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olymer-based organic photovoltaic

systems hold promise for a cost-effec-

tive, lightweight solar energy conver-
sion platform, which could benefit from
simple solution processing of the active
layer."~® At present, organic bulk hetero-
junction solar cells show power conversion
efficiencies (PCE) up to 7%.*° The quantum
efficiency of organic solar cells is, however,
still limited by the comparatively low carrier
mobility.® A thinner active layer can lower
the probability of charge recombination
and increase the carrier drift velocity by
having a higher electric field, thus enhan-
cing the internal quantum efficiency. How-
ever, a minimum film thickness is always
required to ensure sufficient photon
absorption.%” Therefore, how to increase
the light absorption of a polymer film at a
limited thickness of film still remains a
challenge. Recently, metallic nanostructures
have been introduced into thin inorganic
semiconductor solar cells (e.g., Si, GaAs solar
cells) for highly efficient light harvesting by
expected light-scattering behavior and a
strong near-field by the plasmonic effect
of metallic nanostructures®~'> More re-
cently, the plasmonic effect is demon-
strated in single bulk heterojunction
polymer solar cells'*~'® and small molecule
single and tandem solar cells'”"'® with an
observable improvement in PCE, which is
mainly ascribed to the light-concentrating
effect caused by the plasmonic scattering or
near-field enhancement.'®?° Polymer tan-
dem solar cells, a multilayer structure in-
cluding several semiconductors with
different band gaps, have spurred much
interest due to their advantage in harvest-
ing a wider range of the solar spectrum.?'2?
Therefore the plasmonic effect has the po-
tential to be utilized in polymer tandem
solar cells to help convert more light into
solar energy, resulting in higher efficiency.
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ABSTRACT We demonstrated plasmonic effects in an inverted tandem polymer solar cell
configuration by blending Au nanoparticles (NPs) into the interconnecting layer (ICL) that connects
two subcells. Experimental results showed this plasmonic enhanced ICL improves both the top and
bottom subcells' efficiency simultaneously by enhancing optical absorption. The presence of Au NPs
did not cause electrical characteristics to degrade within the tandem cell. As a result, a 20%
improvement of power conversion efficiency has been attained by the light concentration of Au NPs
via plasmonic near-field enhancement. The simulated near-field distribution and experimental
Raman scattering investigation support our results of plasmonic induced enhancement in solar cell
performance. Our finding shows a great potential of incorporating the plasmonic effect with

conventional device structure in achieving highly efficient polymer solar cells.

KEYWORDS: polymer solar cell - tandem solar cell - plasmonic effect - gold
nanoparticles - interconnecting layer

Unfortunately, until now, a plasmonic en-
hanced polymer tandem solar cell has not
yet been reported due to the difficulty in
demonstrating metal nanostructures in the
device structure. Poly(3,4-ethylenedioxy-
thiophene) poly(styrenesulfonate) (PEDOT:
PSS) as an important buffer layer for poly-
mer solar cells is selected as an attractive
candidate in incorporating metal nanopar-
ticles (NPs) for achieving an effective plas-
monic effect in polymer solar cells.?® In our
design by using a PEDOT:metal NP hybrid
layer as an interconnecting layer (ICL) of
tandem solar cell, the plasmonic effect is
triggered in the middle of the ICL, which can
potentially enhance the absorption of both
top and bottom subcells simultaneously. In
this study, Au NPs have been introduced
into the PEDOT:PSS layer as an ICL for poly-

mer tandem solar cells, and the results *Address correspondence to

demonstrated 20% efficiency enhancement
due to the effect of a Au NPs generated
plasmonic near-field.

