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Introduction

Polyelectrolyte multilayer deposition is a film-forming tech-
nique that involves the LBL deposition of two (or more)
different polyelectrolytes with opposite charges. Since its de-
velopment in the 1990s by Decher et al.,[1,2] it has been
widely used in the fabrication of different functional poly-
mer thin films such as protein multilayers, sensors, ion trans-
port membranes, capsules, and electro-optic materials.[3] In
addition, it can also be used to fabricate polymer–nanoparti-
cle colloidal or polymer–ceramic composites when the surfa-

ces of the particles are decorated with charged functional
groups.[4–7] Compared to other conventional film-forming
techniques, such as solution casting and spin-coating, this
method enjoys the advantage that an ultrathin polymer film
can be obtained with highly accurate control of thickness.[8]

Furthermore, the loss of materials during processing can
also be kept to a minimum. More recently, this approach
was used in the fabrication of polymer thin films for opto-
electronic devices, such as field-effect transistors,[9] light-
emitting devices,[10–15] and photovoltaic cells.[16–19] A relative-
ly low turn-on voltage was observed in the light-emitting
diodes fabricated by multilayer deposition, which was attrib-
uted to the defect-free films obtained.[10] Although the per-
formances of these devices were not satisfactory compared
to those of the extensively studied multilayer organic devi-
ces, the LBL deposition method provides an alternative ap-
proach to fabricate multilayer thin films. This is particularly
important for the fabrication of thin films with complicated
structures. In the LBL deposition process, only a single layer
of polymer was deposited at a time. Therefore, it is possible
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to prepare polymer blends composed of different functional
polymers in the multilayer, which will be quite difficult to
achieve by the conventional polymer film-forming methods.

We have been continuously developing metal-containing
polymers in which the metal complex can play different
roles, such as photosensitizers, charge carriers, and light
emitters.[20–23] Due to the fact that many of these polymers
contain charged metal complexes, they are potential candi-
dates for multilayer film formation using the LBL process.
Recently, we have demonstrated the fabrication of photovol-
taic cells using the LBL deposition method. A conjugated
polymer functionalized with ruthenium terpyridine com-
plex[24] was codeposited with sulfonated polyaniline.[25] The
ruthenium complex can act as sensitizer in the photoinduced
charge generation process. Here, we report the fabrication
of multilayer thin films and their photosensitizing properties
using a recently reported rhenium complex containing hy-
perbranched polymer.[26] The polymer can self-assemble on
a suitable substrate by electrostatic attraction. To the best of
our knowledge, reports on the LBL assembly of dendrimers
have been sparse, and most of the work reported is related
to dendritic poly(amidoamine) derivatives[27–31] or polyeth-
er.[32] Herein, the hyperbranched polymer was codeposited
with a charged polythiophene derivative that acted as the
charge carrier. The effect of deposition conditions on the
film properties was studied. In addition, photovoltaic cells
were fabricated and the roles of these polymers in the pho-
tosensitization process were investigated.

Results and Discussion

Synthesis and characterization of polymers : The synthesis
and characterization of hyperbranched polymer 1
(Scheme 1) was reported previously.[26] It was synthesized by
a one-step reaction in which the monomer units were linked
together by coordination between the stilbazole ligand and
the rhenium center. GPC analysis showed two peaks in the
chromatogram, and the high-molecular-weight peak was at-
tributed to the interaction between the charged polymer
and the column materials.[33] We further studied the effect of

salt on the polymer molecular size by static light scattering.
In pure DMF solution, the radius of gyration rg of the poly-
mer was measured as 23.5 nm. This value agrees with our
previous atomic force microscopic (AFM) studies in which
the size of the polymer molecules deposited on a silicon
wafer was found to be 25–30 nm.[26] Such a large molecular
size may be due to the repulsion between charges on differ-
ent branches in the polymer molecule, which lead to a more
extended conformation. In general, rg decreases with the
concentration of salt in polyelectrolyte solution due to the
screening of charges by the excess counterions added,[34,35]

and the presence of salt may also suppress the aggregation
of polymer molecules.[36] The rg values of polymer 1 in the
presence of different electrolytes were measured and the re-
sults are shown in Figure 1. In all cases, the rg of the poly-
mer decreases with increasing salt concentration. When

NaOTf was used as the electrolyte, the most significant de-
crease in rg was observed, which was measured as 16.9 nm.
It was proposed that rg decreased with salt concentration cs
proportionally by a power law rg~cs

�b, with exponent b
~0.15–0.25 for some common
polyelectrolytes with linear mo-
lecular structure.[35] In our case,
such a correlation was not ob-
served, which is probably due
to the branched molecular
structure in polymer 1.

