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Similar networking structures were also obtained with
gold particles where multiple copies of dithiols were ex-
changed into the protecting monolayers prior to LB com-
pression, as well as with other metal particles such as al-
kanethiolate-protected palladium particles.[29] By using the
air/water interface as the substrate, networking structures
of metal as well as semiconductor nanoparticles can, in
principle, be constructed by the above approach with ap-
propriate bifunctional linkers. With monodisperse particles,
it is likely that a macroscopic superlattice network can be
fabricated, where the particle distribution can be manipu-
lated by, for instance, the linker chain length. The resulting
assemblies can then easily be deposited onto solid substrate
surfaces and serve as the structural basis for the construc-
tion of more complicated nanocomposite structures, on
which further investigations can be carried out, for in-
stance, anisotropic electron-transfer (hopping) kinetics, op-
toelectronic properties, and nanoparticle-based lithog-
raphy.[30]

To conclude, 2D crosslinked nanoparticle networks were
fabricated by the Langmuir±Blodgett technique where the
bridging of neighboring particles was effected by rigid
dithiol linkers, resulting in macroscopic patches of particles
visible on the air/water interface even at low surface pres-
sure. TEM measurements revealed close-packed particle
assemblies, consistent with the red-shift observed in the op-
tical spectroscopy measurements.

Experimental

1-Hexanethiolate-protected gold (C6Au) nanoparticles were synthesized
in a biphasic system, as reported previously [12,13]. The particles were then
partially fractionated using a mixture of toluene and ethanol [31], with the
final gold cores consisting of roughly 145 gold atoms (average core diameter
1.6 nm) [13]. 4,4¢-Thiobisbenzenethiol (from Aldrich) and all solvents were
used as received. LB studies were conducted at room temperature on a
Nima 611D Langmuir±Blodgett trough with a Welhelmy plate as the sur-
face-pressure sensor and nanopure water (supplied by a Barnstead Nano-
pure water system, 18.3 MW) as the subphase. A solution (0.08 mM) of the
fractionated particles was prepared in hexane while TBBT was dissolved in
chloroform to make a concentration of ca. 2.4 mM. The calculated amount
of the solutions was cast dropwise onto the water surface using a Hamilton
microliter syringe. At least 20 min was allowed for evaporation prior to iso-
therm measurement and between compressions. Two particle layers were
deposited onto both sides of a cleaned glass slide at a surface pressure
p = 13 mN/m. Optical measurements were carried out with a Unicam ATI
UV-4 spectrometer with a resolution of 2 nm. The surface-plasmon band
positions were determined by the second-order derivatives of the spectra.
The TEM study was carried out with a Hitachi H7100 microscope (75 keV).
Typically phase-contrast micro-images were captured at 300 K to 400 K
magnification.
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Conjugated polymers are an attractive choice for use in
electronic devices. Polymeric transistors,[1] light-emitting
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diodes (LEDs),[2,3] diodes,[4] photodiodes,[5,6] and solar
cells[7] with promising performance indicators have been
developed. Further work to optimize these materials for
electronic applications is in progress. To obtain functional
microelectronic devices it is necessary to pattern the active
semiconductor layers and the electrodes. In conventional
silicon technology this is done using standard photolithog-
raphy processing. These patterning methods are not suita-
ble for polymers because the surface could be exposed to
solvents or UV light, which might cause material degrada-
tion. The need to develop special patterning techniques for
polymers is important, and here soft lithography offers al-
ternatives. Soft lithography is a set of gentle processes that
can be used for patterning in polymeric devices: micro-con-
tact printing,[8] replica molding,[9] self-assembled mono-
layers,[10] and put-down and lift-up techniques.[11] Printing
of electrodes with elastomer stamps has been used to pro-
duce arrays of LEDs.[11] These structures were well beyond
1 mm in dimensions. Here we demonstrate another soft
lithography technique, soft embossing, for patterning sub-
micrometer topographical features on large areas of an ac-
tive polymer layer. This grating is used to enhance the per-
formance of polymer photodiodes by trapping light into
the polymer film.

