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ABSTRACT: P3HT:Ag,S hybrid solar cells with broad
absorption from the UV to NIR band were directly
fabricated on ITO glass by using a room temperature, low
energy consumption, and low-cost soft-chemical strategy.
The resulting Ag,S nanosheet arrays facilitate the
construction of a perfect percolation structure with organic
P3HT to form ordered bulk heterojunctions (BHJ);
without interface modification, the assembled
P3HT:Ag,S device exhibits outstanding short-circuit
current densities (J,.) around 20 mA cm™ At the current
stage, the optimized device exhibited a power conversion
efficiency of 2.04%.

With the rapid and productive development of nano-
science and nanotechnology, research focused toward
developing various materials of nanoscale are not limited to
creating novel nanostructures." The development of a designed
low-cost and low energy-consumption approach to easily
construct desirable nanostructures becomes increasingly
important due to the practical industrial applications in the
near future. For example, in the design and fabrication of solar
cell materials and devices, scientists have noted that most of the
common physical and chemical processes inevitably consume
considerable energy prior to the energy generation from final
devices.” On the other hand, the use of toxic compounds, such
as Cd and Pb, will be eventually terminated due to the
increasingly stringent environmental requirement. As Gritzel®
pointed out, chemistry is expected to make important
contributions to identify environmentally friendly solutions to
energy and environmental problems. Seeking new strategies for
low cost and low energy consumption to invent low toxic solar
cell materials is not only academically important but also
industrially demanding.

Solution-processed photovoltaic devices, such as the
inorganic—organic hybrid thin film solar cell devices, are
promising candidates because they may offer an opportunity to
harvest solar energy in a simplified, low cost, and mechanically
flexible way. In 2002, Alivisatos reported the fabrication of
P3HT:CdSe hybrid thin film solar cells as groundbreaking with
an ~1.7% conversion efficiency by using the solution processed
route.* In the past 10 years, many chemists have been devoted
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to developing new materials and strategies for potential
industrial application of such solution-processed approaches.’
Compared with the dye-sensitized and pure conjugated
polymer solar cells, the hybrid thin film solar cells based on
conjugated polymer/inorganic nanocrystals have several
advantages and thus gained much attention in the field of
synthetic chemistry.® However, this type of hybrid solar cells is
still not ideal for future industrial and commercial applications
because of the relatively high reaction temperature which is
necessary for synthesizing the chacolgenide nanocrystals,” the
undesirable insulators of surfactants, self-assembled monolayer
or long chain ligands capped on the as-synthesized NCs, and
loose contact of the active layer on the electrodes.

In our previous studies, we have successfully developed a
facile solvothermal approach for fabricating hybrid thin film
solar cell devices,® which have partially solved the above-
mentioned deficiencies although the efficiency was not high.
Aiming at further decreasing the energy consumption and
improving the photovoltaic performance, here, we demonstrate
a simplified, room temperature processing, large scale, solvent
recycling, and low-cost strategy for in situ fabrication of Ag,S
nanosheet-like arrays and P3HT:Ag,S hybrid films directly on
ITO glass for thin film solar cell devices. We selected Ag,S, as it
is a near-infrared absorbed binary semiconductor with a narrow
band gap of ~0.9 €V,” and it is environmentally friendly and
stable enough to acid, base, and moisture. This is the first
report using Ag,S as the electron acceptor and main absorbing
layer in hybrid thin film solar cells. The current strategy
possesses the following advantages: First, all of the material
fabrication and device assembly processes were performed at
room temperature and thus consumed negligible energy;
Second, the resulting Ag,S nanosheet arrays facilitated the
construction of a perfect percolation structure with organic
P3HT to form an ordered hybrid bulk heterojunction (BHJ);
Third, the assembled P3HT:Ag,S devices utilized a broader
solar spectrum from the UV to NIR region and exhibited
outstanding short-circuit current densities (J,.) around 20 mA
cm™2 without interface modification. To our knowledge, this is
the highest ] value among the reported organic—inorganic
hybrid solar cells; Fourth, the in situ fabricated devices on ITO
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are both chemically and mechanically stable for potential
industrial applications.

