HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 10 8 MARCH 2004

Fabrication of planar optical waveguides by electrical microcontact printing
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This letter describes the fabrication by electrical microcontact prinityg.CP) of planar, optical
waveguides, and splitters made of pdhvinylpheno) doped with phloxine B. This
soft-lithographic technique uses a p@imethylsiloxang (PDMS) stamp coated with a thin gold

film to pattern the flow of current through the film of doped polymer. The current bleaches the
phloxine B, and thus creates regions of higmbleached; waveguide cgrand low (bleached;
waveguide claddingrefractive index. The maximum exposure time to obtaim=0.025 was 90 s.

This system is useful for guiding light having=600—1310 nm. These polymer waveguides
preserve polarization, and are able to guide light around 90° corners with a minimum radius of
curvature of 1.6 mm. ExCP patterned a X4 optical power splitter in 10 s. This technique is
potentially useful for rapid prototyping of planar and multilevel optical devices.2@®4 American
Institute of Physics.[DOI: 10.1063/1.1651329

This letter describes the use of electrical microcontactight sources limits the uniformity of patterns over large
printing (E-uCP)! to fabricate planar, polymer-based, optical area$ Polymer waveguides have also been prepared by
waveguides. In EzCP, a polydimethylsiloxang (PDMS)  molding and photolithographic techniqu5These guides
stamp coated with a gold film is placed in conformal contactrequire a planarization step to be used in multilayer devices,
with a polymer film [e.g., polymethylmethacrylate such as a microfluidic biosensor that would have a channel
(PMMA) or poly(4-vinylpheno) (PVPh] supported on a placed on top of the guides.
conductive substratée.g., a gold film on a silicon wafer We chose a system of PVPh doped with phloxine B for
When an electrical potential is applied between the gold filmthis work because it possesses four attractive qualitiBs:
on the stamp and the conductive substrate, current flows préhe materials are commercially availabl@) the system is
dominantly through the regions of polymer defined by con-processed easily into thin films by spin castif), the ma-
tact with the stamp. We have previously described the use atrials are transparent to red and near-IR ligh®0—1310
this technique to pattern areas of electrostatic potential in
thin films of PMMA!

E-uCP lowers the refractive index of a film of PVPh (a)
[Fig. 1(a)] doped with phloxine BFig. 1(b)] by irreversibly
bleaching the phloxine B. We used this technique to pattern
regions of low refractive indexcladding regionson either
side of regions of a high refractive indéguiding regiong
and thus to create optical waveguides. We designed, fabri-
cated, and characterized straight and curved waveguides, and
an optical power splitter. The planar geometries of the

waveguides produced by EEP can be arbitrary in design, (c)1.65 - -
i.e., there are no constraints on the shape, number, or size of 16 N T ;;,A’W“P"P“’P:T;::ZEBB
the guides that can be patterned. This technique provides a 3 163 1 Un;vc::)i\éplr\)lPh
rapid, low-cost method for fabricating planar waveguides to g 162 \‘\ = -+ Bleached 10%,yypypp) Phloxine B
be used in lightwave circuits. o
Photobleaching of dye-doped polymers using lasers or 2 161
UV light is another technique used commonly for the fabri- S 1.60 -
cation of planar waveguidés® Photobleaching uses illumi- ‘E 1.59 -
nation through photomasks, or laser irradiation and me- o A58
chanical translatiof;> to pattern optical elements. 1'57 ]

Photobleaching requires long exposufe® h):>*the expo-
sure times for ExCP are shorter than those for photobleach-
ing by at least a factor of 100 for similar areas. Distributions

in the intensity and limitations in the size and power of theFIG. 1. (a) Chemical structure of polg-vinylpheno) (PVPH; (b) chemical
structure of phloxine Bjc) plot of the refractive index as a function of
wavelength for undoped, phloxine B-doped, and doped PVP bleached by
¥Electronic mail: gwhitesides@gmwgroup.harvard.edu E-uCP.
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FIG. 3. (a) Optical micrographs of straight waveguides patterned hyCE
n-doped Si The light regionglow refractive indeX are those that are bleached, and dark

regions(high refractive indexare those that are not bleachéu). Plot of the

FIG. 2. Diagram describing the technique to bleach phloxine B by electricahormalized intensity of light as a function of position of the fiber with
microcontact printing E-uCP) to form optical waveguides. The unbleached respect to the center of the waveguides at 850(ciosed circlesand 1310
regions(dark are the waveguides and the bleached regitight) are the nm (open circles The input fiber and the collection objective were kept
cladding for the guides. A detailed discussion of this figure is in the Supplestationary while the guides were translated along the axis perpendicular to
mental Information. that of the input fiber. The soliB50 nm and dashed line€l310 nn) are
Gaussian fits of the data.

nm), and (4) the difference in the refractive index of the

doped- and undopgd—polyrger films is greater than 0.01 fofengity of the transmitted light through guides of 8 and 20
these wavelengthFig. 1(c)].” This system is optically trans- um in width as a function of location of the input fiber with
parent to commercially important wavelengths, €.§., regpect to the center of each guide. The statistics were gen-
=850 nm(data communicationsand 1310 nnitelecommu-  grated from data for 10, nonconsecutive guides and three
nications. In addition, previous research described waveggparate samples. The light coming out of the guide remains
guiding in photobleached, phloxine B-doped Holyl-  pojarized in the input direction to-100:1; this ratio is
pyrrolidone.’ equivalent to that of the light from the fiber. Figure 3 in

