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ABSTRACT Solution-processed organic thin-film solar cells with triple-layered structures were fabricated by combining a hole-
transporting layer made of poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS), a light-harvesting layer assembled
by layer-by-layer (LbL) deposition of poly(p-phenylenevinylene) (PPV) and PSS, and an electron-transporting layer of fullerene Cqo
dispersed in a polystyrene film. The thickness of the light-harvesting layer was precisely designed and controlled on a scale of
nanometers by the LbL deposition technique. The efficiency of exciton generation in the PPV/PSS LbL assembly was estimated for
various layered structures by optical simulation considering optical interference effects. For the discussion on the efficiency of exciton
diffusion, photoluminescence quenching was measured for the LbL assembly with various thicknesses and analyzed using the one-
dimensional diffusion model. As a result, the exciton lifetime and diffusion constant were evaluated as 0.67 £ 0.02 ns and 8 x 107*
cm? s7!, respectively. On the basis of these analyses, the photocurrent generation in the solar cells was quantitatively explained in

terms of the layered structure.
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INTRODUCTION

ulk-heterojunction polymer-based solar cells and
planar-heterojunction small-molecule-based solar cells

are representatives of organic thin-film solar cells (1).
The power conversion efficiency has been reported to be
around 5—6 % for both devices (2-5). The former solar cells
are typically fabricated by solution processes such as spin
coating of a blend solution of a conjugated polymer and a
fullerene derivative (6) and therefore have attracted much
attention because of their suitability for high-throughput
production based on the printing and coating techniques (7).
On the other hand, the latter solar cells are typically fabri-
cated by vacuum deposition of small molecules such as
copper phthalocyanine and fullerene (4, 5, 8). One of the
most remarkable advantages for such devices is that layered
structures are precisely designed and controlled on a scale
of subnanometers by the vacuum deposition technique (9).
Such a precisely controlled device structure is beneficial not
only for developing high-performance solar cells (4) but also
for understanding a series of fundamental processes such
as exciton generation, exciton diffusion, charge generation,
and charge collection at the electrodes (8, 10). The photon
absorption efficiency in well-ordered multilayered devices
can be estimated by optical simulations considering optical
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interference effects (8). The efficiency of exciton diffusion
to a donor/acceptor interface can be evaluated from photo-
luminescence (PL) quenching experiments using the one-
dimensional diffusion model (8, 11, 12). A series of device
analyses have been reported for small-molecule thin-film
solar cells fabricated by vacuum deposition (8) and clearly
provide a guideline for the design of more efficient solar
cells.

To integrate both advantages of the solution processing
and vacuum deposition techniques, we have developed
multilayered organic thin-film solar cells fabricated by a
combination of the spin-coating and layer-by-layer (LbL)
deposition techniques. This technique, which was developed
by Decher and Hong (13), is a simple and versatile method
for fabricating ultrathin films (14) and is therefore applied
to various ultrathin-film-coated applied materials (15) such
as core—shell nanoparticles (16), two- or three-dimensional
patterned structures (17) with a precisely controlled thick-
ness on a scale of nanometers. Ultrathin films of poly(p-
phenylenevinylene) (PPV) have been fabricated by the LbL
deposition technique using a precursor of PPV (18) and then
applied to organic thin-film solar cells (19). We previously
designed the configuration of the light-harvesting layer in
multilayered organic thin-film solar cells (11, 20-23). As a
result of such structural optimization, we obtained the best-
performance device with a power conversion efficiency of
0.26% under AM1.5G solar-simulated illumination. This
efficiency is significantly higher than that reported for LbL-
based organic solar cells (24-26). In the present study, we
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FIGURE 1. Chemical structures of materials used in this study.

discuss the relationship between the device efficiency and
the device structure of LbL-based multilayered solar cells.
Exciton generation in the LbL assembly is estimated by
optical simulation. Exciton diffusion into a donor/acceptor
interface is evaluated from the PL quenching experiments
using the one-dimensional diffusion model. We demonstrate
that the device performance can be quantitatively analyzed
on the basis of a layered structure.

EXPERIMENTAL METHODS

Materials. Poly(p-xylenetetrahydrothiophenium chloride) (pre-
PPV; Aldrich, 0.25 wt % aqueous solution) was diluted to 1 mM
with ultrapure water. The solution was adjusted to pH 8 —9 with
a NaOH aqueous solution. The 1 mM pre-PPV aqueous solution
was used as a cationic polyelectrolyte solution for the LbL
deposition. Poly(sodium 4-styrenesulfonate) (PSS; Aldrich, M,
= 70 000 g mol™") was dissolved in ultrapure water to give a
10 mM PSS aqueous solution, which was used as an anionic
polyelectrolyte solution for LbL deposition. Poly(3,4-ethylene-
dioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS; Aldrich,
1.3 wt % dispersion in water, conductive grade) was mixed with
ethylene glycol (EG; Aldrich, anhydrous, 99.8 %) (PEDOT:PSS/
EG = 100/20 by weight). The mixed solution of PEDOT:PSS with
EG was used for the fabrication of a hole-transporting layer by
spin coating. Polystyrene (PS; Aldrich, M,, = 280 000 g mol™")
was purified by reprecipitation from a toluene solution into
methanol three times. To 2 mL of o-dichlorobenzene (Aldrich)
was added 12 mg of PS and 48 mg of C¢, (Frontier Carbon Co.
Ltd.). The blend solution of PS and C¢, was used for the
fabrication of an electron-transporting layer by spin coating.
Figure 1 shows the chemical structures of materials used in this
study.