Formation of multilayer thin
films : The fabrication of poly-
electrolyte multilayers is de-
pendent on several different pa-
rameters, such as deposition
time, solution concentration,
pH, presence of other electro-
lytes, and solvent composi-Scheme 1. Structures of the polymers used in multilayer thin-film deposition. OTf= trifluoromethylsulfonate.

Figure 1. Plots of radii of gyration of polymer 1 (in DMF solution) in the
presence of different salts. NaOTf &, NaPF6 *, Ba ACHTUNGTRENNUNG(OTf)2 ~.
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tion.[3] In our work, the LBL deposition conditions for the
formation of multilayers between PTEBS and polymer 1
were studied. PTEBS is a self-doped conducting polymer
when in acidic form. The absorption spectrum may change
according to the acidity of the solution.[37–39] As polymer 1 is
only soluble in DMF, the LBL deposition was carried out in
DMF solution in conjunction with an aqueous solution of
PTEBS. Accordingly, the rinsing steps were modified to pre-
vent the abrupt change in solvent polarity and precipitation
of 1 in water. After the deposition of polymer 1, the sub-
strate was rinsed with pure DMF, ethanol, and then water
before it was dipped into aqueous PTEBS solution. Ethanol
acted as the “transition solvent” between immersing the
substrate in DMF and water. Table 1 summarizes the dip-

ping conditions used for the deposition of polymer 1/PTEBS
multilayer films. For comparison purposes, all the films were
prepared by 80 deposition cycles. In all the experiments, the
concentrations of PTEBS (in water) and polymer 1 (in
DMF) were kept at 0.09 and 0.17 mgmL�1, respectively. If
the concentrations of PTEBS and polymer 1 were less than
0.04 and 0.1 mgmL�1, respectively, very thin films (<5 nm)
were obtained. The absorption spectrum of PTEBS solution
is pH-dependent such that the absorption peak maximum
shifted to a longer wavelength when the pH value was de-
creased.[40] Multilayer thin films were fabricated from
PTEBS solutions with different pH values. Thicker films
were obtained when the multilayers were deposited at pH 6
compared to those obtained at pH 4.5 (Table 1, entries 1
and 3). One possible explanation is that at pH 4.5, PTEBS
exists in a self-doped form[37] in which the negative charges
on the pendant sulfonate groups are partially balanced by
the positive charges on the main chain, resulting in a reduc-
tion in charge density on the film surface.

The LBL deposition process is sensitive to the presence of
electrolytes.[41] The presence of salt in the solution may
affect the “intrinsic” and “extrinsic” charge compensation
on the film surface,[42] which in turn affect the adsorption
process and the morphology of the thin film obtained.[43]

The effect of addition of electrolyte on multilayer formation
was studied. NaOTf (10 mm) was used in the studies to pre-
vent other counterions from being introduced into the solu-
tions. For the multilayers prepared at pH 6, the obtained

film thickness was found to increase slightly in the presence
of salt (Table 1, entry 2), which might be due to the changes
in polymer-chain conformation and molecular ions in solu-
tion. At a certain concentration, the polyelectrolytes take up
an optimum conformation that may yield multilayer thin
films with the largest thickness. For the film prepared at
pH 4.5 (with or without salt added), no significant difference
in film thickness was observed. This finding suggests that
the pH of the PTEBS solution has a more significant effect
on the resulting film thickness.

Figure 2a shows the changes in the absorption spectra of
the polymer 1/PTEBS multilayer thin film with different
numbers of polymer layers deposited. The film was prepared
according to the conditions listed in Table 1 (entry 3). When

the number of polymer bilayers was gradually increased, an
absorption band centered at about 420 nm started to appear.
This is assigned to the metal-to-ligand charge transfer
(MLCT) transition of the rhenium complex. With reference
to the literature, PTEBS exhibits an absorption maximum at
approximately 480 nm owing to the p–p* transition in the
conjugated main chain.[40] However, this absorption peak
only appeared as a shoulder when the number of bilayers
was small. When the multilayer became thicker, the spec-
trum was dominated by the MLCT transition of the rhenium

Table 1. Conditions used for the deposition of polymer 1/PTEBS multi-
layer thin films; 80 bilayers were deposited for each sample. The concen-
trations of polymer 1 and PTEBS solutions were 0.09 and 0.17 mgmL�1,
respectively.