In the creation of conjugated polymer photovoltaic de-
vices, a limiting aspect of the device physics is the short dif-
fusion length of excited states in conjugated polymers, typi-
cally in the range 5±10 nm.[12] The optical absorption of
conjugated polymers is strong, but even at the maximum
absorption, the penetration depth of light into these mate-
rials is in the range 10±100 nm. We therefore have to com-
bine the generation of excited states over 10±100 nm depth
and harvesting, which occurs over a much shorter distance.
The dissociation of excited states, necessary for creating
charge carriers, occurs at interfaces, impurities, or in strong
electric fields. Efficient charge generation can occur if all
excited states can find a dissociating site close enough; this
is done in the distributed donor±acceptor networks[13,14]

based on combination of conjugated polymers and efficient
acceptors such as C60. The use of asymmetric contacts of
different work function gives a built-in electric field to sep-
arate the charge carriers and extract a photocurrent. By
making thicker polymer layers, to collect more of the light
by absorption, we also decrease the field and reduce the
collection efficiency, forcing us to compromise the photo-
current.[15] It is therefore desirable to make very thin de-
vices, but to find ways of enhancing the absorption in these
polymer layers.

One way of reconciling these different requirements is to
trap light into the polymer layers by diffraction into guided
modes in the thin polymer films. This approach has been
used to enhance light trapping and absorption in silicon so-
lar cells,[16] particularly in the energy range where optical
absorption in silicon is low, thus increasing the conversion
efficiency.[17] Theoretical results show that a 5 mm Si cell
with a staircase grating has about the same absorption as a

20-times thicker cell with a planar reflector.[18] While opti-
cal absorption in the conjugated polymers is high, we at-
tempt to use a similar approach in order to trap light into
the thinner polymer films.

We have used an elastomeric mold to transfer a submi-
crometer grating pattern from a commercially available
grating template to the active polymer layer in a photovol-
taic device. The topography of the polymer layer is now a
grating, with a period defined by the template and a grating
depth defined by processing conditions. An evaporated
metal is used as the electrode and follows the topography
of the polymer surface. We were able to find proper cou-
pling conditions for the grating device, thus enhancing the
absorption in the active layer and bringing up its efficiency.
To analyze the effects of the grating pattern, we studied the
spectral response using incident light with two states of po-
larization, as well as the dependence of the photocurrent
on the angle of incident light.

The fabrication of elastomeric molds with a patterned
submicrometer grating is presented schematically in the
upper part of Figure 1. The polysiloxane pre-polymer (Syl-
gard 184, Dow Corning Corporation) was poured onto a
commercial metallic grating template and then cured at
60 �C for 24 h. The rubber was easily peeled off the grating
after curing. The rubber was then taken to the scanning
force microscope (SFM, Nanoscope III, Digital Instru-
ments) where the pattern could be seen clearly, as shown in
image to the right. The grating template reproduced was si-
nusoidal with 3600 lines per millimeter. The photovoltaic
devices were fabricated in a sandwich structure with a
transparent layer of PEDOT(PSS) (poly(3,4-ethylenedi-
oxythiophene), Baytron, Bayer AG, doped with polysty-
rene sulfonate), as the hole collector electrode using an in-
dium-tin-oxide (ITO) (120 nm) or gold (6 nm) under-layer
in order to decrease the series resistance in the device. Alu-
minum was used as the electron collector electrode. Two
active polymer layers were used, one was the semiconduct-
ing polymer PTOPT (poly(3,4-octylphenyl)2,2-bithio-
phene),[19] deposited by spin coating onto ITO/PED-
OT(PSS) electrode, from a chloroform solution, with a
thickness of 60 nm. The second was a blend of PTOPT with
a substituted fullerene [6,6] PCBM ([6,6] phenyl-C61-butyr-
ic acid methyl ester)[20] in the ratio 1:2, it was deposited by
spin coating onto the Au/PEDOT(PSS) electrode from a
toluene solution; the thickness was 90 nm.

To pattern the polymer, the patterned elastomer replica
was put in conformal contact with half of the active poly-
meric film area, as shown in the sequence at the bottom of
Figure 1, and the assembly was brought to the polymer
softness transition temperature, 80 �C. After cooling, the
stamp was removed, and left the grating pattern on the
polymer surface. We noted that if patterning is done at
higher temperatures (beyond 120 �C), the polymer film will
adhere to the elastomer and become difficult to remove.
The second electrode Al was vacuum evaporated through a
shadow mask defining the active area for two electrodes,



one onto the grating and the other just onto the flat poly-
mer surface, in order to have a reference measurement for
the photoelectric behavior. We call these the grating and
the reference photodiode, respectively. The action spectra
were taken by measuring the short circuit current using a
Keithley 485 picoammeter under monochromatic illumina-
tion from an Oriel 257 monochromator with a tungsten
halogen lamp.

