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Abstract: In this letter, an embedded metal-wire nanogratimgs fabricated and used to construct a
multifunctional optical device. The basic functiohthe nanograting is broadband polarizing beariitepl On
the top of the nanograting surface, a homogenéyding layer was deposited, and metal-wires weygodited

in the grating trench. This multifunctional optiagvice based on the artificial material is desijméth a very
simple structure, but with the function of varialoptical attenuator, optical switch and variableicg power
splitter. The experimental result as variable @tmower splitter is presented.

OCI S code: nanograting, splitter, attenuator

I.INTRODUCTION

The wire grid polarizer has been in existence fomg time [1], but there are still many limitat®n
for its application in optical communication regidue to the challenges of nano-scale fabricatiah an
the poor adhesive, fragile properties of metal WR2e3] . Recently we proposed a new PBS/C
(Polarizing beam splitter/combiner) which is inde&d by Figure 1. Based on unique properties of
metal-wire nanograting the PBS/C consists of aesedf fine parallel metallic lines embedded in
substrate [4]. These wire arrays polarize effidiemhen the width of the wires and the space betwee
the wires are small enough compared to the wavtieofgthe incident light. As shown in Figure. 2,
light polarized perpendicular (P beam) to the mataks is largely transmitted and light polarized
parallel (S beam) to the wires is reflected. Thestho@mmon explanation of the wire-grid polarizer is
based on the restricted movement of electrons pdipaar to the metal wires. If the incident wase i
polarized along the wire direction, the conductéectrons are driven along the length of the wires
with unrestricted movement. The coherently excéksttrons generate a forward traveling as well as a
backward traveling wave, with the forward travelingve canceling the incident wave in the forward
direction. The physical response of the wire gsigd$sentially the same as that of a thin metaltshee
As a result, the incident wave is totally reflected! nothing is transmitted in the forward direatitn
contrast, if the incident wave is polarized perpemdr to the wire grid, and if the wire spacing is
smaller than the wavelength, the Ewald—Oseen figlderated by the electrons is not sufficiently
strong to cancel the incoming field in the forwalicection. Thus there is considerable transmission
the incident wave. The backward traveling wavelss anuch weaker leading to a small reflectance.
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Thus most of the incident light is transmitted. Tmbedded grating and its detail fabrication prsces
can be referred to our previous paper (referenc@l4¢ novel metal grid polarizer beam splitter we
developed using nanofabrication technique, whichedded the metal grating under a homogeneity
material as the substrate. The structure paramefgtismum works were done with the help of
commercial software G-Solver. Various metal layéckness and air gap height were simulated with a
given cladding layer thickness for transmissiorPabeam. Different duty cycle were simulated and
revealed that larger duty cycle @&/ will result in broader waveband of high efficign® beam
transmission, but the S beam reflection efficiemould be depressed if the duty cycle were too high.

Ag film thickness (t = 340 nm thick), air-gap (h1480nm thick) and upper cIaddinSO2 layer (h2

= 380nm thick) with a 200nm period 0.75 duty cy®&éA=0.75) were eventually chosen.

Tl-.r

Fig. 1. The structure of the embedded metal-wire nanograting which consists of a series of
fine parallel metallic linesembedded in substrate (Si02)
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Fig. 2. Light polarized perpendicular (P beam) to the metal wiresislargely transmitted through
the nanograting and light polarized parallel (Sbeam) to the wiresisreflected

It is worth to mention that we can use Ag to replaal largely because the embedded wire grating
structure, the Ag strip actually is hermeticallalegl so that there isn't surface rust concernifge T
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fabrication was started from u2n poly-methyl-methacrylate (PMMA) spin coated omtoquart

glass substrate; E-beam lithography was then wsddfine a high-resolution grating with a period of
0.2um and a duty cycle of 0.25. After development,10rh Cr was deposited sequentially. The
PMMA pattern was then lifted off to yield the 0.dbity cycle grating metal mask. Subsequently,

CHF,; /0O, plasma was used to anisotropic reactive ion etcthie quartz substrate with depth of