Entry pH of
PTEBS
solution

NaOTf in
polyelectrolyte[a]

Film thick-
ness [nm][b]

Roughness (rms) of
film surface [nm][c]

1 6 � 100 8
2 6 + 105 12
3 4.5 � 30 5
4 4.5 + 30 5

[a] When present, the concentration of NaOTf was kept at 10 mm.
[b] Measured by step profiler. [c] Measured by AFM.

Figure 2. a) Absorption spectra of the polymer 1/PTEBS multilayer film
versus number of polymer layers deposited. b) Thickness of the polymer
1/PTEBS multilayer measured by ellipsometry versus number of polymer
layers. The multilayer film was prepared from a PTEBS solution of
pH 4.5 in the absence of salt.
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complex. The presence of PTEBS in the multilayer is sup-
ported by the long absorption tail extending beyond 600 nm.

As the rate of increase in thickness for the films prepared
at pH 4.5 is much slower compared to those obtained at
pH 6, it is important to study the initial stage of the film
deposition process in more detail. Spectroscopic ellipsome-
try was used to monitor the growth of the first few layers of
polymer. Figure 2b shows the thickness of a polymer 1/
PTEBS multilayer film with up to 22 layers deposited
(PTEBS solution, pH 4.5; no salt was added). The results
suggest that the film thickness increased linearly over the
thickness range studied. After 22 layers of polymer had
been deposited, the thickness of the film was 7 nm, which is
equivalent to a thickness increment of approximately 3 Q
per layer. These data agree quite well with the results in
Table 1 (entry 3). However, such an increment is obviously
much smaller than the thickness of a monolayer of polymer
molecules. One possible explanation is that the formation of
a multilayer consists of many adsorptions and desorptions of
polyelectrolytes,[44] which results in a very slow increase in
the multilayer film thickness.

Photovoltaic properties : In order to act as the active layer
in photovoltaic devices, percolation pathways for the trans-
port of holes and electrons must be established in the multi-
layer film. It should be noted that multilayers obtained by
polyelectrolyte deposition do not exhibit distinct stratified
layers. Instead, each layer of polymer molecules forms an in-
terpenetrating network in which a polymer molecule may
penetrate up to two to three layers of molecules above or
below.[8,45,46] The presence of such a network is essential to
the transport of charges in the polymer film. The morpholo-
gy of the multilayer film was studied by AFM. Figure 3
shows the AFM topographical and phase contrast images of
polymer 1/PTEBS with 80 bilayers (Table 1, entry 3). The
root-mean-square (rms) roughness of the film was calculated
to be 5 nm, and the roughness values of the multilayers pre-
pared under different conditions are summarized in Table 1.
The values of the rms roughness are quite similar to those
of other reported polyelectrolyte multilayers.[47] The topo-
graphical features observed in the height image are consis-
tent with those in the phase image, indicating that the
“peaks” and “valleys” observed correspond to materials of
different nature. In addition, the interconnected domains in
the phase-contrast image suggest that the surface of the pol-
ymer film consists of two components, which further sup-
ports the presence of an interpenetrating network.

Devices with the structure indium tin oxide (ITO)/(poly-
mer 1/PTEBS)80/Al were fabricated by the LBL deposition
process using the conditions listed in Table 1. It is envisaged
that upon photoexcitation of the rhenium complex, excitons
are formed and separated in the presence of an internal
field. Holes will be transported via the PTEBS network
while electrons will be transported via the rhenium-contain-
ing polymer. It was demonstrated previously that some poly-
meric rhenium complexes were able to act as both electron
and hole carriers.[48–50] The electrons were transported by

hopping between the diimine ligands, which exhibited
modest electron-carrier mobility. After evaporation of the
aluminum electrode, the multilayered devices were irradiat-
ed with simulated AM 1.5 solar light. The current–voltage
characteristics of the devices are summarized in Table 2.
The typical current–voltage characteristics of devices 2 and
4 are shown in Figure 4. All the devices exhibit similar fill
factors (FFs), and the power conversion efficiencies hp are
in the order of 10�3%. It can be seen that those devices pre-
pared from PTEBS solution with pH 6 exhibit the highest

Figure 3. Topographical (top) and phase contrast (bottom) AFM images
of polymer 1/PTEBS multilayer (80 bilayers thick). The film was pre-
pared from a PTEBS solution of pH 4.5 in the absence of salt. The scan
sizes of both images are 1<1 mm.