We investigated both the neat polymer and a distributed
donor±acceptor polymer/fullerene material in these grating
structures. In the simplest system, the single PTOPT layer
device, the photon-to-current efficiency was low, but was
improved by the patterned electrode. Likewise we ob-
served an enhancement of photocurrent in the patterned

structures incorporating the PTOPT/
PCBM blend, where we started from
much higher photocurrents due to the
highly efficient photoinduced charge
transfer between polymer and acceptor.

The action spectra of the photodiodes,
the ratio between photocurrent density
and photon flow per area (external quan-
tum efficiency, EQE), of the PTOPT sin-
gle layer device with and without the
grating, under normal light incidence is
shown in Figure 2. The efficiency at the
maximum peak position of the PTOPT
absorption spectrum for the grating
diode is 30 % higher than the reference.
The efficiency enhancement in the grat-
ing device can be observed all over the
wavelength range with a specific reso-
nance, a shoulder at 420 nm. In the sec-
ond device, now with a different grating
and the PTOPT/PCBM blend, a thin
transparent gold layer rather than ITO
and a thicker polymer blend film was
used. The efficiency increased drastically
with the introduction of fullerenes into
PTOPT, making the measurements eas-
ier. In the spectral response of the grat-
ing and reference diodes under normal
incidence (Fig. 3) we notice the enhance-
ment in efficiency all over the spectrum
with the grating photodiode. At maxi-
mum peak position the enhancement of
EQE was around 26 %. In this system no
resonant peak was found for the wave-
length range investigated.

The amount of enhancement in photo-
current and the resonance peak position
are qualities of the grating defined by the
geometrical properties of the grating and
device geometry. Among the parameters
involved is the index of refraction, the
thickness of the different layers, the ab-

sorption coefficient of every layer in the device, the grating
shape, period, and depth. As the optical constants of the
different layers show dispersion, and in the case of poly-
mers also anisotropy,[21] the modeling is a subtle exercise.
For one thing, we do not expect to be able to observe the
sharp resonance found in the first order modeling: disper-
sion in the optical constants and irregularities in the grating
will certainly forbid this. This will assist us in our goalÐto
make a broadband collection of photons in order to in-
crease the photocurrent.

In the neat polymer device, the grating profile on the
PTOPT surface was imaged with SFM (Fig. 2). The sinusoi-
dal shape and the period of 277 nm (see cross-section) is
given by the master template used (Fig. 1) and the depth
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Fig. 1. Fabrication of elastomeric molds with patterned submicrometer grating. The liquid pre-polymer
polysiloxane is poured onto a commercial grating and after curing it is peeled off. The SFM image
shows the resulting pattern in the rubber. The grating pattern is transferred to the surface of an active
polymer layer by soft embossing. The rubber stamp is left in conformal contact with the polymer layer
in the softness transition. After cooling, the stamp is peeled off leaving the pattern on the polymer sur-
face. Only half of the polymer area is patterned for reference measurements. The conducting polymer
PEDOT(PSS) is used as the anode, the active layers were formed by the semiconducting polymer
PTOPT alone or in a blend with [6,6] PCBM.
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(here around 17 nm) is dependent on the pressure applied
during the embossing. The index of refraction and the ab-
sorption coefficient were measured by spectroscopic ellip-
sometry, and the layer thickness with a Sloan Dektak 3030
profilometer. In preliminary optical modeling we found
that in this device the ITO layer is coupled with the grating
because of the high value for the index of refraction in
ITO. Although the main light confinement was into the
ITO layer, the collateral effect was an enhancement of ab-
sorption in the PTOPT layer. The photoresponse behavior
is quite sensitive to variations in grating and device geom-
etry. When changing from neat polymer to the blend for

the active layer, the thickness and index of refraction value
of the active layer caused a different grating±device cou-
pling, thus diminishing the photocurrent value of the grat-
ing diode compared to the reference. We therefore chose
to use an Au/PEDOT(PSS) electrode in the PTOPT/
PCBM device. Even though the gold electrode presents
high losses due to reflections at the glass±gold interface,
the light trapping in the active layer was improved. The
pattern on the blend was a triangular shaped grating with
2400 lines per millimeter, giving a period of 416 nm. The
grating profile on the polymer surface imaged by SFM (the
bottom part of Fig. 3) confirms the shape and period of the

Fig. 2. Action spectra of ITO/PEDOT(PSS)/PTOPT/Al device with (l) and without (*) grating. The absorption spec-
trum of PTOPT polymer is plotted as a solid line. The measurements are performed on the same sample, using different
Al contacts onto flat and patterned polymer surface. The efficiency of the patterned diode is greater than that of the planar
one. The grating couples to the device, improving the absorption, creating a shoulder with the maximum in the wavelength
of 420 nm. The SFM image shows the patterned PTOPT polymer layer. The grating period, 277 nm, is shown in the cross-
section.



master; the depth of the embossed grating was 15 nm
(cross-section).

