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The effect of Au nanorods (NRs) on optical-to-electric conversion efficiency is investigated in inverted polymer solar
cells, in which Au NRs are sandwiched between two layers of ZnO. Accompanied by the optimization of thickness of ZnO
covered on Au NRs, a high-power conversion efficiency of 3.60% and an enhanced short-circuit current density (Jsc) of
10.87 mA/cm? are achieved in the poly(3-hexylthiophene): [6,6]-phenyl-C61-butyric acid methyl ester (P3HT:PCgoBM)-
based inverted cell and the power conversion efficiency (PCE) is enhanced by 19.6% compared with the control device. The
detailed analyses of the light absorption characteristics, the simulated scattering induced by Au NRs, and the electromag-
netic field around Au NRs show that the absorption improvement in the photoactive layer due to the light scattering from
the longitudinal axis and the near-field increase around Au NRs induced by localized surface plasmon resonance plays a

key role in enhancing the performances.
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1. Introduction

Polymer-fullerene bulk heterojunction solar cells (SCs)
composed of interpenetrating networks of electron donors and
acceptors, are now attracting a great deal of attention and show
increasing importance due to their flexibility, low-cost, and
simple manufacture process. However, a low charge mobil-
ity and a high bandgap for most of polymers lead to the car-
rier recombination and the limitation of the light absorption
in an infrared region, thus restricting the overall performances
of these polymer SCs (PSCs).[1:? The recent developments of
narrow-bandgap photoactive materials and employing tandem
structures are efficient to broaden the light absorption band
of the active layer, thus enhancing the power conversion ef-
ficiency (PCE) of PSCs to over 9%.3-! In addition, incor-
porating metallic nanoparticles (NPs) into devices to enhance
light harvesting is also an attractive approach to improving
the performances of SCs. Metallic NPs are well known for
their strong interactions with electromagnetic waves due to
the collective oscillations of the conduction electrons within
the metallic particles.[®®! This near-field strength generated
by the localized surface plasmon resonance (LSPR) is benefi-
cial to improving light harvesting in the photoactive layer,"!
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and hence increasing the short-circuit current density (Jsc)
and PCE in organic solar cells (OSCs).
The devices made via incorporating Au or Ag NPs into

10-12] 3 photoactive layer,!'3-13]

a carrier extraction layer,[
or depositing them onto the electrode surface,!'~!8 have
been widely reported with significant performance im-

provement. One of the most significant PCE enhance-

U8] in which an enhancement factor

ments was reported,
of 70% was obtained through inserting Ag NPs below the
poly(3.4-ethylenedioxythiophene): poly(4-styrenesulfonate)
(PEDOT:PSS) layer. Unfortunately, its overall efficiency was
rather low. Qu ef al.!"! numerically simulated the absorp-
tion enhancement values using the finite element method with
a three-dimensional model and demonstrated that plasmonic
enhancement of above 100% could be obtained by optimizing
the shapes, the sizes, and the positions of Ag NPs. However,
despite these reports on performance improvement, a signifi-
cant PCE degradation was also observed when Ag NPs with-
out being capped by any insulator shell were embedded into a
photoactive layer!?”! and the continuous decline of PCE with
the increase in Ag NPs concentration revealed that the inti-

mate contact between the metallic NPs and the photoactive
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layer would promote trap-assisted recombination and degrade
the performance of the plasmonic SCs. On the other hand,
simulation results in the literature indicated that the near-field
intensity induced by LSPR is commonly confined in a range
of ~ 20 nm around metallic NPs surface, and at the posi-
tion far away from NPs surface, the local field weakens very

quickly, [21-23]

resulting in no improvement in absorption of
the photoactive layer. Hence, the distance between NPs and
photoactive layer must be considered to obtain an obvious per-
formance enhancement.