RESULTS AND DISCUSSION

To demonstrate the plasmonic effect
in polymer tandem solar cells, subcells
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Figure 1. (a) Schematic of plasmonic polymer tandem solar cell, ITO/TiO,:Cs/P3HT:IC4oBA/PEDOT:Au/TiO,:Cs/PSBTBT:
PC;0BM/Mo05/Al, (b) AFM images of monolayer Au NPs adsorbed on ITO substrate, (c) TEM images of Au NPs, (inset)
magnified TEM image of Au NPs, and (d) TEM image of PEDOT:Au.

including poly(3-hexylthiophene) (P3HT):indene-Cqo
bisadduct (ICs,BA) as a front cell** and polyl(4,4'-bis(2-
ethylhexyl)dithieno[3,2-b:2',3'-d]silole)-2,6-diyl-alt-
(2,1,3-benzothiadiazole)-4,7-diyl] (PSBTBT):[6,6]-phen-
yl-C71-butyric acid methyl ester (PC5oBM)?* as the rear
cell were adopted, and the structure of the plasmonic
tandem solar cell is shown in Figure 1a. In this structure,
the absorption profiles of P3HT and PSBTBT end at 650
and 850 nm, respectively (their absorption spectra will
be shown later), which complementarily cover a broad
band of absorption and satisfy the requirement of
tandem solar cells. An ICL, consisting of PEDOT:PSS
and TiO,:Cs, is introduced as anode and cathode,
respectively, to connect the front and rear cells in
series.”® To avoid layers of the front cell from being
dissolved during the deposition of the rear cell, a
robust and thick PEDOT:PSS (80 nm) layer was spun
coated (or spray coated) on the top of the front cell,
and the step profile of the PEDOT:PSS layer is shown in
Figure $1.2° To induce a localized surface plasmon
within the device structure, the nanoparticles are
placed close to the active layer in order to utilize its
near-field strength as much as possible. In this case the
similar size (about 70—80 nm) of the Au nanoparticles
(NPs) was blended into the PEDOT:PSS solution and
coated on top of the active layer. The atomic force
microscopy (AFM) image of monolayer Au NPs ad-
sorbed on the ITO surface is shown in Figure 1b. From
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the corresponding section line, it can be found that the
height of Au NPs is estimated to be 70—80 nm, which is
comparable to the thickness of the PEDOT:PSS layer.
Therefore, it is anticipated that Au NPs are planted into
the PEDOT:PSS matrix uniformly. To investigate the
states of Au NPs in PEDOT, transmission electron
microscopy (TEM) was used to characterize the topo-
graphy of the PEDOT:Au film in comparison with the
pure Au NPs film. The TEM images of pure Au NPs and
PEDOT:Au blend are shown in Figure 1c and d, respec-
tively. It can be seen from the magnified TEM image of
Au NPs in the inset of Figure 1c that the Au NPs are
isolated and well dispersed in solution, and the particle
size is estimated to be about 72 nm accordingly. As
shown in Figure 1d, it is also found that Au NPs
aggregate within PEDOT; this will lead to the extension
of the surface plasmon properties due to particle—parti-
cle interaction.?”? The film properties of PEDOT, such as
absorption (transmittance), thickness, and electrical con-
ductivity, have not been significantly changed with or
without blending Au NPs (the results are shown in Figure
S2 and Table S1). It is worth mentioning that the Au NPs
with a plasmonic extinction peak have not been ob-
served, inferring the low concentration of Au NPs in
PEDOT; therefore no noticeable change is found for
PEDOT film properties after incorporation of Au NPs.
Figure 2a shows the dark current density versus
voltage (J—V) curve of the tandem solar cell with and
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Figure 2. Comparison of tandem cell results with and without Au NPs in the PEDOT:PSS layer: (a) J—V characteristics
(dark) of the tandem solar cell, (b) the J—V characteristics of the tandem solar cells under AM1.5G 100 mW-cm 2
illumination, (c) absorption of the tandem solar cell, (inset) extinction spectrum of Au solution, and (d) EQE of the tandem

solar cell.