Device Fabrication. Indium—tin oxide (ITO)-coated glass
substrates (10 Q O7') were washed by ultrasonication in
toluene, acetone, and ethanol for 15 min, respectively, and then
dried with a N, flow. These prewashed substrates were further
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treated with a UV—0Os cleaner for 1 h. First, a hole-transporting
layer of PEDOT:PSS was prepared by spin coating from the
aqueous solution of PEDOT:PSS mixed with EG and was ther-
mally annealed at 70 °C for 14 h in air and at 140 °C for I h
under vacuum to give an insoluble film as reported previously
(21). The thickness of the PEDOT:PSS layer was ~80 nm.
Second, a light-harvesting layer was prepared by the LbL
deposition of pre-PPV and PSS. The PEDOT:PSS-coated sub-
strate was immersed in the 1 mM pre-PPV aqueous solution for
5 min, rinsed in ultrapure water for 3 min, immersed in the 10
mM PSS aqueous solution for 5 min, and rinsed in ultrapure
water for 3 min. This cycle gives one bilayer of pre-PPV and
PSS, which is abbreviated as (pre-PPV/PSS),. Each LbL film was
completely dried under a flow of air for 4—6 min after the
immersion. Third, an electron-transporting layer was prepared
onn+ 0.5 bilayers of pre-PPV/PSS, which is abbreviated as (pre-
PPV/PSS),/pre-PPV, by spin coating from the o-chlorobenzene
solution of C¢o and PS. Subsequently, the (pre-PPV/PSS),/pre-
PPV LbL assembly was thermally converted to the (PPV/PSS),/
PPV LbL assembly by annealing at 100 °C for 2 h under
vacuum. Finally, aluminum was thermally deposited as a
counter electrode at 2.5 x 107° Torr on top of the triple-layered
film through a metal mask to give an active area of 6 mm? (2 x
3 mm?). The triple-layered device consisted of a hole-transport-
ing layer of the PEDOT:PSS film, a light-harvesting layer of the
PPV/PSS LbL film, and an electron-transporting layer of the Ce:
PS film. The device structure is abbreviated as ITO|PEDOT:
PSS|(PPV/PSS),/PPV|Ceo:PS|Al The thickness of the (PPV/PSS),/
PPV light-harvesting layer was varied between 3 and 19 nm
depending on the number of deposition cycles n. The detailed
structural analysis of the device was described in ref 21. The
thickness of the Cq0:PS electron-transporting layer was varied
between 20 and 50 nm by adjusting the spin rate.

Sample Preparation for the Quenching Experiment. Quartz
substrates were washed by ultrasonication in toluene, acetone,
and ethanol for 15 min, respectively, and then dried with a N,
flow. These prewashed substrates were further treated with a
UV—0s5 cleaner for 1 h. An emission layer of (pre-PPV/PSS),/
pre-PPV was prepared on a quartz substrate by the same
fabrication procedures as those described above. Before the
thermal conversion of pre-PPV into PPV, a quenching layer was
prepared on the (pre-PPV/PSS),/pre-PPV layer mentioned above
by spin coating from the o-chlorobenzene solution of Cgo and
PS. As a control, a PS layer was prepared on the (pre-PPV/PSS),/
pre-PPV layer by spin coating from the o-chlorobenzene solution
of PS. Finally, the (pre-PPV/PSS),/pre-PPV LbL assembly was
thermally converted to the (PPV/PSS),/PPV LbL assembly by
annealing at 100 °C for 2 h under vacuum. The schematic
layered structures of the PPV/PSS LbL films are shown in Figure
2, and the detailed characterization of the layered structures
including each layer thickness is described in the Supporting
Information.

Measurements. The current density—voltage (/—V) charac-
teristics of the triple-layered devices of ITO|PEDOT:PSS|(PPV/
PSS)/PPV|Ceo:PS|Al were measured with a direct-current volt-
age current source/monitor (Advantest R6243) in the dark and
under AM1.5G solar-simulated illumination at 100 mw cm™2.
The external quantum efficiency (EQE) was measured with a
digital electrometer (Advantest R8252) under monochromatic
light illumination at 420 nm from a 500 W xenon lamp (Thermo
Oriel model 66921) with optical cut filters and a monochroma-
tor (Thermo Oriel, UV—visible Conerstone). Fluorescence spec-
tra of the double-layered films of (PPV/PSS)H/PPV|C60:PS and
(PPV/PSS),/PPV|PS on quartz substrates were measured with a
fluorescence spectrometer (Hitachi F-4500). The excitation
wavelength was 420 nm. The fluorescence decay of the double-
layered films was measured by the time-correlated single-
photon-counting method as described elsewhere (27, 28). The