The LSPR wavelength is another important factor influ-
encing the optimization of performances in plasmonic PSCs.
Several reports have demonstrated that the greater enhance-
ment in PCE was observed when the extinction peak wave-
length of metallic NPs was located in a poor light absorp-
tion region instead of near the absorption peak of the pho-
toactive material.[?*23 At this point, the improvement on pho-
tocurrent using spherical Ag or Au NPs is restricted because
of their LSPR peaks around 430 nm and 530 nm, respec-
tively. Compared with nanospheres (NSs), rod-shaped metal-
lic NPs exhibit a very good performance due to their widely
tunable resonance peaks from the visible to near-infrared re-
gion by a simple alteration of longitudinal/transverse ratio.
Jankovié et al.”*! reported a 14.4% PCE increase by insert-
ing Au/SiO;, core/shell nanorods (NRs) with an extinction
peak of 830 nm into poly [2,6-4,8-di (5-ethylhexylthienyl)
benzo [1,2-b; 3,4-b] dithiophene-alt-5-dibutyloctyl-3,6-bis (5-
bromothiophen-2-yl) pyrrolo [3,4-c] pyrrole-1,4-dione]: [6,6]-
phenyl-Cg -butyric acid methyl ester (PBDTT-DPP:PC¢yBM),
which is far higher than the PCE value of the same structure
Au/SiO, core/shell NSs. In Lu ef al.’s research,>! employ-
ing Au NRs with transverse and longitudinal axes of 15 nm
and 40-50 nm into PEDOT:PSS also shows good behaviors
including photocurrent and PCE compared with those with Au
NSs.

In this paper, we report a plasmonic-enhanced PSC based
on Au NRs and instead of the commonly used PEDOT:PSS,
ZnO is used as the ambient medium around Au NRs due to
its significantly high refractive index, which will generate an
obviously enhanced near-field intensity around Au NRs. Con-
sidering a quick electric field attenuation with distance, the
ZnO thickness between the photoactive layer and Au NRs is
vital and explored in this paper in order to obtain an improved
device performance. Results demonstrate that 28-nm ZnO as
the electron extraction layer generates the highest cell perfor-
mance and has an optimized Au NRs’ distribution density and
distance to the active layer, a 19.6% PCE enhancement is ob-
served compared with those without Au NRs. The possible
influence factors including changes in the light field inside the
device and scattering induced by Au NRs are investigated to
explore the origin of performance improvement.

2. Experiment

The solution of the photoactive layer was prepared
as follows. The mixed solution consisting of poly(3-
hexylthiophene) (P3HT) and PC¢zBM were dissolved into 1,2-
dichlorobenzene with a concentration of 15:15 mg/mL and
stirred at 50 “C overnight in a N-filled glove box. The ZnO
precursor was prepared by dissolving zinc acetate dihydrate
and monoethanolamine in ethanol solution, respectively, with
concentrations of 21.9 mg/ml and 6.7 puL/ml, followed by at
least 12 hours of stirring at 60 “C.