In the present reaction design, an elemental silver layer was
first prepared on the ITO glass substrate. In a typical procedure,
the elemental silver coated ITO glass and 0.01 g sulfur powders
were put into a 20 mL vessel, and then 15 mL of N,N-
dimethylformamide (DMF) was added. The container was
maintained at 25 °C for 8 h. Finally, a black thin film on the
ITO substrate was obtained, and the solvent can be saved for
later use. The X-ray diffraction (XRD) pattern demonstrated
the formation of pure Ag,S thin film (Figure S2, JCPDS File
No. 14-72, monoclinic).

The transformation process from the initial elemental Ag
layer to the Ag,S and P3HT:Ag,S composite thin film was
described in Figure 1. The original magnetron sputtered Ag

Figure 1. (a) AFM image of the nanosized elemental Ag surface; (b)
low-magnification SEM image of the as-prepared Ag,S nanosheet film;
(c) low-magnification SEM image of P3HT:Ag,S hybrid thin film; (d)
magnified SEM image of Ag,S nanosheet film; (e) magnified SEM
image of P3HT:Ag,S hybrid thin film; (f) cross section SEM image of
the P3HT:Ag,S hybrid thin film; (g) HRTEM images of Ag,S
nanosheet (the dotted line frame in the inserted image illustrates the
selected area of an individual Ag,S nanosheet).

surface was assembled by nanosized elemental silver grains
(about 60—80 nm in diameter, as shown in Figure 1a). After 8
h of reaction with elemental sulfur at 25 °C, all of the silver
patterned area is covered with nanosheet Ag,S instead,
indicating that particular elemental silver film was completely
transformed into ordered Ag,S nanosheet arrays (Figure 1b). In
the fabrication of hybrid solar cell devices, this step is important
because it directly formed an ordered and stable inorganic
template which is rooted in the ITO electrode, without
consumption of energy. The SEM image of the as-formed
P3HT:Ag,S hybrid film (Figure 1c) demonstrates that the
ordered Ag,S (n-type) nanosheet array surface was uniformly
covered with conjugated P3HT (p-type) after infiltrating. This
construction process was further clearly displayed by
magnifying Figure 1b and ¢, respectively. We can see a good
deal of interstices between the nanosheet arrays, and the

thickness of an individual Ag,S nanosheet was about 50—60 nm
(Figure 1d).

A P3HT-chloroform solution was first selected and spin-
coated on the above ordered and stable Ag,S/ITO template to
form an active layer. As we designed, all surfaces of the
nanosheet arrays and those interstices were effectively
infiltrated and covered by organic P3HT to form an ordered
hybrid thin film (Figure le) and thus ensuring a large surface
area for charge separation. From the cross section SEM image
(Figure 1f), the active layer thickness of the whole P3HT:Ag,S
hybrid thin film was measured to be about 1 gm. There is still a
compact Ag,S semiconductor layer between the Ag,S nano-
sheet arrays and the ITO substrate, which can effectively avoid
the internal short circuit in the solar cell devices. The inset
image shows distinctly that all Ag,S nanosheet surfaces were
surrounded by organic P3HT. This specific domain contains
built-in percolation pathways for effective electron or hole
transport. Figure 1g shows the TEM and HRTEM of the Ag,S
nanosheet, the well-resolved 2D lattice fringes with a lattice
spacing of 2.60 A correspond to the (—121) plane of the
monoclinic Ag,S. Thus, we further demonstrated that the
room-temperature fabricated Ag,S film could also be well
crystallized. Overall, the fabricated ripple structures of the
organic—inorganic hybrid layer may provide a large interfacial
surface area with a large number of heterojunctions and reduce
the loss of sunlight intensity for efficient light harvesting.