Having observed the desired enhancement of efficiency
in the grating diodes, we wish to verify whether this is due
to the presence of the grating or not. By using polarized
light, we were able to align the grating direction parallel or
transverse to the state of polarization, and thus make the
grating decisive or unimportant with respect to the propa-
gation of light in the layers. By varying the angle of inci-
dent light, we could also vary the coupling efficiency of the
grating.

The grating influence was investigated in experiments
using incident polarized light in two orthogonal states of

polarization, transverse and parallel, with respect to the
grating lines. In Figures 4a,b are presented the action spec-
tra of the grating and reference diodes under normal light
incidence in transverse and parallel light polarization, for
polymer and polymer blend devices, respectively. Both de-
vices have sublinear dependence of photocurrent on light
intensity, which resulted in higher photoconversion effi-
ciency under lower light intensity, as the polarized light has
half of the ordinary light intensity from the monochroma-
tor. The parallel mode excites the grating coupling, thereby
trapping light and improving photoconversion. In trans-
verse mode we observe no strong influence of the grating,
but we observe that the grating diode still exhibits higher
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Fig. 3. Action spectra of Au/PEDOT(PSS)/PTOPT:[6,6] PCBM (1:2)/Al device with (l) and without (*) grating. The ab-
sorption spectrum of the PTOPT:PCBM 1:2 blend is plotted as a solid line. The measurements are performed on the same
sample, using different Al contacts onto flat and patterned polymer surface. The efficiency of the patterned diode is higher
than that of the flat one. The SFM image is taken from the patterned blend polymeric layer. The grating period, 416 nm,
is shown in the cross-section.
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photocurrent (mainly above 450 nm), probably because of
the decrease in the polymer thickness at the valleys of the
grating pattern, thus increasing the field and the charge col-
lection. This is more visible in the case of a blended materi-
al (Fig. 4b) where the exciton dissociation and charge col-
lection are more effective. The increase of the area of the
polymer±metal interface due to the grating is less than 1 %
compared to the ordinary area. The reference diodes in
both devices presented equal action spectra under both
states of polarization. In the case of a single layer device
(Fig. 4a) the peak at 420 nm is again present for the paral-
lel light polarization, but disappears for transverse polar-
ization. For the polymer blend device, we do not observe a
resonant peak. Preliminary predictions from optical model-
ing suggest that resonance would appear beyond 700 nm.
In this range there is little absorption in the polymer, but
appreciable absorption in the gold; therefore we cannot ob-
serve a resonant contribution to the photocurrent.

When varying both angle of incident light as well as using
transverse and parallel polarization states, in the neat poly-
mer device we note the resonant peak moving with the an-
gle of light incidence. Under parallel polarization and 70�
incidence the efficiency was more than four times higher
for almost all the wavelength range. Beyond 70� incidence,
the reference diode presented a very small photocurrent
while the grating diode was still able to absorb light deliver-

ing an appreciable photocurrent. Similar behavior was
found for the blend device in experiments of spectral re-
sponse dependence on angle of incidence. We obtained
higher improvement in the efficiency ratio (pattern/ref-
erence) for higher angles of incidence, under parallel light
polarization mode.

In conclusion, these results give strong and direct evi-
dence that the grating function improves the optoelectric
properties of photodiodes. The detailed modeling of such
grating diodes can be used to optimize performance,
something we have not yet attempted; it will require a si-
multaneous optimization of materials, layer thickness,
and grating geometry, under full consideration of the dis-
persion of optical constants and the possible optical an-
isotropy of the polymer films. We have demonstrated the
possibility of using submicrometer patterning using soft
lithography, to implant structure in polymer photodiodes
over large areas in order to produce gratings to improve
light trapping on thin active layers of polymeric photo-
voltaic devices. As this simple patterning technique is
cheap and suitable for reel-to-reel production over large
areas, it may contribute to the goal of efficient photoe-
lectrical energy conversion using organic polymers and
molecules.

