ADVANCED
MATERIALS

Reprint

© VCH Verlagsgesellschaft mbH, Weinheim/Bergstr.

Registered names, trademarks, etc. used in this journal, even
indications thereof, are not to be considered

without specific,
unprotected by law. Printed in the Federal Republic of Germany



~_ ADVANCED

Communications

MATERIALS

(1e): 'H-NMR (200 MHz. CDCly) (0): 3.95 (5. 3H). 6,15 (d. 7 — 4.1 Hz. I1H).
6.85 (d. J=4.04 Hs. TH) 7.03 (d. J=9.22 Hzo 2H). 781 (s 2H). 816 (d.
J=9.24 Hz. 2H).

(2b): "H-NMR (200 MHz CDCL) (4): 2,40 (s. 3H). 6.10 (dd. J=0.9 Hz.
J =328 Hz. I1H). 6.56 (d. /- 3.24 Hz. [H). 7.10 (d. J = 9.2 Hz. 2H). 7.62 (s,
1H). .02 (bs. 1H1. ~ 17 (d. /=9.24 Hz. 2H).

(20): "H-NMR (200 MHz. CDCly) (#): 2.52 (s. 3H). 6.71 1dd. J = 1.1 Hz.
J=358 Hz. TH) 699 ¢d. J = 3.54 Hz. TH). 7.06 (d. /—9.22 Hz. 2H). 7.26 (s,
2H). 7.89 (bs. TH1 ~ 17 (d. /=922 Hz. 2H).

(3b): "H-NMR (200 MHz CDCL) (): 3.80 (s, 3H1. 6.78 (. / - 3.92 Hz. TH).
6.88(d. J=9 H/.2H). 7.09(d. J =9.1 Hz. 2H). 7.40¢d. J - 394 Hz TH). 7.52
(s. TH). 8.06 (bs. TH)

(4b): "H-NMR (200 MHz CDCly) (¢): 231 (5. 3H) 651 (. /- 3.92 Hz. [H).
7.05-7.14 (m. 4H). T 40 0do J =39 Hz. TH). 7.53 (s. [H1 N 13 ihse TH).

(5a): "H-NMR (200 MHz CDCla (8): 3.79 (5. 3H1 665 «d.J — 15.96 Ha.
[H). 6.86(d. /=904 H/. 2H). 7.02(d. /=898 Hz. 2H). " 1otdd. /= 9.12 Hz,
J=1594 Hz. IHy». 749 756 (m. 3H). 7.78 (bs. IH}. x.1utd. ./ S88 Hz 2H).

(5b): "TH-NMR (200 \MHz CDCla) (4): 3.79 (s. 3Hi. 641 «d. /1381 Hz
1H). 6.50 (d. /357 Hso THY. 686 (d. /=9 Hz. 2H) " 02 odo /9 Hz. 2H).
7.24 (dd. J =933 Hso o 1387 Heo 1TH). 7.34 (do 7 381 Heo THY 744 (d.
J=9.54 Hz. IHy. ".7v ibs TH).

(5¢): "H-NANTR (200 MHz CDCly) () 3.79 (s. 3y, 663 d. /1388 Hz.
TH)Y 6.84 708 im. SH) 7 42(d. J=8.66 Hzo TH). "NLodo /0 4320 TH).

(6a)y, "H-NMR (200 MHz CDCly) (8): 230 (5. 3H) 666 od. /1596 He
THY. 697 (d./ -~ 32 H/ o 2H) 710(do S =828 Hz 2H " 1endd /o 912 He
J 1596 Hzo TH) "520do /- 904 Hzo TH). 7.54do 7 ~ 9 Heo 2HL 775 (s,
TH). .19 (d. /N9 Hyo 2H).

(6b): "H-NNMR 1200 MH/z. CDCLy) () 229 (s, 3H1 042 0/ 1384 Ha
IH). 6,30 (d. /= 351 Heo THY 697 (do J =841 Hz. 2H1 " ovado /0 822 Ha
2H) 723 ¢dd. J 93N Hzo /- 1584 Heo TH). 7.33¢d. 7 37 Hyo TH) 744
(d. /=957 Hz. TH1 " xdibs TH).

