of a drive voltage creates a
sequence of prisms in the planar waveguide, which change the path of propagation of beam through the planar waveguide
with a variable angle of refraction depending upon the voltage. The deflection efficiency is observed to be nearly 100% and
the laser beam maintins its Gaussian intensity profile after propagating through the device,

Keywords: planar waveguide, polymer, clectro-optic effect, prism, domain inversion, laser beam, deflector, optical switch,
oploclectronic interconnect

1. INTRODUCTION

The most promising technology for high-speed steering of a laser beam without any moving parts is beam deflection based
on the clectro-optic cffect. Several device concepts for electro-optic (EO) deflectors have been reported in the literaturo,"™
Devices using bullf crystals are generally larger, heavier, and require higher driving voltages over a few kV. One can realize
more cl]'mcnlt-::lcwccs with lower operating voltages by using metallic electrodes on both sides of thin wafers of an electro-
optic crystal. 'I'Ius requires very expensive and difficult wafer processing techniques for reducing the thickness of stan-
dard wafers. Thin EO crystal wafers are not commercially available. Multichannel phased-array devices® have the advan-
:aon:;‘fallnw;pcmur!g vnlmgg (32V), but suffer from the presence of multiple grating lobes. Devices with slanted elec-
v[uila also a o;v lower operating voltages (150V) than bulk devices, but diclectric break down may occur when opposite
e ges are applied to closcly spaced electrodes on the same side of the wafer. Thin-film waveguide devices have also been

monstrated using angled electrodes formed on the waveguide surface.® However, they are also subject to dielectric break-

down between the closely spaced electrodes, and the ibi istorti isi

: y cy exhibit wavefront distortion arising from the non-ideal variation of

5;1'«: :I;::; 1?c1d l_x:tvmcn the clmmdcs.‘ A d‘cﬂcctor has been demonstrated that uses leaky modes of a planar wa\-cguirclI:“
ki s unique among planar devices in that the deflection is in the direction perpendicular to the plane, but some-

what higher operating voltages (5kV) are required. . ;

Alth . ;
A ough b::::nmlsil:;nni k;wc:smhn\*cwblecn mm:c in the literature,' their performance does not mect the demand
posed L problems must be solved prior to impl ion of EO defl [
< c : p ol s. First, the de-
x m;nae],lesl:as to be lw to cover a L"ll‘g: dynamic range. The EO cocfficient associated with a X, nonlinear opti-
5 % lmd zc mm‘ilm anv:]a;cs 10 provide a large scanning angle based on any cxisting device scheme, Second, it is
cocssary L B £¢ from the range of few kV down to 50 V or less, This will also reduce the possibility
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ith_simplified, fabrication methods,, where, improyed performance. is also. am:d; #Ther technical: development demon-
m‘s& far, in general, adds to devios complexity, and/or imposes difficolt fabrication processes, '

Non-mechanical beam steering devices are needed in a wide variety of commercial and nuhlary applications, including ad-
vanced laser radar (ladar), fiber-optic switching networks, photonic phase array an!mms, optical scnf.on, and laser prm_t-
ers. In particular, thin-film electro-optic beam deflectors have the potential for cwaun; a new clasls of integrated .ﬁber-opuc
switches in addition to free-space laser beam steering.”'® The resulting fiber-optic switch can actively and sclectively route
a large number of fiber channcls using only one clectrode, which provides significant advantages over existing dmm?:s.
These advantages include simplified operating scheme, low driving voltages, large number of routing channels, high
switching speed, small size, low cost, and high reliability.

Current active fiber-optic routers are very complex, costly, and too large for practical applications, The number of tech-
niques for achieving sclective fiber-optic routing are limited. Counted among, them are such methods as electrical-

In this paper, we report a device concept for constructing a reconfigurable optical interconnect that is based on a guided-
wave electro-optic beam deflector fabricated using thin-film polymer. We also present some experimental results on do-
main-inverted poling and beam deflection from our polymer-wavegide device.