IENAPPLIED MATERIALS 237

X INTERFACES

VOL. 2 ¢« NO. I » 236-245+ 2010




. -
¥, =

Layer-by-layer Spin-coated

deposition

) T ~
N n
1> N> w > o
slofuo|vl «..|n| o
ololofo|a al 8
© 3-12nm

b) (1.5-6.5bilayers)
= S >
sla|o|aln - o] £
ola|o|o|a o

A
\ 4

14 nm
(7.5 bilayers)

FIGURE 2. Schematic layered structures of the double-layered films
employed for the quenching measurements: (a) (PPV/PSS),./PPV|Ce:
PS; (b) (PPV/PSS),/PPV|PS. The monolayer thickness in (PPV/PSS),/
PPV was 0.9 nm for PPV and 1.0 nm for PSS.

Table 1. Optical Parameters and Thicknesses of
Each Component at 420 nm Employed for
Calculation by the Transfer Matrix

component n R thickness/nm ref
glass 1.53 0 1.0 x 10° 21
ITO 1.94 0.01 200 22
PEDOT:PSS 1.42 0.02 80 22
PPV 2.10 1.10 3—19 23
PSS 1.51 0 3—19 24
Ceo:PS 2.05 0.20 20—50 25
Al 0.59 4.30 50 26

excitation wavelength was 440 nm. All of these measurements
were performed in air at room temperature.

Optical Simulations. The photon absorption efficiency of the
PPV/PSS LbL assembly is evaluated by the transfer matrix
method (8, 29). For simplicity, we assume that each layerj (j =
1, 2, ..., m) consists of homogeneous and isotropic materials
with a thickness L;and a complex refractive index n; = n; + ik;.
Furthermore, the interfaces are assumed to be optically flat even
in the PPV/PSS LbL assembly, although there is a little inter-
penetration between neighboring LbL assemblies. The optical
electric field amplitude Ej(x) is calculated as a function of the
position in the multilayer structure in the thin film, where x is
the position in layer j; 0 < x < L;. Here, |E;(x)|? is normalized
by |Eo|?, where E, is the optical electric field amplitude of the
incident plane wave. The time average of the energy dissipated
per second at position x in layer j, Q;(x), is then
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Ox) = lceoom‘|Er(x)|2 (1)

where c is the speed of light, ¢, is the permittivity of free space,
and oy is the absorption coefficient of layer j. The exciton
generation rate at position x in layer j is therefore given by G;(x)
= (Alhc)Qj(x), where A is the wavelength of the incident light and
his Planck’s constant. Consequently, the absorption efficiency
of the PPV/PSS LbL assembly is given by

LbL

nALbL — z j(‘)l‘.i Gj(x) dx )
J

In the same way, the absorption efficiency of the Ceo:PS layer
720 is also evaluated. Table 1 summarizes the optical param-
eters (30-35) and the thickness for each component employed
for calculation by the transfer matrix.

RESULTS

Photocurrent Generation. To examine the relation-
ship between photocurrent generation and the device struc-
ture, we fabricated various triple-layered polymer solar cells
of ITO|PEDOT:PSS|(PPV/PSS),/PPV|Ceo:PS|Al with different
layer thicknesses. The thickness of the PPV/PSS LbL as-
sembly was varied between 3 and 19 nm, and the thickness
of the Ceo:PS layer was varied between 20 and 50 nm. Figure
3a shows the dependence of the short-circuit current density
Jsc and EQE of the solar cell on the thickness of the PPV/PSS
LbL film. Note that the thickness of the C¢:PS layer was fixed
at 30 nm. With an increase in the thickness of the PPV/PSS
LbL film, as shown by the open circles in the figure, Jsc
increased steeply by a factor of 2 from 3 to 7 nm, reached
a maximum at around 7 nm, and then gradually decreased
above it. As shown in the figure, EQE at 420 nm also showed
the same tendency as Jsc. This trend is consistent with our
previous report (21). The increase in Jsc below 7 nm is simply
ascribed to the increase in the light-harvesting PPV/PSS LbL
assembly, which increases the photon absorption efficiency
7a, leading to exciton generation. To explain the gradual
decrease in Jsc above 7 nm, however, we should consider
other limiting factors such as the efficiency of exciton
diffusion to a donor/acceptor interface ngp as discussed later.
On the other hand, Figure 3b shows the dependence of Jsc
of the solar cell on the thickness of the Cgo:PS film. Note that
the thickness of the PPV/PSS LbL assembly was fixed at 7
nm. As shown by the open circles in the figure, Jsc increased
with an increase in the thickness of the C¢o:PS film, de-
creased above 30 nm, and reduced by half at 50 nm even
though the thickness of the light-harvesting PPV/PSS LbL
assembly was kept constant. Thus, as described below, the
optical interference effect should be taken into account in
the photon absorption efficiency 7, in the device with a
reflective metal mirror as an electrode.