(6c): "H-NMR 200 NMH /L CDCl) (0): 230 (5. 3H) 6005 407 1572 H
TH). 6.93-7 12 im. 6H T 43 0do J=9.1 Hz. ITH). 7.82¢d. /7 < 320 THY

All the compounds were reerystatlized from either methanol or aeetonitrile
before being wsed  All the physical measurements were periormed in 1.4-
dioxane. For detals of the experimental EFISH sci-up oo 1] The
th. v 1907 wm generated by a Nd:Y AG Laser at 1.06
pm i i high pressure Raman hydrogen cell was used. The  wulues were
nee solution of 2-methyl-d-nitroanihine +MN AL The

fundamental waneleny

cahbrated with o

molecular hyperpolarizabiltny 5 of MNA was taken as 32 00 = o'V o
determined by an EFISH experiment with crystalline quarts o/ ndpm V)
as a reference {111

The ground-state dipole moment 0 was derived  from conce

dependent measurements ot the dicleetric constant and the use o che
Guggenheim equation [10]
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Fabrication of Single-Mode Polymeric
Waveguides Using Micromolding in
Capillaries**

By Xiao-Mei Zhao. Alison Stoddart. Stephen P. Smiith,
Enoch Kim, Younan Xia, Mara Prentiss * and
George M. Whitesides*

This paper describes the use of a new technique for
microfabrication of polymeric structures — micromolding in
capillarics (MIMIC)'" to make arrays of single-mode
polymeric waveguides. In MIMIC. the microstructures are
formed by generating a network of capillaries by contacting
an clastomeric “stamp’ having a relief structure on its face
with a planar or curved substrate. and then allowing a liquid
prepolymer to fill this network by capillary action. The
elastomer we most commonly use for the stamp is
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polydimethylsiloxane (PDMS); it is transparent. and has a
low solid-vapor interfacial free encrgy. The liquid prepoly-
mer can be cured to a solid in situ by irradiation of the
system with UV light. The elastomeric stamp is then peeled
away. leaving the waveguide structures: adhesion between
the stamp and the polymeric microstructures is not a
problem for correctly chosen polymers.

Many methods'** have been used to fabricate polymeric
waveguides: examples include reactive ion etching UV
laser”™ and e-beam'® writing, induced dopant diffusion
during polymerization (photolocking ' und selective poly-
merization™™). selective poling of electro-optically active
molecules induced by an electric field.” and polymerization
of self-assembled prepolymers."”) MIMIC has character-
istics that may give it advantages over these processes in
certain applications. First, using masters (relief structures
having the same shapes as the desired wuaveguides) made in a
photolithographic process and elastomeric “stamps’ com-
plementary to these shapes, MIMIC can casily generate
polymeric waveguides of different shapes and sizes; the
flexibility of this procedure makes it a candidate for the
fabrication of low-cost integrated optical devices with
complicated structures. Second. MIMIC allows the fabrica-
tion of large numbers of waveguides in a single step. This
parallelism also has the potential to produce low-cost
devices. Third. MIMIC is capable of producing waveguides
and claddings using a wide range of UV-curable polymers.
These starting materials can be pure compounds. blends
of multifunctional molecules, and polymers doped with
materials such as dyes that modify optical and physical
properties. The optical properties of the waveguides and the
claddings can thus be changed independently over wide
ranges to tunc the waveguide structures for particular
wavelengths and applications. Fourth, MIMIC can be used
to fabricate polymeric waveguides on virtually any optically
flat surface to which the polymers of the waveguides and
cladding have good adhesion: it is a room-temperature
process that proceeds under mild conditions. MIMIC can be
used with non-planar surfaces, where projection litho-
graphic procedures fail. Fifth, since it is a replication
procedure, MIMIC can also fabricate structures in which
the thickness of the waveguide differs at different points, or
certain types of 3-D structures.'!!