2. DEVICE CONCEPT

Cladding Polymer

Fic. 1 Schematic of high-voltage pulsed poling to create

&n interleaving collection of domain-inverted prisms,
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i propa; thin the planar waveguide formed by the polymer layers will have its direction of prog
Amoduhg']:::dhe:sm‘lf pmpns;:t?:g“t,;\mugh ul;ct of physical prisms. The index of refraction of the prisms, though, is adjustable.
Thus, we can adjust the refraction that occurs at each prism interface by adjusting the applied \'DllﬂgF, This maqlﬁmnnn of
the index of refraction causes the beam to emerge from the device in a different direction. By varying the a?plzud voltage,
we can \y'ary arbitrarily the pointing direction of the laser beam. The deflection from the beams original path is 100% due to
the use of refraction instead of diffraction.

We use pulsed clectric ficlds to pole the device shown in Fig. 1. Onl}" one of !hc two iqlcrlca\'cd prisrn-;rray top clectrodes
has a voltage applied to it at a given time. In addition, we use opposite potanly to achicve the domain inversion of one se-
quence of prisms with respect to the other. When voltages are alternately applied to the dual top electrode structure s'hov.:n
in Fig. 1 to pole the polymer core, the electric field lines extend from the top electrode to the bottom clectrode, which is
uniform. Since the various polymer layers are very thin, the ficld lines do not extend out beyond the edge of the top elec-
trode by any appreciable extent. The polymer is thus poled essentinlly in only the regions where the patterned top electrodes
exist,

As described in relation to Fig. 1, a light beam propagating through the deflector refracts at the prism interfaces because of
the difference in the indices of refraction, n, —n,, between adjacent regions (see Fig. 2). In the presence of a uniform elec-
tric field £, the indices in the two domain inverted regions are

n=n+an(E) , (1)
m=n-an(E), (1b)

where , is the index of refraction in the absence of the applied electric field and An(E) is the index change induced by

the electric field £ via the electro-optic effect. The amount of deflection depends upon m=m =2An(E). Variable laser
beam deflection can therefore be oblained by varying the applied electric field.

Fic. 2 Deflector concept based on domain-inverted polymer prisms.

For an optical TM mode of the planar wave,

c ide, where the direction of the f i in i i
e el el lhem of the ferroelectric domain is along the electric field

index of refraction is

1 1 Vv
Bn(E) = Znin,E = R @)

where r, .in the electro-optic coefficient of poled core polymer and ¥ is the voltage applied across the multilayer polymer of
overall thickness d. The device produces a deflection angle'

L AN
a ﬂ.l'n?";. 3)

e ghte Leng Ferit bk S o{ﬁhnt,;,lﬁpwl.i‘mly.u'l‘hll model is based only on

l phase retarda across the wavefront, deflection angle in'this model depends overall
ﬂmu%p(mm&nQManmﬂdphmﬁ!ﬁumuq n:rmih:::[vmmt is mw«wﬂdu:mm
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sobdivi i ; j i ight lines: Such a simplified

ivided into indivi mmas_lgngumchwﬁmbctwamadjmcntpnms.mnmghl Sucl
moddmﬁ?m&miﬂmwﬂgluufﬁwmmmwm[n:g:,smocﬂimmbcnngmﬁmlmoum
of both refraction and reflection. i« o -

3. FABRICATION

i r waveguides using polymer. The waveguide core material is based on LD-3, which is a double-
fﬁ\;:mﬁiiﬁcd puf;:lncr consisting of a pol}-mclhy[-mcthaFrth (PMMA) ‘bac‘kbunc and an a.zohcnu:nc‘;
sulfone chromophore." 1t can be readily poled and cured through 11_1c nmu]tzmcuns nppllcauop of a poling \oll.ng!]:—:m
heat. The application of heat causes the small crosslinker molecules dmmsi.d.lrlc diisocyanate, which are addgd 1o the LD-3
polymer, to form covalent bonds with the LD-3 polymer chain, The material, h::x?cc. becomes a fully cruslslmllccd pol_'rmz?r
matris. When the poling clectric field is removed and the device returns to a nominal tcmpcm!um_, the poling mr‘mocd ori-
cnlation of the NLO chromophores is essentially locked in place because of tl}c complete crosslinking. The cladd{ng male-
rial is Norland Optical Adhesive 61 (NOA-61), which is an UV-curable resin, The waveguides have been l'ftbnml_l:q on
silicon substrates by spin coating. The solvent used is cyclopentanone rather than tetrahydrofuran as was used in the initial
demonstrations'* of waveguides fabricated using LD-3, Shown in Fig, 3 is a photograph of the pollshodl end face of one of
our planar waveguides. The thickness of the core material is 40pm and the thickness of the two cladding layers are each
24pm . The silicon substrate has a uniform coating of gold placed on it before the polymer layers are deposited. A second
gold electrode is placed on top of the LD-3/NOA-61 polymer layers after poling. The edges of the device 9[ cach cnfi of _lhc
prism cascade are polished to allow light to be coupled into and then out of the polymer planar waveguide by cylindrical
lenses, so that a laser beam, to be deflected, can pass through without disruption of its Gaussian mode profile,