To fabricate the organic—inorganic hybrid solar cell devices,
Au was then thermally evaporated on the P3HT:Ag,S active
layer as the anode. The configuration and each component
energy band of the completed hybrid solar cell device were
shown in Figure 2a and 2b, respectively. We can clearly see that
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Figure 2. (a) Schematic device structure of the designed ITO/
Ag,S:P3HT/Au hybrid solar cells; (b) corresponding energy levels of
the assembled hybrid thin film photovoltaic device.
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the HOMO (—3.2 eV) and LUMO (-=S.1 eV) levels of
conjugated P3HT are well above the conduction band bottom
(—4.5 eV) and valence band top (=S54 eV) of Ag,S. In our
current device, the possible mechanism of photoelectric
conversion may involve the incident photons being adsorbed
by the P3HT:Ag,S active layer and the generated excitons
becoming well separated on the interfaces of Ag,S and P3HT.
After the exciton dissociation, electrons are injected into the
conduction band of Ag,S and further to the ITO cathode, while
the holes travel to the HOMO of P3HT and the Au anode.
The photovoltaic performance of such a Au/P3HT:Ag,S/
ITO device with an active area of 0.15 cm® was investigated at
room temperature in air under simulated AML1.S solar
irradiation (100 mW cm™2), and the illumination of light was
precisely calibrated by a standard silicon solar cell. The
performance of the original device exhibited an open-circuit

dx.doi.org/10.1021/ja307521t | J. Am. Chem. Soc. 2012, 134, 17392—17395



Journal of the American Chemical Society

Communication

voltage (V) of 0.18 V, a short-circuit current density (J,.) of
9.90 mA cm™2 a fill factor (FF) of 27.82%, and a conversion
efficiency () of 0.50%, which was prepared by using
chloroform as solvent for P3HT casting. Although this result
revealed a low open-circuit voltage and fill factor, it is
interesting to note that, after a simple drying treatment in a
glovebox at room temperature for 24 h, the performance of the
hybrid thin film device was significantly improved. Figure 3a
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Figure 3. J—V characteristics of the chlorobenzene-P3HT:Ag,S and
chloroform-P3HT:Ag,S hybrid thin film solar cells.
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plots the characteristics of such an improved device, which
exhibits a V. of 0.22 V, a ], of as high as 20.55 mA cm™?, an FF
of 38.41%, and an 5 of 1.61%. We attribute this meaningful
phenomenon to increases in the carrier mobility and degree of
organization of P3HT during the slow drying process,'® which
is consistent with Olson’s study'" in the fabrication of the ZnO
based hybrid solar cell device. The photovoltaic performance of
the P3HT:Ag,S devices did not weaken compared with the
initial devices even after 8 months of storage in a general
desiccator without encapsulation (see Supporting Information
for video file).

Considering that the solvent with a high boiling point may
lead to a higher degree of organization and better infiltration of
P3HT into the ordered Ag,S array,'> we recently investigated
the solar cell performance using chlorobenzene as solvent for
P3HT casting. The curve of such a chlorobenzene device
(Figure 3a) demonstrates an increased V. of 0.27 V, a J,. of
1820 mA cm™ an FF of 45.90%, and an # of 2.04%. Such
behaviors indicate that the interaction between P3HT
molecules in the thin film plays an important role in improving
the performance of hybrid solar cells. Control experiments
demonstrated that the current 10 mg/mL is a proper level of
concentration of P3HT for constructing an effective
P3HT:Ag,S percolation structure. The dark current was also
measured under the same conditions without illumination
(Figure S4), revealing that the dark current of the
chlorobenzene device compared to the chloroform device was
lower, so that the chlorobenzene device brought out a higher
open voltage."

The external quantum efficiency (EQE) data of P3HT:Ag,S
hybrid solar cell are shown in Figure 4a. Interestingly, the
hybridization of P3HT with an ordered Ag,S nanosheet has led
to a significant improvement of EQE from the UV—vis to near-
IR region. The maximum EQE is about 45% at 675 nm, and the
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Figure 4. (a) EQE data of ITO/Ag,S:P3HT/Au hybrid solar cells; (b)
UV—vis—NIR spectra of (1) pristine chlorobenzene-P3HT thin film;
(2) chloroform-P3HT thin film; (3) Ag,S thin film; (4)
chlorobenzene-P3HT:Ag,S; and (S) chloroform-P3HT:Ag,S hybrid
thin films. The inserted curve reveals the detail of the chloroform-
P3HT thin film.