Figure 1 outlines the procedure used to fabricate wave-
guides using MIMIC. The procedure has three stages. First
(Figure la—d). the waveguides were fabricated on a silicon
wafer by MIMIC. The ends of the structure were prepared
by cleaving the wafer. Second (Fig. le—f), the cladding layer
was fabricated by placing a drop of liquid prepolymer on the
waveguides, and pressing a second textured stamp into this
liquid. The polymer was photopolymerized. and the stamp
was removed. The amount of liquid polymer applied was
Jjust enough to wet the interface between the stamp and the
waveguide arrays. Using a low-viscosity (< 100 cP, 25°C)
prepolymer, we were able to keep the thickness of the
cladding layer <10 pym. Third (Fig. If-g), one end (the

MATERIALS

. F PDMS Stamp Place a droz ot pr%pc;‘lymer
. on waveguides and then
AN SiSi0y (1-21m) press a PDMS master on
. the top

Place one drop of

prepolymer at
each end

l 1. Cure

h)
1 m
<10um Output end Input end
Fig. 1. Diagram outlining the fabrication of rectangular. clad channel

waveguides using MIMIC

output end) of the system was again squared by fracturing
the water substrate.

Figure 2 shows the structures and sizes of the clad
waveguides. The single-mode waveguides were sandwiched

a)
Pattemned surface of the cladding

SiO; (1-2 um)

Si wafer

b)
Wy Size wy(um) wo(um) wi/w2 h{um)
A 1.3 2.0 0.65 1.1
h B 16 2.4 067 1.1
Cc 21 3.0 0.70 11
D 3.0 4.0 0.75 1.1

Wp

Fig. 2. a) A schematic of cross-sections of clad waveguides fabricated on a Si
SiO; substrate. b) The actual dimensions of the waveguides fabricated using
MIMIC. There are four different sizes, size A, B, C, and D. of the waveguides
mentioned in the paper. The sizes of the waveguides were measured under a
scanning electron microscope (SEM).

between a cladding layer and a substrate (a silicon wafer
covered with a 1-2 um thick layer of thermal silicon
dioxide). The material of the waveguides had an index of
refraction (ngyige = 1.545) that was slightly higher than the
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index of the cladding layer (#¢4qding = 1.52—1.53). Figure 3
shows SEM images of the clad waveguides. The cross-
section of the polymeric waveguides was trapezoidal because
the lines of polymer on the photoresist master that we used
to make the PDMS stamps also had a trapezoidal shape.
The roughness of the edges of the waveguides, shown in
Figure 3c, originated in the defects of the photoresist
master. The roughness may cause loss of the light.

Output end Input end

deadhesion

front edge of the
cladding layer \

mismatch

_/front edges of the e
substrate and
the waveguides

10um

Fig. 3. SEM images of output (4 and b) and input ends (c) of clad waveguides
The waveguides shown in this figure are made of polyurethane (J-91). and the
cladding material is UV-cured polvacrylates (UVI15-7LV). The polymeric
structures were coated with ~20 nm of gold before they were examined using
scanning electron microscopy.

The cladding layer started ~1 mm from one end of the
network, and covered the rest of the waveguides completely
(Fig. 1g—i). The unclad end was used as the input end. Since
higher-order modes of the light escape from these wave-
guides within the first few mm of propagation. leaving
~1 mm of the waveguide open to the air made it easier to
trace the optical coupling of the polymeric waveguide with
the optical fiber used as a light source.

We patterned the upper surface of the cladding layer in a
relief structure with feature sizes of several um (Fig. 3). This
deep, three-dimensional patterning made the cladding layer,
considered as a planar, slab waveguide, extremely ““lossy™
and thus prevented light that was coupled into the cladding
at the input end from propagating though the cladding.

