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rganic photovoltaic devices (OPVs)

O possess great potential as renew-
able and alternative sources of
electrical energy.'* The demand for inex-
pensive renewable energy sources is the
driving force behind new approaches to
the development of low-cost photovoltaic
devices. In the last couple of years, an
intense effort has been given to the develop-
ment of viable and high-efficiency OPVs.
Particular attention has focused on methods
to construct the donor—acceptor bilayer,’
commonly achieved by using vacuum de-
position of molecular components.® In ad-
dition, the so-called bulk heterojunction
(BHJ) concept has been explored.” The BHJ
is represented in the ideal case as a bicon-
tinuous composite of an electron donor and
electron acceptor phase, in which the inter-
facial area between the electron donor and
acceptor is maximized. The development of
interpenetrating electron donor—acceptor
conjugated polymer-based BHJ OPVs, such
as polymer:fullerene, polymer:polymer, and
polymer:nanocrystal, made it possible to
reach high power conversion efficiency (PCE).
The combination of regioregular P3HT
and PCBM can be used in polymer-based
OPVs that combine electron donor and
electron acceptor materials, which showed
a PCE of up to ~5.0%.2'° For ideal perfor-
mance, polymer-based OPVs should fulfill
several other requirements, including effi-
cient absorption of sunlight, excellent charge
carrier generation, transport, and collection,
and high stability. To attain these proper-
ties, hybrid photovoltaic devices have been
designed that combine blends of conju-
gated polymers with n-type inorganic na-
nomaterials, in order to take advantage of
enhanced light absorption, high charge
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ABSTRACT A systematic approach has been followed in the development of a high-efficiency
hybrid photovoltaic device that has a combination of poly(3-hexylthiophene) (P3HT), [6,6]-phenyl
(61-butyric acid methyl ester (PCBM), and silver nanowires (Ag NWs) in the active layer using the
bulk heterojunction concept. The active layer is modified by utilizing a binary solvent system for
blending. In addition, the solvent evaporation process after spin-coating is changed and an Ag NWs is
incorporated to improve the performance of the hybrid photovoltaic device. Hybrid photovoltaic
devices were fabricated by using a 1:0.7 weight ratio of P3HT to PCBM in a 1:1 weight ratio of
o-dichlorobenzene and chloroform solvent mixture, in the presence and absence of 20 wt % of Ag
NWs. We also compared the photovoltaic performance of Ag NWs embedded in P3HT:PCBM to that of
silver nanoparticles (Ag NPs). Atomic force microscopy, scanning electron microscopy, transmittance
electron microscopy, UV—uvisible absorption, incident photon-to-current conversion efficiency, and
time-of-flight measurements are performed in order to characterize the hybrid photovoltaic devices.
The optimal hybrid photovoltaic device composed of Ag NWs generated in this effort exhibits a
power conversion efficiency of 3.91%, measured by using an AM 1.5G solar simulator at 100 mW/cm”
light illumination intensity.

KEYWORDS: hybrid photovoltaic device - Ag nanowires - integragted photocurrent
density - P3HT - PCBM