without Au NPs. The tandem solar cell shows obvious
diode properties, in which at the forward bias the dark
current remains in the same order, inferring the series
resistance of the multilayer structure has not been
reduced by introducing Au NPs into the PEDOT. This
is consistent with the conductivity measurement re-
sults attained from PEDOT and PEDOT:Au films (see
Table S1). To illustrate the effect of the Au NPs on the
performance of the tandem solar cell, the J—V char-
acteristics of the proposed tandem solar cell were
taken under AM1.5G 100 mW/cm? illumination, as
shown in Figure 2b, and photovoltaic parameters are
listed in Table 1. As shown from the result, after
incorporating Au NPs into the PEDOT layer, the open-
circuit voltage (Vo) stayed the same, the fill factor (FF)
slightly increased from 59.22% to 61.91%, and the
short-circuit current (Jsc) increased significantly from
6.06 mA/cm? to 6.92 mA/cm?, in which the enhance-
ment ratio was as much as 15%. Consequently, the PCE
was improved from 5.22% to 6.24%, in which about
20% enhancement was mainly ascribed to the con-
tribution of the Jsc improvement. It is also worth
pointing out that the ICL can be fabricated by either
spin coating or spray coating, and the corresponding
device performances are comparable. To our knowl-
edge, this is the first time obvious Jsc and PCE
enhancement in a tandem polymer solar cell incorpor-
ating a metal particle interlayer has been observed.
Previous work on small-molecule organic tandem solar

YANG ET AL.

TABLE 1. Tandem and Single-Cell Performance with and
without Au NPs

device

w/o Au (tandem)
with Au (tandem)
w/o Au (front cell)
with Au (front cell)
w/o Au (rear cell)
with Au (rear cell)

Voc (V) Jsc (mA/em?) FF (%) PCE (%)
1.455 6.06 59.22 522
1.457 6.92 61.91 6.24
0.830 6.81 61.81 3.49
0.829 7.95 64.52 4.25
0.630 11.54 39.82 2.89
0.635 12.65 40.01 3.21

cells showed that inserting a small-size silver cluster

between the

subcells has two major functions: (1)

serving as recombination centers for unpaired charges
that are photogenerated in the device's interior*® and
(2) inducing a strong near-field to enhance the absorp-
tion of the active layer.'” In our tandem cell structures,
PEDOT and TiO,:Cs ICL both have good conductivity
and can act as good recombination centers for the

charge transferred between front and rear cells.

26 In

addition, the conductivity of PEDOT with Au NPs is not
enhanced, and we can expect no new recombination
centers to be introduced after blending Au NPs into the
PEDOT layer. This also helps confirming the observa-
tion of the FF of tandem cells not being changed
significantly with or without Au NPs. In fact, if a
0.5 nm Au thin film was inserted between PEDOT
and TiO,:Cs by thermal evaporation, the Jsc and FF of
the device stayed at similar values (results are not
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Figure 3. Comparison of single-cell results with and without Au NPs in the PEDOT:PSS layer: (a) current density versus voltage
(J—V) characteristics of the front (ITO/TiO,:Cs/P3HT:ICs,BA/PEDOT:PSS/AI) and rear (ITO/PEDOT:PSS/TiO,:Cs/PSBTBT:PC;,BM/
MoO3/Al) single cells under AM1.5G 100 mW-cm 2 illumination; (b) absorption of front and rear single cells.

shown here). On the basis of these results, it is reason-
able to conclude that the enhancement of the current
density is mostly due to the absorption improvement
from the plasmonic effects of the Au NPs.