820nm. After stripped the residual Cr mask off shestrate in chemical etchant, 340nm Ag layer was
deposited on the grating bottom and upper surfgcphlysical sputtering, and the grating upper Ag

layer was then etched away i@IZ/Ar anisotropic plasma by slope the sample. The lastgss is
deposition 380nm thickS O, layer on the grating surface by slope the sampREEVD chamber

as the same way in th€|2/Ar anisotropic plasma etch process. The measuredizailan

properties were done using a 1550nm laser lighh aih incident angle of 20 The measured
transmission loss for P beam and reflection lossSfeeam is 0.15~0.18 dB and the extinction ratio
are larger than 40dB and 25 dB respectively. Thibexlded metal-wire nanograting not only provides
high polarization efficiency for two orthogonal pakations, but also can be operated with optical
signal of wide incident angle tolerance and broaVelength range. The unique property of this
embedded PBS/C is that it can be adhered with atbécal elements arbitrarily and can endure any
physical and chemical impact on trial due to theady homogeneity of the upper cladding layer. In
addition, this structure gives a high adhesiveitghibr AR coating on the upper side. These feaure
make this PBS/C desirable for optical communicaicapplication as well as other optical
engineering.

In this letter, we present a new multifunctionalvide based on this embedded metal-wire
nanograting. It has the function of variable ogtiattenuator, optical switch and variable optical
power splitter. The device as a variable powerttspliis fabricated and the experiment result is
presented.

II.AMULTIFUNCTIONAL DEVICE AND EXPERIMENTAL RESULTS

A proposed multifunctional device design is showedFigure 3. It employs four pieces of the
artificial material mentioned above. The two pieaéshe left side work as PBS. They are glued back
to back and their surfaces (top and bottom) areemwith metal-wire having the same orientation
embedded in nanograting. The other two pieceseatigfint side work as PBC. They have exactly the
same structure but their grating orientation igppadicular to the left side. The incident lightrfréhe
first fiber collimator at input port 1 is separatetb two orthogonally polarized beams (M1, M2) by
the left side PBS (A). The reflected S beam willreiected again by the top reflector then it viili
the right side PBC (B) from the top. The transmiitebeam will be reflected by the bottom reflector
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and then hit the right side PBC (B) from the bott@acause the right side PBC (B) is designed to be
perpendicular to the left PBS (A), the two beamis s@imbine together and go to output port 1.

Fiber Collimator
Fiber
Input 1
LC Rotator, PBS/IPBC
Voltage Perpendicular
controlled ] .-HI:I'I other
L _‘; o
,
L -
Transparence|
Glass v
X
Input 2 Output 1

Fig. 3. Multifunctional device based on embedded metal-wire nanogr ating.

It is worth to mention that a single piece metalewigrating couldn’t provide symmetrical
performance when the light beam hit it from top &#oettom surfaces, so that two pieces back to back
glued together is necessary from the point of vawpractical application. The drawback of this
design is that insertion loss for the transmisdigint beam will slightly increase. Additional beitgé
that the extension ratio of transmission beammptdved at the same time.

No matter what polarization state the input lightafter it passes through the PBS (A), it will be
separated into two polarization lights (M1, M2) €litvibrations are perpendicular, and the sum ef th
intensity of them is invariable. Supposing the iisiey value of input light is 1, we use the Jones
matrix method to calculate the intensities of ottfghts. According to the coordinate system in.8ijg
we suppose the Jones matrixes of two lights M1NRdre

Mlz(cowj 1)
0

Mzz(o_ j (2)
sina

When we insert a variable LC (liquid crystal) patation rotator unit between the PBS and PBC, both
of light beams pass through the LC unit only ortthere is a certain voltage applied on the LQ,uni
the S and P beam polarization angle could rotatpp&sing the ordinary refractive index of the LC
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unitis N, , and the extraordinary refractive index I&,, the angle that the polarization beams rotate