Fabrication of waveguides using MIMIC required the use
of UV-curable prepolymers that had relatively low viscosity
(<300 cP at 25°C). The low viscosity allowed the capillaries
(with lengths of ~1 cm) to fill completely in a reasonable
amount of time (< 12 hours for a viscosity of < 300 cP).
Heat-curable polymers generally are not suitable unless they
remain in the liquid phase before they fully fill in the

channels. We prepared the ends of the waveguides by
cleaving the substrate. The polymers and the Si/SiO, wafer
have very different mechanical properties; the polymeric
structures and the wafer substratc may de-adhere and or
break along different fracture planes under the external
mechanical stress. The problem can be addressed by
reducing the thickness of the polvmeric structures. In our
experience. the end of the waveguides and that of the Si SiO»
substrate adhered and matched well (as in Fig. 3b). The
cladding was, however. much thicker than the waveguides.
and differences in the geometry of the fracture surfaces in the
Si SiO- layer and the cladding laver often resulted in an
offset in the ends of these structures.

At the current stage of development of this technique for
fabrication, we were not able to obtain the well-ordered
structures shown for the exit region of the clad waveguide
(Fig. 1h) consistently. A little de-adhesion and a mismatch
of less than 1 yum between the end of the cladding layer and
the end of the waveguides (Fig. 3b) did not, however. seem
to distort the pattern of light exiting the waveguide.

Light from a laser was coupled into a waveguide by
butting"” an optical fiber against its end. We have
demonstrated guiding for light with wavelengths =0.55 ym
(He—Ne laser). 0.63 yim (He  Ne laser). and 0.85 pm (diode
laser); these wavelengths correspond to core diameters of
3.1 pm, 4.0 um. and 3.3 pym in the fibers respectively.
Unclad waveguides (J-91. polyurethane, ngige = 1.545)
with cross-sections of -3 ;;m~ (Fig. 2) support multiple
modes with light having wavelengths =0.55-0.85 pm.

Clad waveguides. tabricated as described, could be either
single-mode or mulu-mode depending on the size of the
waveguides. the wavelength of the light, and the refractive
indices of the materials of which waveguides and claddings
were fabricated. Figure 4u shows a second-order mode for
0.55 pm light in a size-D (Fig. 2) J-91 waveguide (niqe =
1.545) with a UVI11-3 cladding (multifunctional polyacry-
lates, Meadding = 1.52). where at least three modes were
allowed. For waveguides with smaller cross-sections, fewer
modes were allowed to propagate. A J-91 waveguide of size
A with a UVII-3 cladding allowed only two modes for
0.55 pm light.

The number of modes can also be decreased by increasing
the wavelength of the light since the determining parameter
is the ratio of the size of the waveguide to the optical
wavelength. A clad waveguide (J-91 clad with UVI11-3,
Hguide = 1.545, ntaading = 1.52) of size A, which allowed two
modes for 0.55 um light. transmitted only the single lowest-
order mode for 0.85 pm light (Fig. 4b). This performance
can be compared with the single allowed propagating mode
(Fig. 4c¢) for 0.85 ym light in the optical fiber of a 5.5 um
diameter which was used to couple into the waveguide.

As expected. decreasing the size of the waveguides and
increasing the wavelength of the light decreased the number
of the modes allowed to propagate. Decreasing the index
difference between the cladding and the waveguides also
decreased the number of allowed modes. Waveguides (J-91,
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Fig. 4. Photographs of 41 the multi-mode output from « clad waseguide (J-91
clad with UNT1-3) of size D using 0.55 yim light. b) the single-mode output
from a smaller clad waveguide (J-91 clad with UVII-3. size A using 0.85 ym
light. and ¢) the output of 0.83 ym laser light from a single-mode optical fiber
(core diameter — 5.5 ym) recorded by a CCD camera at same distance as the
output end of the waveguide used in b). This output from the optical tiber was
used as the input source for the clad waveguide in b). The smulier mode size in
¢)compared with that m by indicates that the area of the core of this input tiber
was bigger than the cross-sectional area of the waveguide i by

Nguige = 1.545) of sizes A and B were single-mode at a
wavelength of 0.55 yim when they were clad with UVIS-7LV
(multifunctional polvacrylates, Acladding — 1.53). whereas the
same waveguides clad with UV1I1-3 (ng,q4me = 1.32)
allowed two modes to propagate. For a cladding of UV15-
7LV on these waveguides. two modes were not allowed to
propagate until the cross-section was of size C.