Optical Simulation. To evaluate the photon absorp-
tion efficiency 57, we calculate the internal optical electric
field E(x) and the exciton generation rate G(x) as a function
of the position x in the multilayered organic solar cells by
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FIGURE 3. (a) Dependence of Jsc (open circles) and EQE at 420 nm
(closed circles) on the thickness of the (PPV/PSS),/PPV layer mea-
sured for triple-layered devices of ITO|PEDOT:PSS|(PPV/PSS),/PPV
(3—19 nm)|Ceo:PS (30 nm)|Al, under AM1.5G solar-simulated il-
lumination at 100 mW cm ™. (b) Dependence of Jsc on the thickness
of the Ceo:PS layer measured for triple-layered devices of ITO|PEDOT:
PSS|(PPV/PSS),/PPV (7 nm)|Ce:PS (20—50 nm)|Al, under AM1.5G
solar-simulated illumination at 100 mW cm™'. The experimental
error in EQE was as small as 5%, and the error bars were within the
closed circles.

the transfer matrix method. Figure 4a shows the optical
intensity |E(x)|? in multilayered organic solar cells with the
PPV/PSS LbL assembly differing in thickness: the device
structure is ITO (200 nm)|PEDOT:PSS (80 nm)|(PPV/PSS),/
PPV (3—19 nm)|Ceo:PS (30 nm)|Al. As the thickness of the
PPV/PSS LbL assembly is increased, the peak value of |E(x)|?
is decreased monotonically but the peak position is almost
unchanged. The decrease in |E()|? is mainly due to the
absorption of the PPV/PSS LbL assembly, although there
should be optical interference effects, as is discussed later.
As a result, as shown in Figure 4b, G(x) in the PPV/PSS LbL
assembly also decreases monotonically with an increase in
the thickness of the PPV/PSS LbL assembly. Note that the
values of G(x) are much larger than that in the C¢o:PS layer,
suggesting that the PPV/PSS LbL assembly has a crucial role
in the light harvesting of the device.

Figure 5a shows the optical intensity |E(x)|? in multilay-
ered organic solar cells with the Cq:PS layer differing in
thickness: the device structure is ITO (200 nm)|PEDOT:PSS
(80 nm)|(PPV/PSS),/PPV (7 nm)|Cgo:PS (20—50 nm)|Al As
is the case with the PPV/PSS LbL assembly, the peak value
of |E()|? in the PPV/PSS LbL assembly decreases monotoni-
cally with an increase in the thickness of the Ceo:PS layer.
This decrease in |E(x)|? is mainly due to the absorption of
the Ceo:PS layer. In contrast to Figure 4a, the peak position
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FIGURE 4. (a) Calculated distribution of the optical intensity |E(x)|?,
which is normalized by the optical intensity of the incident plane
wave. (b) Calculated distribution of the exciton generation rate G(x).
The device structure employed for the calculation is ITO (200
nm)|PEDOT:PSS (80 nm)|(PPV/PSS),/PPV (3—19 nm)|Ceo:PS (30 nm)|Al

is significantly shifted from the PEDOT:PSS layer through the
PPV/PSS LbL assembly to the Ceo:PS layer, suggesting that
the Ceo:PS layer serves as an optical spacer, as is discussed
later. As a result, as shown in Figure 5b, the dependence of
G(x) on the thickness of the Cq:PS layer is a bit more
complex. The average values of G(x) in the PPV/PSS LbL
assembly increase slightly from 20 to 30 nm and then
decrease above 30 nm with an increase in the thickness of
the Ceo:PS LbL assembly.

On the basis of these calculations, we evaluate the photon
absorption efficiency in the PPV/PSS LbL assembly 7,"" at
420 nm. As the thickness of the PPV/PSS LbL assembly is
increased, as shown by the open squares in Figure 6a, 7,
monotonically increases up to around 20 nm and then is
almost saturated above 20 nm. The open circles represent
the absorption of the PPV/PSS LbL assembly simply calcu-
lated from the absorbance of the film. The closed circles
represent the absorption of the PPV/PSS LbL assembly
calculated from twice the absorbance of the film considering
the reflection at the aluminum electrode. Note that the
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FIGURE 5. (a) Calculated distribution of the optical intensity |E(x)|?,
which is normalized by the optical intensity of the incident plane
wave. (b) Calculated distribution of the exciton generation rate G(x).
The device structure employed for the calculation is ITO (200
nm)|PEDOT:PSS (80 nm)|(PPV/PSS),/PPV (7 nm)|Ceo:PS (20—50 nm)|Al.