Received: August 18, 1999
Final version: November 3, 1999

Fig. 4. Measurements of action spectra of: a) ITO/PEDOT(PSS)/PTOPT/Al and b) Au/PEDOT(PSS)/PTOPT:[6,6]PCBM (1:2)/Al devices in
the patterned (top) and flat (bottom) electrodes under two orthogonal states of light polarization parallel (solid line) and transverse (dashed
line) under normal light incidence.
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Synthesis of a High-Permeance NaA Zeolite
Membrane by Microwave Heating**

By Xiaochun Xu, Weishen Yang,* Jie Liu, and Liwu Lin

In the past ten years, many attempts have been made to
develop zeolite membranes for separation and catalysis ap-
plications.[1±3] Several preparation methods have been
developed, such as in-situ hydrothermal synthesis,[4±7] vapor
phase transport,[8,9] or embedding microcrystals of the zeo-
lite into a matrix.[10,11] Zeolite membranes prepared by
these methods usually have a very good separation factor,
but the permeance is too low for practical applications.[12±18]

Thus the most challenging work in the field of zeolite mem-
branes is to prepare membranes with high permeance,
while keeping the separation factor high.

Recently, a new synthesis method that combines hydro-
thermal crystallization with the microwave heating tech-
nique has been developed.[19±25] Compared with conven-

tional hydrothermal synthesis, microwave synthesis of
zeolites has the advantages of very short time, broad com-
position, small zeolite particle size, narrow zeolite particle
size distribution, and high purity. Jansen et al. suggested
that these advantages could be attributed to fast homoge-
neous nucleation and the easy dissolution of the gel.[19]

The formation of a zeolite membrane on a porous sup-
port is a heterogeneous nucleation process. First, a gel layer
is formed on the porous support surface, followed by nucle-
ation and crystal growth to form a membrane.[26,27] We con-
sidered using microwave heating (MH) and conventional
heating (CH), which are compared in Figure 1. In the mi-
crowave environment, because of the fast, homogeneous

heating and the formation of active water molecules,[19] the
gel layer at the support±solution interface dissolves quickly,
which results in a rapid and more simultaneous nucleation
of zeolites on the support surface than if heating conven-
tionally. Moreover, because of the simultaneous nucleation
and homogeneous heating, uniformly small zeolite crystals
can be synthesized. As a result, thin zeolite membranes can
be formed quickly. In the case of CH, the nuclei are not
formed on the support surface simultaneously because of
the low dissolution rate of the gel and the low heating rate.
Thus the zeolite crystals formed are also not uniform in
size. In order to form a dense membrane, a long synthesis
time will be needed and the membrane will be thick.
Therefore, a zeolite membrane synthesized by MH will be
thinner and have a higher permeance than one synthesized
by CH. Up to now, there have been few reports on the
preparation of zeolite membranes by MH,[28±31] and no gas
permeation data have been reported. In this communica-
tion, the synthesis of a NaA zeolite membrane by MH and
its gas permeation properties are presented.

A comparative study on the formation of NaA zeolite
membranes by CH and MH was performed. Figure 2A
shows the X-ray diffraction patterns of the membrane
synthesized by MH for 15 min. The diffraction patterns for
the resulting membrane were represented by the sum of
the peaks of the a-Al2O3 support and the NaA zeolite. It
implied that the membrane formed on the a-Al2O3 support
was the NaA zeolite membrane. Figures 2B±D show the
X-ray diffraction patterns of the membranes synthesized
by CH for 2, 3, and 4 h respectively. Only the diffraction
patterns of NaA zeolite and a-Al2O3 support appear in

Adv. Mater. 2000, 12, No. 3 Ó WILEY-VCH Verlag GmbH, D-69469 Weinheim, 2000 0935-9648/00/0302-0195 $ 17.50+.50/0 195

Communications

±

[*] Prof. W. Yang, Dr. X. Xu, Dr. J. Liu, Prof. L. Lin
State Key Laboratory of Catalysis
Dalian Institute of Chemical Physics
Chinese Academy of Sciences
Dalian 116023 (China)

[**] This work was supported by the National Advanced Materials Com-
mittee of China (715-006-0122) and the NSFC (59789201).

Fig. 1. Comparative synthesis model of zeolite membrane by MH and CH.