carrier mobility, and excellent chemical and
physical stability seen with inorganic semi-
conductors. The hybrid system has opened
new opportunities for the development of
future generation photovoltaic devices and
new device technologies and a platform to
study three-dimensional morphology. Sev-
eral hybrid photovoltaic devices that em-
ploy CdS,"" ZnO," CdSe,'*'* CdTe,”” and
TiO, nanoparticles'® have been reported.
Metal nanomaterials, such as those of silver
(Ag) and gold (Au), possess localized surface
plasmon resonance (LSPR)'~'® that exhi-
bits resonance light absorption in the visible
region. For instance, Olsen reported a P3HT/
ZnO nanorod cell exhibiting a short-circuit
current density (J;o) of 2.2 mA/cm?, an open-
circuit voltage (V) of 0.44 V, a fill factor (FF)
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of 0.56, and an PCE of 0.53%.%° They also reported that
the introduction of PCBM into the hybrid photovoltaic
devices could significantly improve the PCE of the
devices up to 2.03%. Despite impressive progress in
the development of hybrid photovoltaic devices, the
PCE is still relatively low (below 3%). In our research in
this area, we have previously reported novel low-band
gap polymers and novel hybrid polymer photovoltaic
device made by generating Ag nanoparticles (NPs) in
polymer:fullerene BHJ structures.”'~2® Of particular
relevance to the investigation described below are
one-dimensional (1D) nanowires, which have highly
unique electronic and optical properties.?”~2° Ag nano-
wires (Ag NWs) with well-defined dimensions repre-
sent a particularly interesting class of nanostructures
because bulk Ag exhibits the highest electrical and
thermal conductivity among all metals. As an extension
of our work, in this article, we report the highly efficient
hybrid photovoltaic devices by using the synergistic
effects between P3HT:PCBM-based OPVs and Ag NWs
as a doped electron acceptor for offering direct path-
ways for electric conduction by randomly mixing the
P3HT and PCBM in the presence or absence of 20 wt %
Ag NWs (Figure 1). The highest PCE of the hybrid
photovoltaic device prepared in this manner is 3.91%
using an AM 1.5G solar simulator (Oriel 300 W) at a 100
mW/cm? light illumination intensity. The results were
correlated with the morphology of active layers, which
was characterized by using atomic force microscopy
(AFM), field emission scanning electron microscopy
(FE-SEM), transmittance electron microscopy (TEM),
and time-of-flight (TOF) measurements. In addition,
the characteristics of the hybrid photovoltaic device
are consistent with the balance of charge carrier mobi-
lity, along with incident photon-to-current conversion
efficiency (IPCE), and UV—visible absorption spectro-
scopic properties.

RESULTS AND DISCUSSION

The hybrid photovoltaic device with P3HT:PCBM:Ag
NWs as an active layer was designed on the basis of the
following considerations: (i) using the highly efficient
OPVs based on P3HT:PCBM, (ii) slight doping of the
electron acceptor such as Ag NWs to improve the
photovoltaic performance of hybrid photovoltaic de-
vices, and (jii) in order to reduce the number of inter-
particle hopping events, using elongated Ag NWs in
combination with P3HT:PCBM instead of Ag NPs.

Figure 2 shows the UV—uvisible absorption spectra of
P3HT:PCBM, P3HT:PCBM:Ag NWs, and P3HT:PCBM:Ag
NPs for comparison. The films were prepared by employ-
ing the spin-coating technique and then air-dried with-
out thermal annealing. Encouraging results showed that
the Ag NWs embedded in P3HT:PCBM matrix improved
the optical absorption in comparison with P3HT:PCBM
and P3HT:PCBM:Ag NPs. Both films show characteristic
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Figure 1. Device structure used for fabrication of the
photovoltaic device.
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Figure 2. UV—visible absorption spectra of active layers
(P3HT:PCBM, P3HT:PCBM:Ag NPs, P3HT:PCBM:Ag NWs, and
Ag NWs). Inset: UV—visible absorption spectrum of Ag NWs
in solution state.

maxima for P3HT in the 400—650 nm region and for
PCBM at ca. 330 nm. In the spectral range of 330—
650 nm, where the P3HT:PCBM blend film is absorbing,
enhanced optical absorption was observed due to the
increased electric field in the active layer by excited LSPR
and scattering effects around the Ag NWs through
homogeneous networking among organic and inorganic
materials3° =32 This result corresponds to about 20%
increase of the total optical absorption of the devices in
the spectral range 330—650 nm. In liquid state, the
UV—visible absorption spectrum of Ag NWs showed a
characteristic peak at 428 nm, as shown in the inset of
Figure 2. The Ag NWs exhibit a strong absorption peak at
around 428 nm, which is a well-known surface plasmon
resonance (SPR) absorption of Ag NWs in solution state.>®
The absorption band at around 428 nm is due to the
collective oscillation of all free electrons in the Ag NWs
resulting from the interaction with electromagnetic ra-
diation. The electric field of the incoming radiation
induces the formation of a dipole in the NWs. Therefore,
the increase of total optical absorption induced by SPR of
Ag NWs implies that Ag NWs in the active layer poten-
tially lead to high efficiency for the formation of an
exciton through the increase of the effective optical path
length of incident light** and enhancement of local
optical field on the surface of Ag NWs.*?
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Figure 3. (a) TEM and (b) SEM micrographs and (c) representative EDAX spectrum of the active layer of P3HT:PCBM:Ag NWs.