Figure 1(a) shows the absorption spectrum of Au NRs in
aqueous solution and the inset shows the transmission electron
microscopy (TEM) image of Au NRs. Their average lengths
of longitudinal and transverse axes are 42 nm and 12 nm, cor-
responding to the LSPR peaks of 515 nm and 713 nm, respec-
tively. The statistics on the aspect ratio (AR) of Au NRs in
Fig. 1(b) shows that the ARs for most Au NRs used in our
experiment fall in a range of 2.9-3.5. The Au NRs were ob-
tained by centrifuging twice at 14000 rpm for 10 min to re-
move dispersant, and then dispersed in deionized water again
by vigorously stirring to prevent their aggregation. Note that
prior to spin coating, the solution containing Au NRs should
be sonicated for at least 20 min to ensure that the Au NRs are
well dispersed.
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Fig. 1. (color online) (a) UV-vis absorption spectrum of Au NRs in
aqueous solution. The inset shows the TEM image of Au NRs with a
bar of 100 nm in length. (b) Statistics on the Au NRs’ ratios from 400
particles in the TEM image.
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Inverted devices were fabricated on patterned ITO-coated
glass substrates. The substrates were washed by sonication
in acetone, ethanol, and deionized water for 10 min, in se-
quence, and then dried at 100 °C for 10 min in an ambient
atmosphere. Before spin-coating Au NRs, a 20-nm ZnO film
was formed onto the cleaned ITO-coated substrate by spin-
coating ZnO precursor at 3000 rpm for 60 s and subsequently
pyrolysis on a hot plate in air at 150 “C for 30 min. The so-
lution containing Au NRs was then spin-coated onto the ZnO
layer, followed by 5 min drying at 100 "C to evaporate the
solvent. After that another ZnO overlayer ranging from 4 to
20 nm was deposited, followed by pyrolyzation at 150 "C for
20 min. The thickness of the ZnO overlayer is controlled by
adjusting the spin-coating speed and measured with ellipsom-
etry. The ZnO-covered substrates were transferred into the
glove box, followed by spin-coating the P3HT:PCgyBM blend
layer at 800 rpm for 60 s with an approximate film thickness
of 70 nm. The film was then solvent annealed for 90 min in the
glove box at room temperature. Finally, the devices were com-
pleted by sequential thermal evaporation of an 8-nm MoO3
hole extraction layer and an 80-nm Ag anode under a high
vacuum of 6.0 x 107* Pa. The device structure is shown in
Fig. 2.
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Fig. 2. (color online) Schematic structure for our cells.
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Photovoltaic characteristics were measured with a solar
simulator (Oriel 94023A, AAA, 300 W, USA) with an AM
1.5 G filter (Oriel, USA). The power of the simulated light
was calibrated to 100 mW/cm? by using an Oriel Solar stan-
dard Si solar cell. The curves of current density versus voltage
(J-V) were measured with a Keithley 2400 source meter and
recorded with a computer. The absorption spectra were studied
using ultraviolet (UV)-visible spectroscopy (Shimadzu UV-
3600). Scanning electron microscope (SEM) imaging was
carried out with JEOL JSM-6700 SEM system. The curves
of incident photon versus conversion efficiency (IPCE) were
measured with normal incident light from the monochromator
(Oriel Instrument, model 74100).

3. Results and discussion

Three groups of devices are fabricated with different ZnO
cathode buffer layer thickness values, where 20 nm ZnO/Au

NRs/20 nm ZnO overlayer, 20 nm ZnO/Au NRs/8 nm ZnO
overlayer, and 20 nm ZnO/Au NRs/4 nm ZnO overlayer are
denoted as groups 1, 2, and 3. Note that in each group the
control device that does not contain Au NRs but has the same
7ZnO thickness as that in the device with Au NRs, is also fab-
ricated for comparison. Keeping the same ZnO thickness in
each group would eliminate the difference in electron trans-
port ability induced by the ZnO thickness variance. Figure 3(a)
shows the J-V characteristic curves for all SCs under AM1.5
illumination. The results show that both the plasmonic device
and the control device with an 8-nm ZnO overlayer exhibit
the best performances in the three groups of devices. The Au
NRs-incorporated device with an 8-nm ZnO overlayer exhibits
a PCE enhancement factor of about 19.6% compared with that
of its control device. The detailed parameters are listed in Ta-
ble 1, and the increase in Jsc is mainly responsible for the per-
formance improvement, which increases from 8.90 mA/cm? to
10.51 mA/cm? accompanied by the employment of Au NRs.
To analyze the origin of the increase in Jsc, we first
measure the IPCE curves for the device with 20 nm ZnO/Au
NRs/8 nm ZnO overlayer and its control device without Au
NRs.
Au NRs exhibits obviously increased IPCE values in a range

As shown in Fig. 3(b), the device with incorporating
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Fig. 3. (color online) (a) J-V characteristic curves for the plasmonic
devices with various thickness values of ZnO overlayer and their con-
trol devices without Au NRs. (b) IPCE curves for the plasmonic device
with an 8-nm ZnO overlayer and its control device.
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Table 1. Photovoltaic characteristics for the plasmonic device with various thickness values of ZnO overlayer and its control device.