absorption of other layers such as ITO, PEDOT:PSS, and Cg:
PS layers is also taken into account in the calculation. In
other words, this is the maximum absorption without con-
sideration of optical interference effects. Thus, the difference
between the open squares 17,'*" and the closed circles clearly
demonstrates that the optical interference effects have a
great impact on the photon absorption efficiency in multi-
layered devices. We note that the thickness dependence of
7Pt is not consistent with that of Jsc shown in Figure 3a.
This disagreement suggests that there are other limiting
factors for charge generation, as is discussed later. As the
thickness of the Cg:PS LbL assembly is increased, on the
other hand, 7,"" slightly increases from 20 to 30 nm and
then decreases above 30 nm, while 7,°°° increases mono-
tonically, as shown in Figure 6b. The thickness dependence
of Jsc shown in Figure 3b is in good agreement with that of
7Pt rather than 7,°%°, suggesting that the contribution of
the Ceo:PS layer to photocurrent generation is negligibly
minor and the PPV/PSS LbL assembly has a major role in
the light harvesting. Therefore, we focus our attention on
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FIGURE 6. Photon absorption efficiency 7, in the PPV/PSS LbL
assembly at 420 nm (open squares) plotted against the thickness of
(a) the PPV/PSS LbL assembly and (b) the C¢,:PS layer. The device
structures are as follows: (a) ITO (200 nm)|PEDOT:PSS (80 nm)|(PPV/
PSS),,/PPV (0—39 nm)|Cq:PS (30 nm)|Al and (b) ITO (200 nm)|PEDOT:
PSS (80 nm)|(PPV/PSS),/PPV (7 nm)|Ceo:PS (10—60 nm)|Al. The open
circles represent the absorption of the PPV/PSS LbL assembly
calculated from the absorbance of the film. The closed circles
represent the absorption of the PPV/PSS LbL assembly calculated
from twice the absorbance of the film considering the reflection at
the aluminum electrode. The closed squares represent the photon
absorption efficiency 7, in the Cy:PS layer at 420 nm. Note that
the absorption of other layers such as ITO, PEDOT:PSS, and Ceo:PS
layers is also taken into account in the calculation.

charge generation from excitons generated in the PPV/PSS
LbL assembly in this study.

Exciton Quenching. As mentioned before, we cannot
explain the dependence of Jsc on the thickness of the PPV/
PSS LbL assembly in terms of the photon absorption ef-
ficiency of the LbL assembly #,"" alone. This is partly
because some excitons generated in the LbL assembly
cannot reach a donor/acceptor interface. Here, we therefore
evaluate the exciton diffusion efficiency ngp, which is the
probability that the photogenerated exciton diffuses to a
donor/acceptor interface before deactivating to the ground
state, from exciton quenching experiments. First we mea-
sured the PL spectra of double-layered films with different
layered structures as shown in Figure 2a,b to evaluate the
quenching efficiency qualitatively: (PPV/PSS),/PPV|Cgo:PS
films and (PPV/PSS),/PPV|PS reference films. The PL inten-
sity is normalized by that of the reference film with the same
PPV/PSS LbL film in thickness. The quenching efficiency @,
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FIGURE 7. PL spectra of double-layered films with a layered structure
of (PPV/PSS),/PPV (3—12 nm)|Cs:PS (solid lines) and the reference
film with a layered structure of (PPV/PSS),/PPV (14 nm)|PS (thick
solid line), as shown in parts a and b of Figure 2, respectively. The
excitation wavelength was 420 nm. Each PL intensity of (PPV/PSS),/
PPV|C¢o:PS was normalized by that of the reference film with the
same thickness of the PPV/PSS LbL film.

is estimated by 1 — I/, where I is the PL intensity of the
(PPV/PSS),/PPV|Cyo:PS films and I, is that of the reference
films. For the thinnest PPV/PSS LbL assembly, ®, was as
high as 0.95, suggesting that almost all excitons are ef-
ficiently quenched at the quenching wall of the Ceo:PS film.
The quenching mechanism will be discussed later. As the
thickness of the PPV/PSS LbL assembly is increased from 3
to 12 nm, the PL intensity increased as shown in Figure 7
and hence ®, decreased, suggesting that exciton quenching
occurs only at a donor/acceptor interface and therefore some
excitons cannot reach the interface as the thickness of the
PPV/PSS LbL assembly is increased. Thus, we can discuss
exciton diffusion by analyzing the dependence of ®, on the
thickness of the PPV/PSS LbL assembly as described below.

To discuss the quenching efficiency quantitatively, we
next measured the exciton lifetime by the time-correlated
single-photon-counting method. This approach is more reli-
able than the PL intensity measurement because it is less
sensitive to slight variations in the experimental conditions
(36). Figure 8 shows the PL decay of double-layered films
with different layered structures. The solid lines represent
the PL decay of double-layered films with a layered structure
of (PPV/PSS),/PPV (3—12 nm)|Ceo:PS. The thick solid line
represents the PL decay of a double-layered reference film
with a layered structure of (PPV/PSS),/PPV (14 nm)|PS. The
PL decays are well fitted by eq 3,

10 = 10) Y. A, exp(— Ti) 3)