Table 2. Photovoltaic properties of the devices ITO/(polymer 1/
PTEBS)80/Al under illumination by AM 1.5 simulated solar light. The
multilayer films were fabricated according to the conditions listed in
Table 1.

Device[a] Isc [mAcm�2] Voc [V] FF hp [10
�3%] IPCE at 410 nm [%]

1 7.6 0.7 0.21 1.0 0.1
2 27.1 1.2 0.19 6.1 0.35
3 2 0.5 0.17 2.6 0.02
4 9.8 1.2 0.15 1.7 0.03

[a] Devices 1–4 were prepared according to the conditions described in
Table 1 (entries 1–4).
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short-circuit current Isc (27.1 mAcm�2) and hp (6.1<10�3%).
For those devices prepared from PTEBS solution with
pH 4.5 (Table 2, devices 3 and 4), a relatively lower short-
circuit current was obtained due to the small film thickness
(low optical absorption). In addition, the bulk resistance of
the multilayer films was in the order of 106–107 W, which
may also contribute to the low short-circuit current. It
should also be noted that the open-circuit voltage (Voc) of
device 2 is quite high (1.20 V), which is comparable to that
of some heterojunction solar cells based on copper phthalo-
cyanine and 3,4,9,10-perylenetetracarboxylic bisbenzimida-
zole.[51,52] The Voc of an organic solar cell can be estimated
from the difference between the HOMO of the electron
donor and the LUMO of the acceptor. From the cyclic vol-
tammogram of polymer 1,[53] the HOMO and LUMO levels
of the polymer were estimated to be �5.6 and �3.6 V, re-
spectively. The optical band gap observed in the edge of the
absorption tail (Figure 2) also agrees with the HOMO–
LUMO gap. From the literature, the HOMO and LUMO
levels of PTEBS were �4.7 to �5.1 and �2.7 to �3.1 eV, re-
spectively.[54] Therefore, the difference between the HOMO
of PTEBS and the LUMO of polymer 1 is 1.1 to 1.6 V,
which agrees well with the observed Voc values.

It is inferred that in these solar cells, PTEBS acts as the
donor while polymer 1 acts as the electron acceptor. After
the separation of excitons, holes were transported by the
PTEBS network while electrons were transported by poly-
mer 1. The use of PTEBS as donor in polymer/TiO2-type
solar cells is known.[54] A similar Voc value (1.18 V) was also
measured in device 4. However, devices 1 and 3, in which
the multilayers were deposited in the absence of salt, exhib-
ited much lower Voc values (0.7 and 0.5 V, respectively). We
suggest that the relatively poor performances of these devi-
ces may be due to several factors, which include charge re-
combination and low carrier mobility. The presence of salt

may also play a critical role in the exciton generation, sepa-
ration, and charge transport processes. The relatively low fill
factor may partly be due to low carrier mobility and ineffi-
cient contact between the polymer films and electrodes.
However, such effects are not well understood and more ex-
amples of devices need to be fabricated. Incorporation of
additional electron-carrying polyelectrolyte or a carefully
chosen electrode contact may improve the device perform-
ance. It should be noted that the structures of these LBL
films are quite similar to composites of inorganic nanoparti-
cles/organic polymers. Recently, the use of such organic–in-
organic nanocomposites was also employed in the fabrica-
tion of photovoltaic devices in which CdSe was codeposited
with a poly(p-phenylenevinylene) derivative by the LBL
process.[55] In addition, the composites can be prepared by
blending of ZnO[56,57] or CuInS2

[58] nanoparticles with conju-
gated polymers. Compared to these devices, the power con-
version efficiencies of our cells are 1–2 orders of magnitude
lower, which may be due to the lower charge-carrier mobili-
ties.

The performances of photovoltaic cells in ambient atmos-
phere under continuous illumination of light were studied.
After the multilayer polymer films were prepared, they
were heated at 100 8C in a vacuum oven for 24 h to remove
the solvent residue. Figure 5 shows the change in short-cir-

cuit current of device 1 upon illumination by simulated solar
light (100 mWcm�2) at 25 8C and under a relative humidity
of 80%. It can be seen that the current decreases to approx-
imately 40% of the original value after 6 h. However, when
the film was dried at 50 8C in a vacuum oven, the current
dropped to 10% of the original value. This finding clearly
indicates the importance of the removal of water/solvent
residue from the film in the device fabrication process.

Figure 4. Current–voltage characteristics of photovoltaic devices compris-
ing ITO/(polymer 1/PTEBS)n/Al (devices 2 ~ and 4 & in Table 2) under
simulated AM 1.5 solar-light irradiation (100 mWcm�2).