To further illustrate the Jsc improvement resulting
from absorption enhancement, the absorption of tan-
dem solar cells with and without Au NPs was measured,
and corresponding results are shown in Figure 2c. The
absorption in the region 450 to 650 nm is enhanced
significantly after incorporating Au nanoparticles
blended into the PEDOT layer, and the region of
absorption enhancement is consistent with the mea-
sured plasmon resonance region of Au nanoparticles
(Figure 2c inset). The insignificant extinction difference
between PEDOT and PEDOT:Au (Figure S2) indicated
that the absorption enhancement is not related to the
absorption of Au NPs. Therefore, we propose that the
performance improvement, especially the Jsc en-
hancement of the tandem solar cell, is mainly due to
the plasmonic effect of Au NPs, which we can describe
as near-field enhancement or light scattering.'®?°
Moreover, we can also see a little enhancement from
750 to 850 nm, which is far from the plasmonic
resonance position of the Au NPs. This can be ex-
plained by the extension of plasmonic resonance due
to Au NP aggregation in the PEDOT layer, as shown in
Figure.1d. The external quantum efficiency (EQE) mea-
surements for each subcell of the tandem solar cell
were performed. We employed monochromatic light
to selectively turn on one of the subcells as photo-
conductor to conduct accurate EQE measurements for
the other subcell,?>3° for which the results are shown in
Figure 2d. It is found that EQEs for both subcells are
increased after blending the Au NPs into the PEDOT.
Specifically, for the front cell, the maximum EQE in-
creased from 48.1% to 53.1%, and for the rear cell, the
maximum EQE increased from 32.6% to 41.7%. It was
also found that the EQE of the rear cell with Au NPs
decreased by a small amount compared with the
reference cell in the region of 400 to 600 nm, explain-
ing that the front cell with Au NPs has fully absorbed
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the incident light in this region. From these results, we
can deduce that the ICL layer with Au NPs enhances
both the top and bottom subcells' absorption and EQE
simultaneously. By comparing the absorption from
Figure 2c with EQE spectra to Figure 2d, we can see
that the EQE enhancement is almost coincident with
the absorption. Therefore, it is safely concluded that
the absorption enhancement is the main reason for
EQE enhancement, as well as for PCE enhancement.
To investigate the effect of the PEDOT:Au layer on
the tandem solar cell systematically, we studied both
the front and rear subcells with and without Au NPs
and with the following structures: ITO/TiO,:Cs/P3HT:
ICsoBA/PEDOT/Al  and  ITO/PEDOT/TiO,:Cs/PSBTBT:
PC;0BM/MoOs/Al. The J—V curve of the front cell with
and without Au NPs under AM1.5G 100mW/cm? illu-
mination is shown in Figure 3a. Obviously, the short
current Jsc increased significantly from 6.81 mA/cm? to
7.95 mA/cm? and FF slightly increased from 61.81% to
64.52%; correspondingly the PCE increased from 3.49%
to 4.25%. In order to show the effect of Au NPs on the
performance of the rear cell, an additional PEDOT layer
was introduced into the rear cell. The J—V curves of the
structures are also shown in Figure 3a. Similar to the
front cell, the Jsc increased from 11.54 to 12.56 mA/cm?,
and Voc and FF stayed the same when Au NPs
were blended into the PEDOT. To compare the perfor-
mance of the single cell with and without Au NPs, the
performance parameters of a single cell with and
without Au NPs is summarized in Table 1. The absorp-
tion spectra of both front and rear cells with and
without Au NPs are measured, and the results are
shown in Figure 3b. Obviously, the absorption of single
cells is enhanced below 650 nm significantly, whereas
the absorption of front cells was suppressed beyond
650 nm, leading to only a little enhancement of
absorption above 650 nm for the tandem solar cell.
The reason for absorption suppression above 650 nm
for the front cell is not clear at present. The EQEs of the
front and rear cell are both enhanced compared to the
device without Au NPs, and the results are shown in
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Figure 4. (a) Simulated extinction spectra of isolated Au NPs in PEDOT:PSS (for simplicity, Au NPs are assumed to be isolated
from each other); simulated light intensity and electric field distribution around Au NPs at the plasmon resonance position of
577 nm. (b) Light intensity (|E|2) distribution around Au NPs compared with incident light intensity (|E0|2). (c and d) Electric
field distribution along the horizontal (E,) and vertical (E,) direction around Au NPs compared with incident light electric field

(Eo), respectively.

Figure S3. The EQE enhancement ratio for the rear cell
is however not comparable with the absorption en-
hancement and not well consistent with the J—V curve.
The reason may be the degradation of the device after
encapsulation. Above all, the Js¢ values of the front and
rear cells are both increased when introducing Au NPs
into the devices, owning to the fact that absorption has
been enhanced significantly in the wavelength region
from 350 to 700 nm. Simultaneously, the EQE shows
the same trend of improvement as the absorption,
which indicates that the Jsc enhancement could be
ascribed to the absorption enhancement via plasmo-
nic effects.