1

where [(t) and I(0) are the PL intensity at time ¢ and 0,
respectively, A; is the fraction of the ith component, and t;
is the decay constant. The average PL lifetime (t) is calcu-
lated by eq 4 (12).
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FIGURE 8. Fluorescence decay curves of double-layered films with
a layered structure of (PPV/PSS),/PPV (3—12 nm)|Ce:PS (solid lines)
and the reference film with a layered structure of (PPV/PSS),/PPV
(14 nm)|PS (thick solid line), as shown in parts a and b of Figure 2,
respectively. The excitation wavelength was 440 nm. The broken
line represents the instrument response function (fwhw ~ 60 ps).
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The exciton lifetime in the PPV/PSS reference film is evalu-
ated as (7o) = 0.67 &+ 0.02 ns, which is slightly longer than
the previously reported values (37-39). On the other hand,
the exciton lifetime in the PPV/PSS LbL films with the Cg:
PS quenching layer was dependent on the thickness of the
PPV/PSS LbL assembly; it increased from 0.40 ns at 5 nm
to 0.63 ns at 12 nm with an experimental error of 2% at
most. This tendency is qualitatively consistent with the PL
quenching efficiency mentioned before. Furthermore, we
can evaluate the quenching efficiency ®, by integrating eq
3. Table 2 summarizes the averaged exciton lifetime (z),
other fitting parameters, and ®,. On the basis of these
experimental quenching results, we will discuss later the
diffusion constant of excitons in the PPV/PSS LbL assembly.

DISCUSSION

Exciton Generation. Exciton generation is propor-
tional to the optical intensity in the light-harvesting layer.
Thus, we first consider how the optical intensity depends on
the layered structure of the device. As shown in Figures 4
and 5, the spatial distribution of the optical intensity |E(x)|?
in the multilayered device is significantly dependent on the
thickness of the Ceo:PS layer rather than that of the PPV/PSS
LbL assembly. This is partly due to the relatively large
refractive index of the Ceo:PS layer, which extends the optical
length effectively and hence shifts the peak position close
to the electrode. This effect has been reported as the optical
spacer effect (40, 41), which can enhance light absorption
as a result of redistribution of the optical electric field for thin
films but is less pronounced for thicker films (42). In our
devices, the optical intensity |E(x)|? in the LbL assembly is
maximized with ~30 nm of the Ceo:PS layer, as shown in
Figure 5a. Consequently, the photon absorption efficiency
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Table 2. Fitting Parameters in Eq >, (), and D,

Linm A% 7,%ns A% 1,%s As?® 15%ns (t)Ins D,
3 0.86 0.02 0.12 0.21 0.02 1.10 0.40+0.01 0.83
5 0.75 0.02 0.22 0.17 0.03 091 0.40 +0.01 0.78
7 0.75 0.05 0.21 024 0.04 1.11 0.45+0.01 0.66
12 0.69 0.07 025 031 0.06 1.32 0.63 +0.01 0.46

14®> 084 023 0.16 1.16 0.67 £0.02

“The experimental error was within 2%. ° Fitted with a sum of
two exponential functions. ¢ Evaluated by 1 — I/l,, where I and I, are
calculated by the integration of eq 3 using fitting parameters.

leading to exciton generation in the LbL assembly 7,"*" is
also maximized with ~30 nm of the C¢:PS layer, as shown
in Figure 6b. This trend is consistent with the dependence
of Jsc on the thickness of the Ce:PS layer. If excitons
generated in the Ceo:PS layer mainly contributed to photo-
current generation, the dependence of Jsc on the thickness
of the Ce0:PS layer would follow that of 7,°®° considering a
Ceo exciton diffusion length as long as 40 nm (8). As shown
in Figures 3b and 6b, this is not the case. Thus, we conclude
that excitons generated in the LbL assembly mainly contrib-
ute to photocurrent generation. The negligibly minor con-
tribution of Ceg excitons to photocurrent generation is partly
due to their rapid intersystem crossing to the triplet state as
previously discussed (21). More importantly, it is noteworthy
that the optical intensity in the light-harvesting layer can be
maximized by optimization of the thickness of the Cgo:PS
layer. On the other hand, as mentioned before, the increase
in the thickness of the PPV/PSS LbL assembly does not affect
the spatial distribution of the optical intensity |E(x)|* but
simply decreases the intensity mainly because of absorption
in the layer. As a result, as shown in Figure 6a, 17,'*" increases
monotonically with an increase in the thickness of the PPV/
PSS LbL assembly and then is gradually saturated above 20
nm. Assuming that the reflection at the aluminum electrode
is 100 %, the optical length in the device would be twice as
much and therefore the absorption could be estimated from
twice the absorbance of the film. As shown in Figure 6a, 17,*-
is larger for thinner LbL films (<30 nm) than the absorption
calculated from twice the absorbance of the film but smaller
for thicker LbL films (>30 nm). These results show that the
photon absorption efficiency is enhanced for thinner LbL
films (<30 nm) but is rather suppressed for thicker LbL films
(>30 nm) by the optical interference effect. Consequently,
no increase in 17,°" is expected above 20 nm even though
the thickness of the LbL assembly increases. As shown in
Figure 3a, such saturation is also seen in the dependence of
Jsc on the thickness of the LbL assembly. Nonetheless, the
optimized thickness of the LbL assembly is substantially
different between 17, and Jsc. This discrepancy suggests
that not all of the excitons generated in the LbL assembly
can reach a donor/acceptor interface or contribute to the
photocurrent generation. Thus, we will discuss the exciton
diffusion efficiency ngp in the next section.