(2)

Figure 4. AFM micrographs of active layers produced from P3HT:PCBM (a) and P3HT:PCBM:Ag NWs (b). The rms roughnesses

over the 5 um x 5 um areas are 6.7 and 8.7 nm, respectively.

TEM and SEM images for the active layer of P3HT:
PCBM:Ag NWs reveal that the Ag NWs used in this
study have a diameter and length of ca. 110 nm and
ca. 5.0—8.0 um, respectively, and are homogeneously
distributed all over the matrix of P3HT and PCBM
(Figure 3a and b). The homogeneous distribution of
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Ag NWs in the active layer is further supported by the
result of EDAX analysis, as shown in Figure 3c. To
explore the morphology of active layer films with the
following configuration of ITO/PEDOT:PSS/active layer/
Al (Figure 1) using P3HT:PCBM and P3HT:PCBM:Ag NWs
as active layer, the Al cathode was removed by using
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sticky tape after thermal annealing.®®> AFM measure-
ments were then carried out, yielding the tapping-
mode images as shown in Figure 4. Inspection of the
images shows that an extremely smooth surface is
present in both the P3HT:PCBM and P3HT:PCBM:Ag
NWs films. However, careful analysis showed that the
root-mean-square (rms) values for the P3HT:PCBM and
P3HT:PCBM:Ag NWs films are 6.7 and 8.7 nm, respec-
tively. The larger roughness observed for the P3HT:
PCBM:Ag NWs film could be a consequence of the
presence of the Ag NWs in the P3HT:PCBM active layer.

The hybrid photovoltaic devices were optimized by
using different weight ratios of P3HT, PCBM, and Ag
NW content and varying the active layer thicknesses.
Due to the diameter of Ag NWs, the optimal active layer
thickness of the photovoltaic devices were found to be
140—150 nm, containing an active layer composed of
either P3HT:PCBM (device 1), P3HT:PCBM:Ag NPs
(device 2), or P3HT:PCBM:Ag NWs (device 3) with a
mask. The current density—voltage (J—V) curves of
these photovoltaic devices are displayed in Figure 5,
and the photovoltaic performances are summarized in
Table 1. All of the photovoltaic devices have nearly
the same V,. at one sun intensity (100 mW/cm?)
under simulated AM 1.5G illumination. However, the
comparison of devices 1, 2, and 3 shows that J,.
of the photovoltaic device of P3HT:PCBM:Ag NWs
(932 mA/cm?) is larger than that of devices of
P3HT:PCBM (847 mA/cm? and P3HT:PCBM:Ag NPs
(9.28 mA/cm?). This likely results from the fact that
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Figure 5. Current density—voltage (J—V) curves for P3HT:
PCBM, P3HT:PCBM:Ag NPs, and P3HT:PCBM:Ag NWs

(AM 1.5G condition with incident light power intensity of
100 mW/cm?).

Ag NWs cause an enhancement in the light absorption
ability and high and balanced charge carrier mobility of
the device of P3HT:PCBM:Ag NWs.*® By reducing the
number of interparticle hopping events, using Ag
NWs instead of Ag NPs randomly dispersed in a P3HT:
PCBM, can result in improved electron transport in the
blended films; thus the PCE will be further improved.
Increased electrical conductivity leads to an increase in
Jsc and, consequently, to an increase in the PCE of the
hybrid photovoltaic device (3.91% compared to 3.31%
and 3.56% for the photovoltaic devices of P3HT:PCBM
and P3HT:PCBM:Ag NPs).