Plasmonic-mediated absorption enhancement may
be originated from two sources, i.e. scattering effect'?
and near-field enhancement effect.'*~'"*'32 In our
structures, low-density Au NPs are dispersed in a
PEDOT:PSS solution according to Figure S2. The extinc-
tion behavior cannot be detected in the resolution.
Therefore, the scattering effect from Au NPs can be
neglected safely, and it is reasonable to believe that the
absorption enhancement coming from the near-field
enhancement can be described entirely as a plasmonic

YANG ET AL.

effect of the Au nanoparticles. To show the near-field
distribution of Au NPs, we assume that the 80 nm size
Au NPs are highly dispersed in the PEDOT environment
and the particles are isolated from one other (although
the Au NPs tend to aggregate in PEDOT from the TEM
image shown in Figure 1d; for simplicity in simulation,
we still assume the Au NPs are isolated from each
other). The simulated extinction cross-section spectra
of Au NPs in PEDQOT are shown in Figure 4a. As we can
see, the resonance position located at 577 nm is red-
shift compared with the Au NPs dispersed in water (see
the inset of Figure 2c); this difference is ascribed to the
different dielectric constant between PEDOT and
water. The near-field distribution of Au NPs in PEDOT
at resonance wavelength (,es = 577 nm) is simulated.
In our structure, we consider z as the polymer growth
direction and the light incident direction, x is the
polarization direction, and the incident light Ej is
normalized. As shown from Figure 4b, it is anticipated
that the |E]* (light intensity, E is the electric field)
around the Au NPs is enhanced as high as 35-fold
compared with the incident light. Clearly, the light has
been concentrated by the plasmon of the Au NPs, and

VOL.5 = NO.8 = 6210-6217 = 2011 A@M\K}

WWww.acsnano.org

J1D]Le

6214



——P3HT:ICBA/PEDOT
——P3HT:ICBA/PEDOT:Au

Intensity (a. u.)

1 1 1
1400 1450 1500

Raman shift (cm")

1
1300 1350 1550

Figure 5. Raman spectra of P3HT:IC4,BA capped by a
PEDOT:PSS layer with and without Au NPs excited by the
Ar" laser with a wavelength of 514.5 nm. Raman enhance-
ment due to the plasmonic effect is clearly visible.

thus the absorption of medium around the Au NPs is
enhanced, as demonstrated in our experiment. Since
plasmon coupling takes place only in its near-field
region, the electric fields aligned in the x and z direc-
tion are simulated, and the results are shown in
Figure 4cand d, respectively. It is found that the electric
field is enhanced in both the x and z directions in our
conditions, and the thickness of PEDOT is about 80 nm,
which is very close to the Au NPs' size (70—80 nm). In
such a case we can consider that only a single layer of
Au NPs is dispersed in the PEDOT and the gap between
the front cell and the Au NPs is negligible; therefore the
active layers of the front cell can fall in the near-field
region of the Au NPs. As for the rear cell, in between
PEDOT and the active layer, there is the existence of
10 nm thick TiO,:Cs as the electron transport layer. As
shown in Figure 4d, the active layer of rear cell can still
fall in the local near-field of Au NPs, meaning it is also
capable of enhancing the rear cell absorption by the
near-field of the surface plasmon. In our simulations,
we consider only a completely isolated single Au NP. In
fact, as shown in Figure 1d, the AuNPs are arranged ina
more compact method in the thin film. This will lead to
a “hot spot” due to plasmon—plasmon interaction,>*>*
and a much stronger near-field formed by interactions
can be expected to result in the attainment of larger
absorption enhancement.

To illustrate the strong near-field induced by Au
nanoparticles experimentally, we measured the Raman
scattering of the P3HT:ICsoBA active layer capped by