Device Jsc/mA-cm~? Voc/V FF PCE/%
group 1 control 1 791 0.58 0.54 2.46
with 20 nm ZnO overlayer 8.47 0.58 0.55 2.69
group 2 control 2 8.90 0.58 0.58 3.01
with 8 nm ZnO overlayer 10.51 0.58 0.59 3.60
group 3 control 3 8.82 0.58 0.58 2.97
with 4 nm ZnO overlayer 8.97 0.51 0.45 2.05

of 450-620 nm, with the peak value of efficiency enhanced
from 0.43 to 0.53 at 525 nm. The theoretical Jsc value con-
verted from the IPCE curve is 8.35 mA/cm? for the 8-nm ZnO
overlayer device, showing a 20.3% enhancement factor com-
pared with 6.94 mA/cm? in the control one, which is approxi-
mately consistent with the enhancement ratio of 18.1% among
the measured Jsc values. It should be pointed out that the
calculated Jsc value slightly lower than the measured one in
Table 1 is mainly ascribed to a smaller device area of 5 mm?
than the light spot in the IPCE measurement, thereby leading
to loss of a fraction of light in these devices. Because the IPCE
depends on the light absorption in the active layer, the approx-
imate enhancement factors from the measurement and calcu-
lation results indicate that the increased Jsc in the device with
20 nm ZnO/Au NRs/8 nm overlayer is due to the absorption
improvement in the photoactive layer.

To further confirm our analysis above, we prepare two
structures ITO/ZnO (28 nm)/P3HT: PC¢BM and ITO/ZnO
(20 nm)/Au NRs/ZnO (8 nm)/P3HT: PC¢yBM to measure their
light absorption spectra as shown in Fig. 4. The inset shows
an SEM image of Au NRs deposited on the ZnO layer surface,
from which one observes that Au NRs are well dispersed on
the bottom ZnO film with their longitudinal axes parallel to the
film, but their orientations are arbitrary in the film. Besides,
the Au NRs’ density on the ZnO surface is calculated to be
120 particles/um?. The light absorption spectra in Fig. 4 show
that Au NRs inserted between the two ZnO layers indeed im-
prove the light absorption of P3HT:PCgyBM, consistent with
our IPCE results. From the absorption spectrum of Au NRs in
Fig. 1, we clearly find that the resonance peak excited by Au
NR transverse axis is near maximum absorption wavelength
of P3HT:PCgoBM, indicating that the enhanced light absorp-
tion in the active layer is attributed to the increased light field
excited by Au NRs. As we know, when sunlight is incident on
metallic NPs, the surface charges of metallic NPs interact with
the electromagnetic field, then the electric field in the vicinity
of metallic NPs is strongly increased due to the collective os-
cillations of surface electrons induced by incident light. The
overlap between the LSPR wavelength and absorption band of
active material will help to enhance the absorption efficiency
of the solar cell. This is further proved to be true by calcu-
lating the incident electric field distribution within the devices
(the effect of magnetic field is negligible, thus only electric

field intensity is considered). From Figs. 5(a)-5(c), we can
see that the electric field intensities are enhanced by inserting
the Au NRs at 550, 600, and 635 nm, respectively. We also
observe that among all the wavelengths, the electric field in-
crease is the most obvious at 635 nm, which means that the
LSPR wavelength moves towards a longer wavelength com-
pared with the plasmonic peak of the transverse axis in aque-
ous solution in Fig. 1. We attribute this red shift to the fact that
the refractive index of ZnO is higher than that of the aqueous

solution.
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Fig. 4. (color online) Absorption spectra for the structures of ZnO
(28 nm)/P3HT:PC¢oBM and ZnO (20 nm)/Au NRs/ZnO overlayer
(8 nm) /P3HT:PC¢yBM. The inset shows an SEM image of Au NRs
spin-coated onto the ZnO film with a bar of 400 nm.