The drop-casting technique, involving slow drying of
the films in a solvent-saturated atmosphere, had to be
used instead of spin-coating to achieve sufficiently
thick films for TOF measurements. Carrier mobility (x)
can be determined from the TOF data from the
relationship u = d*/Vt,, where V is the applied bias, d
is the thickness of the active layer film, and t is the
transit time. For nondispersive charge transport, the
transit time corresponds to the inflection point in the
decay of the current from its plateau value. For dis-
persive transients, the transit time is the intercept of
the pre- and post-transit asymptotes of double loga-
rithmic plots of the photocurrent. It has been reported
that electron mobility is faster than hole mobility in
disordered systems, such as m-conjugate polymers,
that show highly dispersive current transients.” Figure
6 shows plots of the mobilities of the P3HT:PCBM and
P3HT:PCBM:Ag NWs films as a function of the electrical
field at room temperature, and the characteristic data
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Figure 6. Field dependence of the hole and electron mo-
bility for P3HT:PCBM and P3HT:PCBM:Ag NWs.

TABLE1. Performance of P3HT:PCBM, P3HT:PCBM:Ag NPs, and P3HT:PCBM:Ag NWs Photovoltaic Devices under AM 1.5G

Illumination (100 mW/cm?)

device Voe (V) Jic (mA/cm?) integrated photocurrent” (mA/cm?) FF (%) PCE (%) Rsp (Q am?) Rs (Q em?)
P3HT:PCBM 0.65 8.47 8.25 60.1 331 682.3 12.32
P3HT:PCBM:Ag NPs 0.65 9.28 9.09 59.1 3.56 632.9 13.18
P3HT:PCBM:Ag NWs 0.66 9.32 9.28 63.6 391 870.2 11.62

“ Integrated photocurrent obtained by integrating the curves shown in Figure 8a.
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TABLE 2. Charge Carrier Transport Parameters of P3HT:PCBM and P3HT:PCBM:Ag NWs

P3HT:PCBM

electrical field (V/cm)"* hole (u¢4, cm?/(V s)) electron (i, cm*/(V s))

269 261x107* 225% 107
380 334%x 107° 353 % 107°
466 384%107° 450 x 10™°
538 377 %107 435%10™°
602 395%107° 451 % 107°
659 438 x107° 470 10™°
712 436x107° 328x107°
80

—a— P3HT:PCBM
—— P3HT:PCBM:Ag NPs
—A— P3HT:PCBM:Ag NWs

IPCE [%]

0 I A L 1 L I M ——
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wavelength [nm]

Figure 7. Incident photon-to-current conversion efficien-
cies (IPCE) of P3HT:PCBM, P3HT:PCBM:Ag NPs, and P3HT:
PCBM:Ag NWs.

are summarized in Table 2. The results show that the hole
and electron mobilities for P3HT:PCBM film are ca. uy, =
334x10°ecm?V's 'and 4 =353 x 10> cm?V " 's™,
respectively, at E° = 380 (V cm™")%>. For the P3HT:
PCBM:Ag NWs film, the hole and electron mobilities are
increased to i, =5.04 x 10 > cm?V's~ "and ye =791 x
10> cm?V s, respectively, at £°° =380 (V.cm )22,
In general, the P3HT:PCBM:Ag NWs film has a 1.5 times
larger ue/uy as compared to the P3HT:PCBM film. The
change in the hybrid photovoltaic device is attributed to
the presence of Ag NWs, which leads to an increase in PCE.

A very useful parameter for determining the PCE of
photovoltaic devices is the IPCE, which reaches 100%
when all incident photons generate electron—hole pairs.
However, in practical situations, IPCE is typically less than
100% as a result of losses caused by the reflection of
incident photons, imperfect absorption of photons by the
semiconductor, and recombination of charge carriers
within the semiconductor. IPCE spectra for the photovol-
taic devices of P3HT:PCBM, P3HT:PCBM:Ag NPs, and P3HT:
PCBM:Ag NWs are displayed in Figure 7. Although all IPCE
spectra are similar in shape, the IPCE values for the
photovoltaic devices containing P3HT:PCBM:Ag NWs are
higher than ones for the P3HT:PCBM and P3HT:PCBM:Ag
NPs in all wavelength. For example, the photovoltaic