All these observations, except the shapes of modes. were
consistent with the theoretical calculations.""! The modes
were more symmetric than the results of the calculations,
Le., the ratio of the height to the width of a mode was
smaller than the ratio obtained from the calculation. We
hypothesize that there may have been an index gradient
across the face of each waveguide due to the differential
mechanical stress in the process of cleavage. The resulting
lens at the output end of the waveguide would change the
shapes of output modes.

Since the areas of the cores of the cylindrical optical fibers
were larger than the cross-sectional areas of the trapezoidal
polymeric waveguides. the efficiency of butt coupling from a
fiber into a polymeric waveguide was low. The measured
ratio of the intensity at the output of a single-mode

MATERIALS

waveguide (0.7 cm long, J-91 clad with UVI1I1-3, size A,
0.85 um light. fiber core diameter = 5.5 pm) to the intensity
at the fiber output ranged between 0.05 and 0.10. The
efficiency of transmission and coupling were independent of
the polarization of the incoming light. When the waveguides
were fabricated on a gold substrate, the intensity of the
output was strongly dependent on the polarization of the
input. and the output was strongly linearly polarized with
the electric field parallel to the substrate.

We have also coupled light into an unclad waveguide
saturated  with  rhodamine 590  chloride.  Light
(A=0.488 ;im. blue) propagating in the waveguide excited
the molecules of the dopant; the resulting fluorescence
(green) lit up the entire waveguide.

Fabrication of waveguides using MIMIC still has several
limitations. First. the preparation of the ends of the
waveguides by fracturing is not entirely reproducible. The
de-adhesion and mismatch at the output end can, some-
times, distort the pattern of the exciting light. Fabricating
reproducible and optically optimized ends is a technical
challenge remaining to be solved. Second, the properties
and/or dimensions of the polymers may change on cross-
linking, irradiation or heating. Third. the rate of filling of the
capillaries is slow and inversely proportional to the length of
the channel that the liquid travels.!" Fabrication of a
waveguide with length ~1 cm requires several hours, and
the maximum length of the channel to be filled by a liquid
prepolymer (~300 ¢P) at 25°C is 1.5 cm.

Despite these limitations, micromolding in capillaries
provides a new. low-cost, simple method to fabricate single-
mode polymeric waveguides. This procedure is straight-
forward operationally. The ease with which MIMIC
generates complex polymeric microstructures with pm-
scale dimensions. its ability to fabricate a range of classes
of materials. and its ability to generate complex topologies
and to accept non-planar surfaces as substrates, all provide
capabilities that can be applied to the fabrication of
waveguides.

Experimental

The unclad waveguides were prepared by MIMIC, using a master made {rom
poly(dimethyisiloxanc) (PDMS. Sylgard 184. Dow Corning, Silicone Elasto-
mer: its curing agent = 20:1) as described previously [1]. The supporting surface
was a silicon(100) wafer covered with 1 2 ym thick layer of thermal silicon
dioxide (Silicon Sense. Inc.). The top surface of the unclad waveguides were
oxidized slightly in a UV ozone cleaner to improve adhesion between them and
the polymeric cladding layer. A drop of liquid prepolymer of a cladding
material was placed on top of the waveguides and a PDMS master was then
pressed down into this drop. The prepolymer spread into a thin layer (< 10 ym
thick) between the master and the waveguides. The first ~1 mm of the network
from the input end was kept away from the prepolymer of the cladding layer.
The prepolymer constituting the cladding layer was cured by UV irradiation.
The PDMS stamp was removed. and the output end was cleaved.

We have fabricated waveguides with UV-cured polyurethane (J-91,
Summers Optical: and NOA 73, Norland). UV-cured polyacrylates (UV11-
4M1. Masters). UV-cured epoxy (UVIS, Master Bond. Inc.). and rhodamine-
doped polyurethane (J-91 saturated with rhodamine 590 chloride, Exciton). We
have clad waveguides of polyurethane (J-91) with UV-cured polyacrylates
(UV11-3, UVI1-4MI, UVIS-7LV, Master Bond. Inc.).