Note that the LSPR effect from the longitudinal axis is
not effectively utilized because its plasmon resonance band
fails to fall in the P3HT:PCgzBM absorption range of 400—
650 nm. It was reported that for the metallic NPs with small
sizes of 5-20 nm, the near-field intensity generated by the
LSPR effect is mainly responsible for the light harvesting en-
hancement. While for the larger size NPs, light scattering
makes the incident light travel a longer path, thus giving rise to
an obvious absorption increase within the active layer.[26-28]
Figure 6 shows the simulation results of the light scattering
cross sections of the glass/ITO/ZnO (28 nm) with/without Au
NRs/P3HT:PCBM/M003/Ag multilayer films. The scatter-
ing cross section (SCS) without Au NRs is about 10728, while
it increases up to 10~!8 when incorporating Au NRs into the
ZnO extraction layer, about 10 orders of magnitude. From the
above results, we speculate that light scattering from the lon-

gitudinal axis is beneficial to increasing light harvesting and
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further raising the OPV’s PCE because of the relatively large
size Au NPs used in our experiments. The role of Au NRs’
light scattering in absorption enhancement is also proved by
comparing the plasmonic and its control devices in group 1.
As shown in Table 1, the Jsc in the plasmonic device with a
20-nm ZnO overlayer increases from 7.91 to 8.47 mA/cm?,
corresponding to an enhancement factor of 7.1%. Figure 5(d)
reveals that the variations of electric field intensity with the
incident direction of sun light in the plasmonic devices with
8-nm and 20-nm ZnO overlayer and their control devices. It is
clear that although the electric field increase induced by LSPR
can be observed around Au NRs, the intensive local field can
hardly reach the photoactive layer because of the thick ZnO
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overlayer between P3HT:PCsoBM and Au NRs, which means
that Au NR-induced LSPR has no contribution to light harvest-
ing enhancement in a thick ZnO overlayer, so we conclude that
light scattering by Au NRs is the main factor for the Jsc im-
provement in the device with a 20-nm ZnO overlayer. While
for an 8-nm ZnO overlayer, the electric field in the photoactive
layer shows a significant enhancement. As shown in the inset
in Fig. 5(d), the intensive local field induced by LSPR can ex-
tend to the depth of about 15 nm in P3HT:PCgBM. Through
our discussion above, we attribute the Jsc improvement in the
plasmonic device with an 8-nm ZnO overlayer to the absorp-
tion enhancement in the photoactive layer induced by both Au
NRs’ LSPR effect and their scattering to the incident light.
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Fig. 5. (color online) Simulated electric field distributions around Au NR in the plasmonic device with 8-nm ZnO overlayer at (a) 550 nm,
(b) 600 nm, and (c) 635 nm along the XZ plane. (d) Variances of the electric field intensity at 635 nm along the Z axis at x = 0 in the
devices (1: ZnO (28 nm)/P3HT:PCgoBM; 2: ZnO (20 nm)/Au NRs/ ZnO (8 nm)/P3HT:PCgoBM; 3: ZnO (40 nm)/P3HT:PCsyBM; 4: ZnO
(20 nm)/Au NRs/ZnO (20 nm)/P3HT:PCoBM). The X and Z axes are along the longitudinal axis of Au NR and the incident direction
of sun light, respectively. The inset shows the difference in electric field of P3HT:PC¢zBM layer between the plasmonic and its control

devices.

To investigate the influence of the insertion of Au NRs
on the active layer morphology, we measure the morpholo-
gies of P3HT/PCqBM with and without Au NRs by using
atom force microscope (AFM). Figure 7 shows the typical
height and phase images of P3HT/PCgBM layer spin-coated
on ZnO with and without Au NRs. We can see that the ac-
tive layer with Au NRs is rougher than that without Au NRs,

which has root-mean-squared surface roughness of 4.3 nm in
Fig. 7(b) compared with 3.3 nm in Fig. 7(a). Besides, islands
and valleys are apparent, while ordered P3HT chain alignment
is clearly visible in Figs. 7(b) and 7(d), but they are absent in
Figs. 7(a) and 7(c). These two features may be beneficial to
the enhancement of charge transport in active layer and charge

collection by electrode.

115202-5



Chin. Phys. B Vol. 24, No. 11 (2015) 115202

1.2x10~%7 i (a)
[=]
S 8.0x107%
k3!
S 4.0x107%}
o e
& 400 500 600 700
& 3.0x107'7
-2 (b),
% 2.0x1017}
3] ()
© 1.0x107 17 ,-"
O- 1 1
400 500 600 700
Wavelength /nm

Fig. 6. (color online) Calculated scattering cross sections for glass/ITO/ZnO
(28 nm) without (a) and with (b) Au NRs/P3HT:PCgBM/Mo0O3/Ag multi-
layer films.