o2 1 A 1 A \‘I,A‘.. Lk 4 0.0
400 450 500 550 600 650 700 750

Wavelength [nm]

o

mobility
P3HT:PCBM:Ag NWs
Ueltty hole (¢4, cm/(V s)) electron (e, cm*/(V s)) Uty
0.862 291 % 107* 515x107* 1.770
1.057 504x107° 791x107° 1.569
1172 6.53x107° 676 % 107> 1.035
1.154 7.07 X 107° 73%107° 1.008
1142 644 x 107° 823x107° 1.278
1.073 557x107° 110 x 107 1.975
0.752 621x107° 864 % 107° 1.391
.80 12.0k 3
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Figure 8. (a) Photocurrents obtained using data from Fig-
ure 7. (b) Total solar photocurrent obtained by integrating
the curves shown in plots (a).

device of P3HT:PCBM was found to have an IPCE max-
imum of 57% at 540 nm and the IPCE of the hybrid
photovoltaic device with P3HT:PCBM:Ag NWs is 63% at
the same wavelength. The difference is a consequence of
the increased charge carrier mobility and, thus, the
improved absorption of the P3HT:PCBM:Ag NWs active
layer. Integrated photocurrent curves were obtained by
using integrated IPCE spectra (Figure 8b). The integrated
photocurrent densities of the photovoltaic devices of
P3HT:PCBM, P3HT:PCBM:Ag NPs, and P3HT:PCBM:Ag
NWs are 8.25, 9.09, and 9.28 mA/cm?, respectively. These
values are in good agreement with the measured photo-
current densities of 8.47, 9.28, and 9.32 mA/cm?, respec-
tively. In this study, the error between measured J;. and
integrated photocurrent was ca. 5%, which is in the
5—10% range often seen in these values.>® Comparisons
of the integrals of the calculated photocurrent densities
with those of photocurrent densities from a solar simu-
lator are summarized in Table 1. These slight differences
are also a consequence of the spectral mismatch of the
xenon lamp, which exhibits a higher photon flux than the
sun in the UV region.*®

CONCLUSIONS

The studies described above have led to the fabrica-
tion of the first, highly efficient bulk heterojunction
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hybrid photovoltaic device with P3HT:PCBM:Ag NWs.
Investigations of the morphology of the active layerin
the photovoltaic device by AFM, FE-SEM, TEM, and
EDAX show that an Ag NW is embedded in the P3HT:
PCBM films. The P3HT:PCBM, P3HT:PCBM:Ag NPs, and
P3HT:PCBM:Ag NWs based on photovoltaic devices
have nearly the same V. values of 0.65 V at one sun
intensity (100 mW/cm?) simulated with AM 1.5G