N

is 0, we can get the Jones matrix of LC:

cosgd - sind
MC=
sind cosd

e (3)
e ® " 0 cosfd  sird
izo & | \—-sind co¥
0 e Ne™Mo

PBC (B) can be regarded as an analyzer. Accordirthe Jones matrixes of these components, the
Jones matrixes of last two output lights can bekedrout:

e b
sinafl codfe & + sihge 't ™®

My o (4)
. Sta oba
cosalll codfle &0 + sihge e ®

FLIREL
y sina Lo si@¢ © © —e &0 ) ©
P L, S

cosr co@Isiflg & © —e &0

From (4), (5), the intensities of the two lights:ar

2
IoutputlzmM output@ = COSZ 2 (6)
2 .2
IoutputZZDM outputg =sin” 26 (7)
And Ioutputl-'-I output2 =1.
Whenb= 45°0r 90°, which means,,, ,~0 or 1, 1,,,,,=1 or 0, the input light can only go to

one output. This is an essential 1x2 switchf lis not integral times of 45°, the S and P beams
polarization would become S+P beams, therefore avédcget two outputs at both output ports. This
is an essential 1x2 VPS (variable power splitt€his splitter is a polarization independent device,
since the intensities of the two output lights iadependent od.

When we only deploy one input and one output, thign essential VOA (variable optical
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attenuator). Further more, we can add another ipprtat the left bottom corner of this device, and
this input light may go to output port 2 or outpatrt 1, therefore, this is an essential 2x2 swétod it
may also be used as a two-way mixer. We have aupltototype of this device, and the performance
meets most of the engineering application requirdmeA total insertion loss less than 1.1 dB has
been achieved and PDL (Polarization dependent isss)ly about 0.1 dB. For the VPS, 30dB tunable
range has been achieved, this means the cros®tdlke switch and the dynamic range for the VOA
is also about 30dB.

We also used a rotate able half wave plate to cepthe LC unit. When the two beams’
polarization directions are parallel to the wavat@laxis, there is no polarization state changs e
two beams pass through the wave plate. When thke degween the beams polarization directions
and the wave plate axis is 48he S and P beams will turn to each other aftessing through the
wave plate, and when it is between 0>4Be device will be a variable power splitter. Taki
advantage of the low insertion loss of the waveeplave already made a 1x2 manual variable power
splitter with insertion loss less than 1.0dB. Iderto enhance the controlling resolution of theSyP
we use a retarder to control the wave plate rotatihen the retarder rotates thirty-two circleg th
wave plate rotates one circle. As shown in Figyri érder to change the output power a perio@, th
retarder should rotate eight circles so that theewaate rotates 1/4 circle (90It is a purely passive,
low cost and practical device, and the retardexdjsistable with a screwdriver. It should be noted
that various variable OPS designs have been prdgmseiously [5-7], including fiber variable OPSs,
Y-junction waveguide variable OPSs, OPSs using meelded V-groove, OPSs using variable
transmission /reflection film technology, OPSs gsinthe multicasting capability of
opto-very-large-scale- integrated (Opto-VLSI) tedlogy. However, these methods suffer from
disadvantages such as small variable range, hidgéripation dependence, and low controllable
resolution. Because their application value is teaj few if any of these components have been
commercially available before.
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Fig. 4. The measured output power asa function of the retarder rotation when the device
works as variable power splitter
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IM.CONCLUTION

This paper introduces a multifunctional device dedbased on a novel PBS artificial material.
The multifunctional device has the function of VQOgyitch and VPS. This novel material consists of
upper cladding layer, air gap layer and metal-wyrating layer. It is desirable for practical
applications because of its excellent PBS/C perdoes, its ability of being arbitrarily adheredtwit
other optical elements, and the highly adhesivditabdf the AR coating on the surface. Our
experimental work shows that this device has loseition loss, low polarization dependent loss, wide
dynamic range, small package and low cost. Dubedtg potential market demand, it may become a
very important application in nano-fabrication teologies.

This work is supported by the “863” Plans of Ch{i@.2003AA302730).
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