Received: December 18, 1995
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Oxygen Ion Conductivity of Platinum-
Impregnated Stabilized Zirconia in Bulk and
Microporous Materials**

By Andreas Ziehfreund, Ulrich Simon, and
Wilhelm F. Maier*

Yttria stabilized zirconia (YSZ) is a well known solid
electrolyte with good oxygen ion conductivity at high
operating temperatures (> 500°C). Thin films made from
this material are of great interest, especially for the
manufacturing of catalytic membrane reactors.!'! solid
oxide fuel cells,?! electrochemical oxygen sensors'™! or the
production of oxygen semipermeable membranes. Major
problems of present oxygen conductors are the high
operating temperature and the rather low permeability.
For practical applications, materials with significantly lower
operating temperature and higher permeability are needed.

Oxygen ion transport through the bulk is a materials
property, while the oxygen transfer from the gas phase into
the solid and back should depend on available surface area
and activation barriers. Increase of surface area by the use of
highly porous material and reduction of the activation
barrier for chemisorption are modifications which may
improve the oxygen ion conductivity. The oxygen transport
properties of solid electrolyte membranes are affected by
catalytic activation of oxygen on the surface. According to
Pizzini'¥ platinum electrodes on the surface of solid
electrolytes enhance the oxygen exchange rate of the
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material by influencing the oxygen adsorption equilibrium
at the clectrolyte surface, promoting the overall charge
transfer reaction at the three phase contact gas/electrode/
electrolyte (Eq. 1).

1/2 Os(gas) + 2 (electrode) = O~ (electrolyte) (1)

Thin films of microporous metal oxides with a narrow
pore size distribution and a large surface area can be
prepared conveniently by electron beam evaporation.” We
expected that microporous thin-film solid electrolyte mate-
rials with a large inner surface with incorporated highly
dispersed platinum particles. accessible to the gas phase,
would allow a higher oxygen reaction rate and thus enhance
oxvgen ion conductivitics. especially at lower temperatures.
Because microstructural variations are known to have an
enormous effect on the ionic conductivities of zirconia
clectrolvtes!*®! these thin film materials might exhibit new
electrochemical transport properties. These properties will
need to be characterized before potential applications of the
thin films. for example in oxyvgen-selective membranes can
be considered.

In this communication we report the preparation and a
study of the ionic conductivity of bulk and microporous Pt-
stabilized zirconia. The materials were investigated by
complex impedance spectroscopy in the temperature range
200-600°C in an oxvgen atmosphere. This method is an
excellent tool for the study of the microstructural properties
of YSZ phases and provides the possibility to distinguish
between bulk, grain boundary and electrode polarization
effects for various kinds of ionic conductors./’#!

Bulk YSZ (9.1 mol "y Y-O:) was prepared from powders
from aqueous slurries by standard sintering methods, parts
were impregnated with Pt (1 wt.-% Pt). The pelleted
samples were cvaporated by an e-beam and condensed on
aluminum foil. resulting in a microporous thin film. The thin
film material was isolated by dissolving the aluminum foil in
aqueous acid.™ filtered. dried and powdered (microporous
samples). The chemical composition of the bulk and
microporous samples was confirmed by XFS and AAS.
The Pt content in the microporous YSZ increased to 1.5 wt.-
%. The negligible enrichment from 9.1 t0 9.3 mol % Y,03in
the microporous materials should have no effect on the ionic
conductivity, which for the system YSZ is nearly constant in
the composition range 6—12 mol % Y-0,.” The enrichment
of Pt and Y-O; can be explained by the variation in
evaporation rates. which decrease in the order
Pt > Y,03 > ZrO,. The Pt content in both is far below the
percolation threshold so that electronic conductivity in
parallel to the ionic charge transport can be ruled out.'”

X-ray powder diffraction patterns show the presence of
the cubic structure of YSZ in the bulk as well as in the
microporous system. The microporous material exhibits
only slight peak broadening. Nitrogen sorption isotherms
(BET) showed no measurable surface area of the highly
sintered and compact bulk samples (< 1 m?/g), while the
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