Exciton Diffusion. We discuss the exciton diffusion
in the PPV/PSS LbL film using the one-dimensional diffusion
model in the direction normal to the substrate (11). Figure
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FIGURE 9. Schematic illustration of the time dependence of the
concentration profiles C(x,t) of PPV excitons in the PPV/PSS LbL film
with a thickness of L, where the x axis is the direction normal to
the substrate, the interface between the inert substrate and the PPV/
PSS LbL film is located at x = 0, and the quenching surface of the
Ceo:PS film is located at x = L.

9 shows a schematic illustration of the concentration profiles
of the exciton in the PPV/PSS LbL film with a thickness of L,
where the x axis is the direction normal to the substrate, the
interface between the inert substrate and the PPV/PSS LbL
film is located at x = 0, and the quenching surface of the
Ceo:PS film is located at x = L.

In this model, the concentration of the exciton C(x,t)
obeys Fick’s law and can be expressed with a diffusion
constant D by

dCx.t) _ o 8°Clx 0

at %2 ©)

As the initial condition, C(x,0) is assumed to be constant
throughout the film. This assumption is reasonable, as
shown in Figure 4a, because the film is thin enough to be
excited homogeneously.

C(x,0) = C, (6)

As boundary conditions, it is assumed that all excitons
arriving at x = L are quenched by the Ceo:PS layer. This is
also reasonable because the quenching efficiency @ is close
to unity for the thinnest LbL assembly, as mentioned before.
Thus, one of the boundary conditions is given by

CL,t)=0 (7)

It is also assumed that all excitons arriving at x = 0 are just
reflected to the opposite direction. Thus, the other boundary
condition is given by

aC(x, t)

R ®

With these boundary conditions, eq 5 can be analytically
solved, and hence C(x,t) is given by
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- n @n+ DL — x
Cx,t) =C, — C (—1)[erfc—_+
0 Ogé 2Dt
erfc w] 9)
2Dt

Consequently, we can calculate the quenching efficiency
®4(L,D) as a function of L and D.

_ [ _ ARG j;L Clx, t) dx dt
(I)q(L,D)—] —[——] — - -
° [T [ Codxde
(10

Figure 10 shows the quenching efficiency ®, evaluated
by the PL decay (open circles) and the quenching efficiency
®4(L,D) predicted by eq 10 with several diffusion constants
over 3 orders of magnitude (solid lines). As shown in the
figure, the experimental quenching efficiencies ®, are close
to one of the predicted lines ®4(L,D = 107> cm? s™'). More
precisely, they are well reproduced with an exciton diffusion
constant of D=8 x 10™*cm?s™". Slight deviations seen for
thinner PPV/PPS layers (L < 5 nm) are probably due to a
static quenching, which is likely to be missed in the time-
correlated single-photon-counting method. Indeed, the pre-
dicted ®4(L,D) is consistent with the PL quenching efficiency
@, as high as 0.95 observed for the thinnest PPV/PSS LbL
assembly. As mentioned before, the exciton lifetime is (zo)
= 0.67 ns. Therefore, the exciton diffusion length is esti-
mated to be (2D{to) ' = 10 nm, which is slightly longer than
previously reported values: The exciton diffusion length has
been reported to be 5—8 nm for PPV and PPV derivatives
(12, 36, 38, 43, 44). This is partly because the exciton
lifetime in our PPV/PSS LbL film is longer than that in other
reports for PPV and PPV derivatives (0.2—0.5 ns). The
relatively longer exciton lifetime is consistent with the
improved PL efficiency, as reported previously (20). We
ascribed the improvement to the decrease in the trap-site
concentration due to the low-temperature conversion of
PPV. Therefore, we conclude that the long exciton diffusion
is characteristic of PPV/PPS LbL films converted at a low
temperature, which is beneficial for polymer-based solar
cells (21).

Photon Conversion Efficiency. Finally, we discuss
photocurrent generation in terms of EQE, which can be
defined by eq 11 as the product of the efficiencies of four
sequential steps: (1) the efficiency of photon absorption
leading to the exciton generation 7,, (2) the efficiency of
exciton diffusion to a donor/acceptor interface 7gp, (3) the
efficiency of exciton dissociation by charge transfer at a
donor/acceptor interface 7cr, and (4) the efficiency of charge
collection of charge-separated carriers to the electrodes 7cc.