500 nm

Fig. 7. (color online) AFM images of P3HT:PCgnBM films spin-coated on
ZnO without ((a), (c)) and with ((b), (d)) Au NRs. Panels (a) and (b) are
height images, and panels (c) and (d) are phase images.

Unlike the improved performances in the device with a
20-nm or 8-nm ZnO overlayer, the device with an only 4-
nm ZnO overlayer exhibits a seriously declined performance
compared with its control device 3, which is mainly caused
by low Voc and FF values of 0.50 V and 0.45. Such a large
Voc and an FF loss indicate a direct contact of the Au NRs
with P3BHT:PCgyBM due to a very thin ZnO overlayer, lead-
ing to a nonohmic contact between the electrode and the ac-
tive layer.”?3! To confirm our deduction, x-ray photoelec-
tron spectroscopy (XPS) spectra of ZnO/Au NRs/ZnO (4 nm)
and ZnO/Au NRs/ZnO (20 nm) are measured. Compared with
that in the ZnO/Au NRs/ZnO (20 nm) multilayer in Fig. 8(a),
the significant Au 4f signal intensity in the ZnO/Au NRs/ZnO
(4 nm) multilayer in Fig. 8(b) confirms our speculation that the
4-nm ZnO cannot completely cover the Au NRs and the
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Fig. 8. XPS spectra of (a) ZnO/Au NRs/ZnO (20 nm) and (b) ZnO/Au
NRs/ZnO (4 nm) multilayers.
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Fig. 9. (color online) PL spectra of three multilayers of
ZnO/P3HT:PC¢zBM, ZnO/Au NRs/ZnO (8 nm)/P3HT:PC¢oBM, and
ZnO/Au NRs/ZnO (4 nm)/P3HT:PC¢¢BM. A 480-nm laser is used as
the excitation source.
exposure of most of the Au NRs under the P3HT:PCg9BM ac-
tive layer results in a non-ohmic contact between the cath-
ode and the photoactive layer. Therefore, an increased in-
terface energetic barrier due to a high work function of
Au (5.1 eV) accounts for the decrease in Voc.BH More-
over, these exposed Au NRs serving as the recombina-
tion centers lead to the quenching of excitons in the vicin-
ity of Au NRs, and thus a further decrease in FF. This
can be proved with the measured photoluminescence (PL)
spectra of three multilayers of ZnO/P3HT:PCg9BM, ZnO/Au
NRs/ZnO (8 nm)/P3HT:PC¢zBM, and ZnO/Au NRs/ZnO
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(4 nm)/P3HT:PCoBM as shown in Fig. 9. By spin-coating
an 8-nm ZnO layer on the top of Au NRs, the PL peak inten-
sity of the photoactive layer is remarkably enhanced by 51%
at 734 nm, meaning more photogenerated excitons due to the
coupling between the plasmonic field of the Au NRs and the
excited state of P3HT molecules. This is consistent with the
improvement on the absorption and Jsc. In contrast, the ob-
viously decreased PL intensity for the film with a 4-nm ZnO
overlayer indicates that the excitons quenching in the vicinity
of Au NRs is dominant when the inserted ZnO film between
the Au NRs and the photoactive layer is too thin.

4. Conclusions

In this paper, we report the enhanced performance by
sandwiching Au NRs between two layers of ZnO in the poly-
mer solar cell with a structure of ITO/ZnO/Au NRs/ZnO
overlayer/P3HT:PCqBM/Mo0O3/Ag. The J-V curves show
that the device with an 8-nm ZnO overlayer exhibits the best
performance with a PCE of 3.60% and a Jsc of 10.51 mA/cm?,
corresponding to increase of 19.6% and 18.1% compared with
the control device. Our analysis reveals that the near-field
strength induced by LSPR around Au NRs plays a major role
in improving the absorption of P3HT:PCsBM. In addition,
light scattering from the longitudinal axis of Au NRs, resulting
in the increase of OPL in active layer, may also be responsible
for the absorption enhancement of active layer.
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