NOA-61 top cladding
LD-3 waveguide core
NOA-61 bottom cladding

p AR ) 9

Fic. 3 Microscope photograph of the polished end face of o LD-3/NOA-61 planar waveguide, Not
gold top and bottom electrodes,

visible are the
We have developed a technique of poling polymer that uses a top electrode that is placed in electrical and physical contact
with the polymer by a conducting liquid."* Henee, this form of poling is called liquid-contact poling. We are pursuing lig-
uid-contact poling as a means of poling the pri i ince i
i '* The idea is to patiern the liquid-
y in contact with the polymer in prism-shaped regions, In pursuing the
ions, we have first constructed beam deflectors that are poled uniformly
i Ppatterned top drive electrode, it should be
with a patterned top clectrode, Although
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— top cladding
fl — waveguide core
g bottom cladding

g — uniform borom electrode

Fic. 4 Device structure demonstrating beam deflection.

The electrode structure shown in Fig. 5 is patterned by wet ciching. The top electrode consists of five prism-shaped regions
of thin-film gold. For clectrical continuity, cach prism is connected at its basc to the next prism.  The design includes a
contact pad for easy application of the driving voltage. Each prism has a height 5 =1mm . Thus, the cascade has a length
L =Smm . The device has a ratio /4= 5. The performance can be improved by decreasing the height /i to 0.5 mm and
increasing the length L to 5 cm. The combined affect would be to raise the ratio to L/ A =100, which is a factor of 20x
increase in L/ h over the value for the current design. Of course, there are many choices for the value of L and 4 that in-
crease the value of L/k. Clearly, though, the height /i of the prisms, which is the width of the active-region of the device,
should be as small as possible to increase the deflection sensitivity with voltage, but large enough to contain the laser beam
profile. Note that the amount of beam deflection a single-domain prism-cascade device can produce is 50% of a cascade of
interleaved domain-inveried prisms for a given value of the applied voltage, since only half the difference in refractive indi-
ces is possible,

gold top electrode

polymer planar waveguide

cuntacl pad

I];‘:g 5 Closc-up photograph of a beam-deflector device, which shows the patiemed gold electrode used to drive the
20 response.

4. EXPERIMENTAL RESULTS

;‘n’c h::e pursucd lhc_dwclgp;mm of a laser beam deflector based upon an array of domain-inverted electro-optic prisms
;;]-r?j] by puisod. poling mlhu} a polymer thin-film planar waveguide. We have made two primary achievements. Ome
cvement is the demonstration of domain inversion in electro-optic polymer and the other achicvement is the demon-

:_;:uon of beam deflection by an army of prism-shaped regions with controllable refractive index via the clectro-optic ef-

4.1 Domain Inversion

g:x;l;:;\ﬁug‘;t:d dululmf:-m\mod poling of LD-3 polymer, which is a technique necessary to make the interleaved cas-
The to clecl.rc;dc s :ﬁ “:l[;m:-mulact poling. 'l'?z: boltqm glcct.rodc is uniform over the area of the two regions (o be poled.
Sl li l:-q rectangular regions ?f indium-tin-oxide (ITO) patterned on a glass plate with a gap of ap-
i i & two clectrodes clectrically, This top electrode structure is placed in contact with the poly-

ng hexatriacontane, which melts at 75°C and becomes electrically conductive. The conductivity is larger than