EQE = 1, X 9gp X Ncr X e (1)

As described before, 17, was calculated by the transfer matrix
method. We can evaluate #gp as ®q = 7ep X 7q ~ T
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FIGURE 10. Dependence of ®, on the thickness of the PPV/PSS LbL
film. The open circles represent ®, evaluated from the PL decays.
The solid lines represent ®,(L,D) with different diffusion constants

of D=107"2 107 and 10 % cm? s '. The experimental error was as
small as 2%, and the error bars were within the circles.

because the quenching efficiency at the interface 7, is almost
unity, as mentioned before. Thus, 57¢r can be assumed to be
unity if the quenching mechanism is due to the charge
transfer at a donor/acceptor interface. Another possible
quenching mechanism is the energy transfer from PPV
exciton to Ceo, as reported previously (21). We roughly
estimate the energy transfer rate based on the Forster theory
assuming point dipoles to be ~10'? s™' for a PPV—Cq
separation distance of 1 nm. This is 2 orders of magnitude
less than the charge-transfer rate reported for PPV/PCBM
blends (45). Thus, we conclude that quenching is mainly due
to charge transfer at the donor/acceptor interface. Conse-
quently, we can set 7cr = 1 for our multilayered organic solar
cells. Therefore, 7cc can be estimated by eq 11 with 174, 77ep,
ncr, and the experimental EQE values as shown in Figure
3a. Figure 11 summarizes the dependence of na, #ep, Mce,
and EQE on the thickness of the PPV/PSS LbL film. As shown
in the figure, 5cc is almost constant at around 0.5 above 7
nm in thickness. This indicates that half of the charges
generated at the donor/acceptor interface can be collected
at the electrodes under the short-circuit condition, which is
consistent with our previous report (21). Possible loss mech-
anisms for 7cc are a rapid back recombination and an
efficient bimolecular recombination in the film. On the basis
of these efficiencies in each primary process, we conclude
that EQE of our multilayered solar cells is optimized as a
result of a balance between 7, and 7gp, which can be tuned
by the precise thickness control of the LbL assembly on a
scale of nanometers.

As described above, the device performance can be
quantitatively explained by efficiencies in fundamental pro-
cesses evaluated on the basis of the layered structure of the
device. This is a great advantage for designing multilayered
organic solar cells, as was already reported for small-
molecule-based organic solar cells fabricated by dry pro-
cesses such as vacuum deposition. In this study, we fabri-
cated multilayered solar cells only by solution processes such
as spin coating and LbL deposition techniques. This suggests
that even solution-processed multilayered solar cells can be
designed with a layered structure precisely controlled on a
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FIGURE 11. Dependence of each efficiency on the thickness of the
PPV/PSS LbL film: (a) 77, is estimated by the transfer matrix method,
(b) 7ep is evaluated from the PL quenching experiment, (c) #cc is
estimated from 7,, 7gp, and EQE, and (d) EQE at 420 nm is the same
experimental data as shown in Figure 3a. The device structure is as
follows: ITO (200 nm)|PEDOT:PSS (80 nm)|(PPV/PSS),/PPV (3—19
nm)|Ceo:PS (30 nm)|Al. The experimental error of the data points in
each efficiency was as small as 5%, and the error bars were within
circles.

scale of nanometers by the LbL deposition technique, there-
fore, upon which the device performance can be optimized,
as is the case with dry-processed small-molecule-based
organic solar cells.

CONCLUSIONS
We fabricated all solution-processed organic thin-film

solar cells consisting of a hole-transporting PEDOT:PSS layer,
a light-harvesting PPV/PSS LbL assembly, and an electron-
transporting Ceo:PS layer. The thickness of the PPV/PSS LbL
assembly was precisely varied between 3 and 19 nm on a
scale of nanometers by the LbL deposition technique. The
thickness of the Ceo:PS layer was also varied between 20 and
50 nm by adjusting the spin rate. First, the photon absorp-
tion efficiency leading to exciton generation 77, in the light-
harvesting LbL assembly was estimated for various device
structures by the transfer matrix method. The 7, value was
more sensitively dependent on the thickness of the Ceo:PS
layer than that of the PPV/PSS LbL assembly. Thus, we
conclude that the Cy:PS layer serves as an effective optical
spacer to enhance the optical intensity in the light-harvesting
layer. Furthermore, 7, was enhanced for thinner LbL films
(<30 nm) but rather suppressed for thicker LbL films (>30
nm) because of the optical interference effect. Second, the
efficiency of exciton diffusion into a donor/acceptor interface
1ep was evaluated from the PL quenching experiments. The
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exciton lifetime was evaluated as 0.67 £ 0.02 ns by the PL
decay measurement, which is slightly longer than the previ-
ously reported values. Using the one-dimensional diffusion
model, we estimated the exciton diffusion constant to be 8
x 107* cm? s7!, and the exciton diffusion length to be 10
nm, which is comparable to the optimized thickness of the
PPV/PSS LbL assembly. Third, the efficiency of exciton
dissociation by charge transfer at a donor/acceptor interface
was assumed to be 5cr ~ 1 because the PL quenching was
as high as 0.95 for the thinnest LbL film. Finally, the
efficiency of charge collection to the electrodes 7cc was
estimated to be ~0.5 for the PPV/PSS LbL assembly with a
thickness of >7 nm from 5, 7ep, fcr, Nee, and experimentally
obtained EQE values. These results demonstrate that the
device performance can be quantitatively explained in terms
of the device structure. Therefore, we can rationally improve
the device performance by optimizing the device structure
on the basis of these device analyses, which is a great
advantage of multilayered organic thin-film solar cells as
reported for small-molecule-based solar cells so far.
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