Figure 5. Plot of short-circuit current as a function of time for device 1
upon continuous illumination by simulated solar light (100 mWcm�2).
The experiment was carried out at 25 8C under a relative humidity of
80%.
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Figure 6 shows the incident photon-to-electron conversion
efficiency (IPCE) of device 2 at different wavelengths under
the bias of 0, �0.5, and �1 V. The absorption spectrum of
the multilayer film is also shown for comparison. It can

clearly be seen that the photocurrent response agrees very
well with the absorption spectrum in which a local maxi-
mum is observed at about 430 nm. The IPCE values are
comparable to those of other fullerene-based multilayer
photovoltaic cells.[59,60] In addition, the IPCE response ex-
tends to 600 nm. This indicates that the photosensitization
process originates from the polymer 1/PTEBS junction that
both polymers took part in during the photoinduced charge
generation process. When a reverse bias was applied to the
device, a significant increase in IPCE was observed. There-
fore, the device may also serve as a photodetector with a se-
lective sensitization range.

The charge transport behaviors of polymeric photovoltaic
devices fabricated by the LBL process have been reported
in the literature. The multilayers were mainly based on full-
erene derivatives as the electron acceptors.[59–63] It has been
shown previously that the photocurrent generation and
decay in polymer multilayers composed of poly(phenylene-
vinylene), poly(acrylic acid), poly(allylamine hydrochloride),
and fullerene can be fitted to a biexponential function. The
multilayer films were regarded as a capacitor in which the
charging process corresponds to the photoinduced electron-
transfer process. In our system, the polymer multilayer was
composed of a blend of a hyperbranched metal-containing
polymer and an ionic PTEBS. Not only is the morphology
of the polymer film different, but also the trifluoromethane-
sulfonate counterions present in the polymer films are rela-
tively larger in size when compared to the other examples in
the literature. Therefore, it is of fundamental interest to
study the photoinduced charge generation and decay pro-

cesses by analyzing the photocurrent profile upon irradia-
tion by light. Figure 7a shows the photocurrent profile when
the device was irradiated with monochromatic light (400 nm
with intensity 80 mWcm�2). Both the rise and decay of the
transient photocurrent were simulated with multiple expo-

nential functions, which could not be fitted into a biexpo-
nential function as proposed in the literature.[64] However,
good agreement with the experimental data was obtained
when an additional exponential term was added, and the
photocurrent decay can be described by Equation (1):

IðtÞ ¼ I1expð�t=t1Þ þ I2expð�t=t2Þ þ I3expð�t=toffÞ ð1Þ

The fitting result for the photocurrent decay is shown in
Figure 7b. The values of I1, t1, I2, t2, and I3 for the best-
fitted curve were 0.38, 5.5 s, 0.45, 42.4 s, and 0.13, respective-

Figure 6. Plots of absorbance and incident photon-to-electron conversion
efficiency (IPCE) of device 2 at different wavelengths under a bias of 0
(^), �0.5 (&), and �1.0 V (*).

Figure 7. a) Photocurrent response as a function of time upon periodic il-
lumination of device 2 with monochromatic light (400 nm with an intensi-
ty of 80 mWcm�2). b) Experimental photocurrent decay and the decay si-
mulated using a triexponential function. Photocurrent g, simulated
function c.

Chem. Eur. J. 2007, 13, 328 – 335 I 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 333

FULL PAPERMultilayer Thin Films

www.chemeurj.org


ly, while toff corresponds to the shutter off time (400 s).
From these results, it is clear that two processes with time
constants of approximately 5 and 40 s contribute almost
equally to the decay of the photocurrent, which is different
from the literature results in which the decay was dominated
by toff. We suggest that the first term corresponds to the dis-
appearance of free carrier in the polymers, and the second
term corresponds to the redistribution of free ions in the
polymer films. If the device is considered to be a capacitor
in series with a resistor, from the time constant of the
second exponential term and the resistance of the film
(30 MW), the capacitance of the film was calculated to be
0.16 mF. This value is considerably greater than those of
other polyelectrolyte multilayers reported previously (in the
order of nanofarads).[64, 65] Similar fitting results were also
obtained for the photocurrent rise profile. We attribute this
finding to the relatively large anions present in the film
when compared to other multilayers in which chloride ions
were present. In addition, the morphology of the hyper-
branched polymer may also affect the mobility of ions and
generation of charge in the polymer films. At the moment,
this phenomenon is not fully understood, and it constitutes a
very interesting topic for further study in the future. It has
previously been shown that charge transport in some metal
complexes or metal-containing polymers[66,67] is dependent
on the electrolyte anion in the film. In addition, redox proc-
esses undertaken in the film may induce morphological
changes.[68] It should be noted that capacitances of the order
of microfarads are observed in both liquid[69] and solid-
state[70] dye-sensitized solar cells. Thus, techniques, such as
impedance spectroscopic analysis, which are commonly used
to investigate electronic and ionic processes in dye-sensi-
tized solar cells, may also be useful for studying the charge
transport in polyelectrolyte multilayers with mobile ions.