that of
oflxwmomnm?h?u to cause a short across the gap. The top ITO-clectrode structure is held at a spacing
s umhm it mfnceouf the polymer by epoxy spacers. A static poling voltage of 275 V is applied
kil iednin temperaturc of 165°C for 55 minutes, which poles and cures the polymer, We demonstrate that the
o p: o(p;é?mm :uwuon: (I:; m ‘mm]_ by mmsurmg the electro-optic coefficient of each region
ple lldri\'m by a voliage with the same, magnitnde lnd,pnln—d;:?:ruch of ithe ke R0, The
" 4 Ttk T ey
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‘two regions. .- The -applied vollage is
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V. ,[n(a',_y) which oscillates at the angular l':equclln:‘y b_, where the peak voltage is 7, . A HeNe laser beam at 632.8 nm

i [ i icks 1 Ia at
inges sam| th equal amounts of s and p polarization. The reflected light picks up a phm' gkdcpcm:lcl
h;s::nlhe :Im:;t m:udpl ::;: of the clectro-optic effect. After passing through the 1/4 waveplate and the linear polarizer,
uj

this phase lag turns into an intensity modulation whose magnitude depends upon the strength of the electro-optic effect.
g |
] 05
&
O B0 H———t
) linear polurizer % g T
Iinem: 4 05 |-
polarizer (45°) 8 i
(a) pasition x (mm) ®

Fic. 6 (a) Schematic of the experimental setup using the reflection technique to measure the magnitude and relative
sign of the EQ cocflicient. (b) Recorded signal showing the change in sign of the EO coeflicient 7, ,

The total intensity received by the photodetector is
I(x)=1+1(x), (5)
where 7, is the unmodulated portion of the total intensity. The essential contributions to the modulated intensity is
1 (x) &, (x)V, sin(a, () . (6)

Equation (6) makes explicit the dependence of the modulated intensity upon the spatial variation of the poling-induced
electro-oplic coefficient - We use a lock-in amplifier to measure the portion of the optical signal oscillating at angular
frequency w_ . For the signal coming from reflection off of the "+" region, (he phase of the lock-in amplifier is set to make
the signal positive and maximum in value for one of the quadratures, As the sample is translated over (o the “~" region, the
magnitude and sign of this quadrature signal s recorded. The result is shown in Fig. 6(b). The signal changes sign as (he
probing laser beam crosses over from one region to the other. There is some variation of the magnitude of the response in
the gap region. Figure 6(b) shows that the two regions have clectro-optic coefficients r,, that are opposite in sign.

4.2 Free Space Beam Deflection

the polymeric beam deflector shown in Fig. 7(b). The planar
Waveguide sample is mounted on a sample stage with two cylindrical lenses. The laser is a grating-feedback diode laser

sereen. A video camer s placed to view the spot formed on the screen. The video camera output is recorded as still im-
Ages by a frame grabber and stored as digital images,

TP
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Fig. T (a) Schematic of the beam-deflector test bed and (b) photograph of the beam deflector. The screen for ob-
serving the beam deflection is placed 2 ft. (610 mm) from the center of the planar waveguide sample. Cylindrical
lenses 1" (6.35 mm focal length) and “2" (25.4 mm focal length) couple the TM-polarized lnser beam into and out of
the planar waveguide “3," respectively. The electrical connections to apply the DC drive voltage are not shown

We have observed beam deflection using our clectro-optic-polymer prism-cascade device. The experimental setup given in
Fig. 7 is used to record the beam deflection. The beam deflects in the negative horizontal direction for negative values of
the induced index difference An and in the positive horizontal direction for positive values of the induced index difference
An. The amount of deflection is symmelric with the applied voltage. Figure 8 shows pictures of the recorded laser-beam
spots for An=25x10". Note that the horizontal axis is calibrated by taking a picture of a ruler marked in millimeters,
which is placed on the screen at the location of the incident laser beam. From this calibration, we calculate that the range
of deflection is 0.14° for An=25x10". In addition, Fig. 8 shows that essentially all the beam is deflected. There is no
residual undeflected beam, Thus the deflection efficiency is ~100%. The fabricated device successfully demonstrated the
feasibility of the proposed concept of forming a beam deflector in thin-film electro-optic polymer. The result also shows
that a laser beam maintains its Gaussian intensity profile afler propagating through the device.
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Fic. 8 Images of the transmitted laser beam incident upon the observati or positi o
induced index difference, pon the observation screen for positive and negative values of

5. CONCLUSIONS
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