METHODS

Device Fabrication. The device architecture of the plasmonic
tandem solar cell is shown in Figure 1a. The tandem cells were
fabricated on ITO-coated glass substrates, with a sheet resis-
tance of 15 Q/0O. The precleaned ITO substrates were treated
with UV-ozone. The P3HT:IC4,BA at a 1:1 weight ratio in 1% DCB
solution was spin-casted at 700 rpm for 40 s on top of a layer of
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PEDOT with and without Au NPs, and their Raman
scattering spectra are shown in Figure 5. The two
structures both show an obvious Raman scattering
peak at 1448 cm™', which corresponds to the C=C
stretching mode of P3HT.3* In addition, it also can be
found that the P3HT capped by PEDOT with Au NPs has
a stronger Raman scattering than the one without Au
NPs. As we known, Raman scattering intensity is pro-
portional to the electric field intensity,>® in which
stronger Raman scattering attained from the structure
indicates a stronger electric field induced by introdu-
cing Au NPs around the active layer. In our Raman
scattering measurement, the excitation laser wave-
length is 514.5 nm, which is very close to the plasmon
resonance position of Au NPs (532 nm for pure Au and
577 nm for PEDOT:Au blend). When the laser is illumi-
nating the Au NPs, a strong local electric field is
induced by surface plasmon resonance and Raman
scattering is enhanced for the active layer capped Au
NPs.3® These results indicated that a strong near-field is
actually induced when introducing Au NPs, which is
consistent with the simulated results shown in
Figure 4b—d. Theoretical and experimental results
both show that a strong near-field is induced around
the active layer; therefore, the absorption of the active
layer is enhanced by merit of the strong local near-field
induced by the metal nanoparticles, and the efficien-
cies of the front cell, rear cell, and the tandem solar cell
are improved accordingly.

CONCLUSION

In conclusion, we have successfully demonstrated a
highly efficient plasmonic polymer tandem solar cell by
simply incorporating Au NPs into PEDOT:PSS as an ICL.
The plasmonic effect happening in the middle of the ICL
can potentially enhance both the top and bottom
subcells simultaneously, leading to an improvement in
the efficiency of the tandem solar cell from 5.22% to
6.24%. The enhancement ratio is as high as 20%.
Experimental and theoretical results showed that the
enhancement effect was attained from local near-field
enhancement of the Au NPs. These results have shown
that the plasmonic effect has great potential in the
application of polymer solar cells. The proposed inter-
layer structures as an open platform can be applied to
various polymer materials and open up opportunities
for highly efficient, multistacked tandem solar cells.

TiO,:Cs. The films were annealed at 150 °C for 5 min. The PEDOT:
Au mixture (v/v, 9:1) was spin coated on the first active layer and
annealed at 150 °C for 5 min. The Au NPs (0.01% in DI water)
with a size of 80 nm were purchased from Nanocs (USA). Then, a
thin layer of TiO,:Cs film was spin-casted, followed by thermal
annealing at 150 °C for 10 min. After PSBTBT:PC;o,BM (1:1) from
1.8% CB solution was spin-casted at 4500 rpm, another thermal
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annealing step was performed at 140 °C for 5 min. The device
fabrication was completed by thermal evaporation of 15 nm
MoO3 and 100 nm Al as the cathode under vacuum at a base
pressure of 2 x 10~° Torr. For comparison, the device without
Au nanoparticles was also fabricated. For TEM measurement,
the Au NPs and PEDOT:Au solution were dipped onto the
copper grid and dried for measurement, and the measurement
was carried out on a JEM 1200-EX (JEOL) .

Electrical, Optical, and Microscopic Characterization of Photovoltaic
Cells and Thin Films. J—V characteristics of photovoltaic cells were
taken using a Keithley 4200 source unit under a simulated
AM1.5G spectrum with an Oriel 9600 solar simulator. Absorption
spectra were taken using a Varian Cary 50 ultraviolet—visible
spectrophotometer. Raman scattering was carried out by a
Renishawinviaraman microscope. An Ar " laser with a wavelength
of 514.5 nm was used as an excitation source, and excitation
power was 1.25 mW (5% of full power, 25 mW). AFM images were
taken on a Digital Instruments multimode scanning probe
microscope. To measure EQE of individual subcells in the
tandem structure, monochromatic light at 550 and 700 nm
was used to excite the bottom (P3HT) and top (PSBTBT)
subcells, respectively.

Theoretical Calculation. The extinction spectrum and near-field
distribution of Au NPs in PEDOT were simulated by finite
difference time domain (FDTD) from Lumerical. The mesh size
was 2 nm, and the simulated area was 1 x 1 /Amz. For the
extinction spectrum, the wavelength region was selected from
350 to 700 nm, and 300 points were chosen. All the dielectric
constants are taken from the material database of the software.
The dielectric functions of gold and PEDOT:PSS were fitted by
the FDTD model to obtain a better simulation.
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