EXPERIMENTAL SECTION

Fabrication and Evaluation of Photovoltaic Devices. P3HT was used
as supplied. PCBM, Ag NPs, and Ag NWs solutions were pre-
pared according to the procedure published earlier.?>*%*' The
organic—inorganic hybrid photovoltaic devices, using P3HT as
the electron donor and PCBM, Ag NPs, and Ag NWs as the acce-
ptor, were fabricated to have the following simple structure:
ITO/PEDOT:PSS/P3HT:PCBM/AI, ITO/PEDOT:PSS/P3HT:PCBM:Ag
NPs/Al, and ITO/PEDOT:PSS/P3HT:PCBM:Ag NWSs/Al. Indium—
tin-oxide (ITO)-coated glass, cleaned ultrasonically with deter-
gent followed by distilled water, acetone, and 2-propanol
sequentially, was used as transparent electrode. The ITO surface
was modified by spin-coating of a 40 nm thick, highly reactive,
PEDOT:PSS (CLEVIOS PH) layer after exposing the ITO surface to
ozone for 15 min. The PEDOT:PSS layer was dried on a hot plate
in air for 30 min at 150 °C. The cosolvent system was prepared
by mixing a 1:1 weight ratio of o-dichlorobenzene and chloro-
form. The P3HT:PCBM (pristine) blend at 1:0.7 weight ratio and
P3HT:PCBM:Ag NPs or Ag NWs (hybrid) solutions were prepared
and allowed to stir for 24 h. To form the hybrid solution, Ag NPs
or Ag NWs were added to the pristine solution (20 wt % with
respect to the weight of P3HT:PCBM). The active layer was spin-
coated from these blend solutions over the dried PEDOT:PSS
layer at room temperature, and the thickness was maintained at
140—150 nm. Thicknesses of the thin films were measured
using a KLA Tencor Alpha-step IQ surface profilometer with an
accuracy of =1 nm. The active layer was dried at room tem-
perature for 30—40 min. After drying the active layer, the
photovoltaic devices were charged into the thermal evaporator
through a glovebox and Al metal (150 nm) was deposited as the
cathode under a vacuum of less than 5 x 10~ Torr, which yields
a 9 mm? active area per each pixel. After depositing the Al
cathode, the photovoltaic devices were removed from the
thermal chamber and thermally annealed on a hot plate at
150 °C for 30 min inside the glovebox. The performance of the
photovoltaic cells was measured using a calibrated AM 1.5G
solar simulator (Oriel 300 W) at a 100 mW/cm? light intensity
adjusted with a standard PV reference cell (2 cm x 2 cm
monocrystalline silicon solar cell, calibrated at NREL, Colorado,
USA). After current density—voltage (J—V) curves were recorded
using a standard source measurement unit (Keithley 236),
immediately, the incident photon-to-electron conversion effi-
ciency was measured by interposing a monochromator be-
tween the xenon lamp and the photovoltaic cell. The incident
photon current density of the photovoltaic cell and incident
power density of light for each of the wavelengths (380—
750 nm) was measured using a Keithley 236 and a light power
meter. Then, the IPCE was calculated as a function of all
measured parameters. All fabrication steps and characterization
measurements were performed in an ambient environment
without a protective atmosphere.

Measurement of Mobility. We fabricated a TOF sample for hole
and electron mobility measurements. The active layer was spin-
coated from P3HT:PCBM and P3HT:PCBM:Ag NWs blend solu-
tions on a cleaner ITO-coated glass substrate, and the active
layer had a typical thickness of 1.3 um. After the active layer was
sufficiently dried in air, we deposited an Al electrode by thermal
evaporation and thermally annealed it at 150 °C for 30 min
inside the glovebox. TOF measurements were performed using
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illumination. The fabricated hybrid photovoltaic de-
vice has reasonably high J, FF, and PCE values of
9.32 mA/cm?, 63.6, and 3.91%, respectively. It is
anticipated that the strategy presented above
for constructing polymer:fullerene:inorganic hybrid
photovoltaic devices will be generally applicable to
the design and fabrication of other OPVs with im-
proved PCE values.

a VSL-337ND-S nitrogen laser (A = 337 nm) and recorded by a
digital oscilloscope (LeCroy).

Imaging. AFM images were acquired with a Digital Instru-
ment Nanoscope 3D ADC5, Mutimode (Veeco Instruments Inc.,
CA), in tapping mode. Samples for AFM image measurement
were fabricated by first spin-coating a PEDOT:PSS layer on top of
ITO-coated glass substrates and then drying at room tempera-
ture under air. The active layer was spin-coated on top of the
PEDOT:PSS layer. The samples' structures for AFM imaging of
surface morphology were ITO/PEDOT:PSS/P3HT:PCBM and ITO/
PEDOT:PSS/P3HT:PCBM:Ag NWs. The SEM image was taken by a
FEI Nova Nanolab dualbeam FIB and scanning electron micro-
scope with EDAX UTW detector. The films were prepared in a
manner identical to that for AFM measurement. TEM was
conducted with a JEOL 2010F electron microscope.

Absorption Spectroscopy. UV—visible absorption spectra were
recorded on a V-570 model UV—visible—near IR spectrophot-
ometer (JASCO). P3HT:PCBM, P3HT:PCBM:Ag NPs, and P3HT:
PCBM:Ag NWs blend films for absorption measurements were
spin-coated on Quartz glass and then dried in air for 30 min
without heat treatment.
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