Figure 2 describes the process that usgs(® to print  EpaAPS shows these dafa.
optical structures by bleaching the phloxine B. The supple- The intensity of the light in 2Qsm-wide waveguides
mental information(EPAPS discusses the experimental de- (pleaching time of 90)sguided around 90° corners with radii
tails for the process that uses/EGP to print optical struc- of curvature from 0.15 to 6.3 mm was measured for
tures by bleaching the phloxine 8.We also include a =780 nm and 1064 nriFig. 4@)]. The design and optical
discussion of the characterization of the surface of the polymicrographs of these guides are shown in Fig. 1 in EPAPS.
mer film after bleaching and the possible mechanism of theve did not generate statistics for these data. We chose to
bleaching process. characterize curved, multimode waveguides of20 width

We used ExCP to prepare straight waveguides with pecause it was relatively easy to couple light into them, and
widths of 4—-20um. The guides shown in Fig.(& are rep- to measure the output intensity of the guided light, while
resentative of those formed by bleaching the phloxine Bminimizing the background scattering. The critical radius of
completely (bleaching time of 90 )s The light was edge- curvature for A=780 nm was ~1.6 mm and for \
coupled @¢=850 and 1310 nin from a single-mode, =1064 nm was~1.7 mm?? The behavior of these guides
polarization-preserved fibef—8-um-diameter; OZ Optics, was close to that predicted by an analytical approximation of
Carp. Canadainto straight guides. The smallest guide into coupled-mode theori?
which we were able to efficiently couple light was$ um in We also fabricated S-curve-shapedk 4 optical splitters
width. The polarization of the light was set to be parallel toby E-uCP. The design for the splitters was modeled using

the surface of the doped-polymer film. The coupling effi-Free BPM (Fig. 2 in EPAP$).2* The input guide in the
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@ 44 — uniform contact of the stamp with the surface of the polymer
film. This fact does not affect the performance of the guides
2 0.81 as long as the regions immediately latefat200 nm in
g width) to the guides are bleached, but may increase the
€ 06 amount of background light guided by the polymer matrix
o itself. Incorporation of rectanglegwith their long axis
N 0.4; aligned perpendicular to the length of the gyidan reduce
g the amount of unbleached area and the amount of back-
6 0.2 ground light.(ii) The time required to pattern the polymer
= film increases with both thickness of the film and concentra-
001" * 0D i . . tion of the dopant. The thickness of the films mustife um
05 10 15 20 25 3.0 and concentration of the dopant must 56.0%,pypn) for

Radius of Curvature (mm) reasonable exposure timék5 min). (i) The polymer sys-
tem is not well suited for guiding of 1550—-1650 nm light

(b) (long-haul communicationsbecause of absorption due to
C—H vibrational overtone$.
(©) We believe these waveguides may be useful for the rapid
1.0 prototyping .of mqltilayer devices—.e.g.., optical biosensqrs
2> i and three-dimensional lightwave circuits—as these applica-
@ 08 [ 4 { tions require topologically planar surfaces.
(]
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demonstrated the function of this device at 780 [fiys.  10See EPAPS Document No. E-APPLAB-84-006409 for experimental de-
4(b) and 4c)] and it performed as predictetFig. 2 in tails and additional discussion. A direct link to this document may be
EPAP§O). found in the online article’s HTML reference section. The document may

Electrical microcontact bprinting can pattern optical also be reached via the EPAPS homepéuép://www.aip.org/pubservs/
’ - p g p p epaps.html or from ftp.aip.orgin the directory /epaps/. See the EPAPS
waveguides of arbitrary shapes over areak cnf. These homepage for more information.
waveguides operate at commercially useful, visible, and!Coupling efficiency was measured by dividing the value of the intensity of
near-IR wavelengths. The fabrication process is rfﬁpfidl 5 light emitted from the end of the guide by that emitted from the end of the
. . ' . ) ) fiber.

min) _ar?d is low _COSt because .|t does not require the l.'lse 01fzMinimum radius of curvature necessary for guiding light around a corner
specialized equipmente.g., high-power lasers or high- s related to the difference in the refractive index between the core and the
voltage (kV) power supplies The bleaching process is ef- cladding of the guide. ~This value Afy7s=0.023 and
fectively irreversible under ambient conditions; guides pre- 2Naossy=0.019)was similar fo that foa =850 nm and\=1310 nm
pared by this technique that were over four months old (4Mes0=0.021 andAn(sio=0.019), and thus we expect these wave-

. . . . lengths to have cutoff radii similar to those measured.
retal_ned_ their patterns W|thout any measurable change in res Tamir, Guided-Wave Optoelectronic@nd ed. (Springer, New York,
fractive index contrast or in performance. 1998.

The technique has three limitatior($) the bleaching of 14'I_'his frgeware uses the _beam propagation meth'od to m'odel the behavior of
featureless Iarg(:>0 5 crr?) areas uniformly is difficult; the light in 2D waveguides. The software is available at http:/

! ’ ! . ! freebpm.com

exposure of these areas tends to leave regions of unbleach®fiodeling software suggested that a small change in refractive index
material. We believe the unbleached regions result from non- would yield high-quality splitters based on our design.
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