EQE value can still reach 15% at 1100 nm (data beyond 1100
nm were not collected). It is also interesting to note that even
the solar spectrum between 1100 and 2350 nm could still be
absorbed by the Ag,S nanosheet film (Figure S6). However, the
generally prepared conjugated polymer/inorganic crystal hybrid
film could only utilize the light from 300 to 700 nm. The
current extremely broad spectra of EQE responds to the
improved absorption of the P3HT:Ag,S hybrid thin film. Figure
4b shows the UV—vis—NIR spectra of pristine chlorobenzene-
P3HT (Figure 4b,), chloroform-P3HT (Figure 4b,), Ag,S films
(Figure 4b;), chlorobenzene-P3HT:Ag,S (Figure 4b,), and
chloroform-P3HT:Ag,S (Figure 4bg) hybrid films. An onset at
~620 nm, a shoulder at ~550 nm, and a peak at ~520 nm were
absorption features of the pristine P3HT solid film (Figure 4b,
and 4b,). The intensity of Figure 4b, compared to Figure 4b,
was significantly weaker because the P3HT layer spin-casted
from chloroform was thicker than that from chlorobenzene
under the same conditions. The persistent wide absorption
property of the Ag,S thin film from the ultraviolet to near-IR
region was recorded in Figure 4b;. We can clearly see that the
absorption spectra of the chloroform-P3HT:Ag,S hybrid film
(Figure 4b;) exhibited features of both pristine P3HT and the
Ag,S nanocrystal thin film, while the chlorobenzene-
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P3HT:Ag,S hybrid film (Figure 4b,) mainly exhibited the
absorbance of Ag,S nanocrystals due to less P3HT coating.
Therefore, in the current hybrid thin film prepared from
chlorobenzene, light is predominately absorbed in the Ag,S
layer.

The EQE data show that only the photons with energies
greater than 1.9 eV can be used for photovoltaic conversion in
traditional P3HT and nanocrystal particle hybrid solar cells,"*
which means that light is predominately absorbed in P3HT and
the highest ] is only ~14 mA cm™ in theory. However, Ag,S
with a band gap of 0.9 eV will lead to a theoretical ], as high as
~51 mA cm™2"° In our device the J,. can be more than 20 mA
cm™ Based on these collected data, we believe that the Ag,S
ripple layer as the ordered template is the predominant
absorber in the P3HT:Ag,S hybrid solar cells and thus induced
the unusually high J,.. The photovoltaic performances could be
further improved with parameter optimization.

In summary, we demonstrate a simplified, large scale, solvent
recycling, and low-cost soft chemical strategy to in situ fabricate
Ag,S nanosheet-like arrays and P3HT:Ag,S hybrid films
directly on ITO glass for thin film solar cell devices. All of
the material fabrication and device assembly processes were
performed at room temperature and thus consumed negligible
energy. The resulting Ag,S nanosheet arrays facilitate the
construction of a perfect percolation structure with organic
P3HT to form an ordered hybrid bulk heterojunction (BHJ).
More importantly, without interface modification, the
assembled P3HT:Ag,S devices exhibited outstanding short-
circuit current densities (J,) around 20 mA cm > At the
current stage, the optimized device exhibited a power
conversion efficiency of 2.04%. Based on the EQE and UV—
vis analysis, we believe that the Ag,S ripple layer is the
predominant absorber in the current P3HT:Ag,S hybrid solar
cells and the photovoltaic performances could be further
enhanced with device optimization. Further investigation is in
progress to decrease the dark-current density toward a higher
open-circuit voltage value. This simple strategy is also expected
to fabricate other I—VI group based hybrid solar cell materials.
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Experimental details, growth process of Ag,S thin film, XRD
pattern of Ag,S thin film on ITO substrate, photos of
P3HT:Ag,S device fabrication, and the dark current data of
the device. This material is available free of charge via the
Internet at http://pubs.acs.org.
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