Conclusion

Multilayer thin films were fabricated from a metal-based hy-
perbranched polymer with an ionic PTEBS by the LBL dep-
osition process. The effects of deposition conditions on the
film properties were investigated and the photovoltaic prop-
erties of the devices fabricated from these multilayers were
measured. The photocurrent responses of the devices sug-
gest that the hyperbranched polymer/PTEBS junction par-
ticipated in the photosensitization process. The studies of
photocurrent rise and decay profiles suggest that the genera-
tion of photocurrent was affected by both the generation of
free carriers and the presence of counterions in the multilay-
er film. Although the device efficiencies were relatively low,
this deposition method provides a simple and versatile ap-
proach to fabricate photovoltaic cells by a solution method.
There are many different issues that need to be understood
in order to design a better device. For example, the effects
of the presence of salt on the charge-carrier mobility require
much more detailed studies. Moreover, the choice of elec-
trodes, post-film-forming treatments (and hence film mor-

phology), and addition of further components may all affect
the device performance. These will be very interesting re-
search topics in the future and some of the work is in prog-
ress.

Experimental Section

Materials : All the reagents were purchased from Aldrich Chemicals or
Lancaster Synthesis and were used as received. Hyperbranched polymer
1 was synthesized according to a previously published procedure.[26]

Sodium poly[2-(3-thienyl)ethoxy-4-butylsulfonate] (PTEBS) was pur-
chased from American Dye Source. Ultrapure water (18.2 MW) was used
in the preparation of polymer solutions and in the rinsing of all sub-
strates/polymer films.

Instruments : UV/Vis spectra were collected on a Varian Cary 50 UV/Vis
spectrometer. Atomic force micrographs were collected on a Digital
Nanoscope IIIA scanning probe microscope. Static light scattering ex-
periments were performed with a Wyatt Technology DAWN DSP laser
photometer equipped with a He-Ne laser (632.8 nm). The ellipsometry
data in the 700–800 nm spectral range were collected by using a J. A.
Woollam V-VASE ellipsometer with 20-nm steps. The incidence angles
were 65, 70, and 758.

Multilayer thin film deposition : An ITO-coated glass slide (surface resis-
tivity=50 W sq�1) was used as the substrate for the LBL deposition proc-
ess. The substrate was cleaned by Decon 90, deionized water, acetone,
methanol, methanol/toluene 1:1, and toluene in sequence. It was then im-
mersed in a 3-aminopropyltrimethoxysilane solution (5% in toluene) for
12 h. The slide was rinsed with toluene, methanol/toluene 1:1, methanol,
and deionized water in sequence. The deposition of one bilayer involved
immersing the pretreated ITO-coated glass slide in the following solu-
tions in sequence: water, PTEBS (0.09 mgmL�1 in H2O), water, ethanol,
DMF, polymer 1 in DMF (0.17 mgmL�1), DMF, and ethanol. The dipping
time for the two polyelectrolyte solutions was 15 min and the rinsing
time for all other solvents was 2 min. The cycle was repeated until the de-
sired number of bilayers was achieved. The growth process of the multi-
layer thin film was monitored by spectroscopic ellipsometry. The multi-
layer film was dried in a vacuum oven at 100 8C for 24 h. Devices for
photovoltaic measurements were fabricated by coating an aluminum
electrode (40 nm) on the multilayer thin film under high vacuum. The
photovoltaic properties of the multilayer thin films were studied by using
simulated AM 1.5 solar light (Thermo Oriel 6255 150-W xenon lamp with
an AM 1.5 filter) as the light source. Upon irradiation, the current–volt-
age characteristics of the device were measured with a Keithey 238 elec-
trometer. The external quantum efficiency was determined by using the
same light source with a Thermal Oriel Cornerstone 1/8 m monochroma-
tor for wavelength selection. The light intensity at each wavelength was
measured with a Newport Optical Power Meter 1830-C.
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