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We demonstrate a novel architecture of solar cell by incorporating
graphene thin film in a quantum dot sensitized solar cell. Quantum
dot sensitized nanorods with a graphene layer exhibited a 54.7%
improvement comparing a quantum dot sensitized ZnO nanorods
without graphene layer. A fill factor as high as ~62% was also
obtained.

Quantum dot sensitized solar cells (QDSSCs) have attracted
extensive interest as a means of fabricating highly efficient, low
cost photovoltaics.1 QDs such as CdS,? CdSe,* and CdTe?
demonstrate size-dependent band gaps which provide
wide-ranging opportunities for harvesting light energy in the
visible and infrared regions. This is because these QDs have a
large extinction coefficient and upon light absorption, excited
electrons can be efficiently transferred to the conduction band
of TiO,® or ZnO.® In addition, due to the impact ionization
effect, it is possible to utilize hot electrons in the QDs to
generate multiple electron—hole pairs per photon.” Thus, the
power conversion efficiency of QDSSCs is expected to exceed
the Shockley—Queisser limit (31%).®

Despite these features, the efficiencies of QDSSCs based on
bare TiO, or ZnO film are rather low. The limiting factor is often
attributed to the accumulation of electrons in the semiconductor
layer due to the relatively slow electron transfer,” resulting in the
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carrier recombination at the semiconductor surface. Thus,
suppressing carrier recombination at the semiconductor interface
is the key to improving the performance of QDSSCs.

Recently, the discovery of graphene promises a new era of
electronics. Graphene has been used in solar cells due to its
unique properties. Apart from the transparent electrode,'®!!
graphene can also be used as the electron acceptor layer'*!?
or the hole transport layer'® in photovolatic devices. In this
communication, we first propose and demonstrate the use of a
graphene-ZnO composite architecture to enhance the electron
transport in QDSSCs. The device in our proposed architecture
has been enhanced to almost twice the efficiency of a device
without a graphene layer. A fill factor as high as 62% has been
obtained, which is one of highest values based on the ZnO
nanorod system up to date for QDSSCs.

The fabrication procedure of the graphene-ZnO nanorod is
described briefly as follows. Graphene oxide was produced by
acid oxidation of natural graphite based on the modified
Hummers method.'*'> GO aqueous suspension with
0.05 mg mL~! was spin-coated on APTES-modified FTO to
obtain mono- to few-layer GO thin films. GO was reduced to
graphene thin film on FTO/glass in hydrazine vapor at 65 °C
overnight.'® The film thickness was controlled by repeating the
spin-coating process multiple times. A ZnO seed layer was
deposited on the graphene sheets by ultrasonic spray pyrolysis
at 350 °C for 5 min. The substrate was then immersed into a
0.01 M zinc nitrate and 0.01 M hexamethylenetetramine solution
and heated at 95 °C for 10 h. After that, the substrate was taken
out, washed and dried for sensitizing with CdSe QDs. Oleic
acid-capped CdSe QDs were synthesized by a one-pot growth
method.? The CdSe QDs were loaded on to the ZnO nanorod
surface by electrophoretic deposition (ESI).T QDSSCs based on
ZnO/CdSe and graphene-ZnO/CdSe photoanodes are labeled as
cell A and B, respectively.

Fig. 1(a) shows the absorption spectra of graphene, graphene-
ZnO nanorods and graphene-ZnO nanorod/CdSe QD photo-
anodes. While graphene shows no clear absorption features, ZnO
and CdSe exhibit characteristic band edge absorption. It can be
seen that the features at 465 and 575 nm appear, indicating the
CdSe QDs are adsorbed onto the graphene-ZnO nanorod films.
From the excitonic transition peak at 575 nm for graphene-ZnO
nanorod/CdSe QD photoanode, the size of these QDs is estimated
to be 3.5 nm, based on the analysis reported in the literature.!’
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Fig. 1 (a) The absorption spectra of graphene, graphene-ZnO nanorod
and graphene-ZnO nanorod/CdSe photoanodes. (b) Raman spectra of
graphene and graphene-ZnO seed layer.

Fig. 1(b) shows the Raman spectra for graphene and a
graphene-ZnO seed layer. The graphene film exhibits character-
istic peaks located at approximately 1598 cm™! and 1350 cm™!
(D band), which are assigned to the E», phonon of sp® carbon
atoms and the breathing mode of k-point phonons of Aj,
symmetry, respectively.'® After deposition of ZnO seeds onto
the graphene sheets, the Raman intensity for the graphene film
diminished while the weak characteristic peak of 437 cm™! can
be observed, which correspond to the ZnO nonpolar optical
photons (E») mode."

Fig. 2(a) and (b) show the field-emission scanning electron
microscopy (FESEM) images of graphene sheets (thickness
of ~9 nm) before and after deposition of ZnO seeds,
respectively. The surface of the graphene thin film is highly
smooth while the typical wrinkle-like features are weakly visible.
After deposition of ZnO seeds, the graphene sheet surface is
covered by densely packed and regularly shaped ZnO grains.

Fig. 2(c) and (d) show the FESEM images of ZnO nanorods
grown on a monolayer graphene sheet with a diameter of
80-100 nm and a length of 2 um before and after sensitizing
with CdSe QDs, respectively. The graphene-ZnO nanocomposite
can be formed by directly depositing ZnO on to the graphene
film, because the ZnO is easily entangled and interconnected
with graphene during the fabrication.”®*' The graphene-ZnO
composite structure is also verified by XRD spectra (Fig. S3,
ESI).+ It was found that ZnO nanorod arrays grown on a

Fig. 2 FESEM image of (a) graphene sheets on FTO/glass. (b)
Graphene-ZnO seed layer. (c) Graphene-ZnO nanorod before and
(d) after sensitizing with CdSe QD. (¢) TEM image of CdSe QDs
adsorbed on ZnO nanorods (f) HRTEM image taken from the marked
squared region in ().

graphene sheet (thickness < 9 nm) present higher surface ratio
than those grown on bare FTO/glass (Fig. S2, ESI).t The
performance of QDSSC with thicker graphene would be
reduced, caused by severe photocurrent leakage and high loss
of spectral transmission through the graphene-ZnO film. An
increased amount of QDs can be assembled on ZnO nanorods
based on mono- and few-layered graphene sheets due to the
enlarged surface area in the engineered graphene-ZnO nano-
rod architecture. The ZnO nanorods become thicker,
developing rough surface features after CdSe QDs loading,
indicating high coverage of the CdSe QDs. Fig. 2(e) and (f)
show the transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM)
images of ZnO nanorods with adsorbed CdSe QDs. It can
be seen that CdSe QDs with a diameter of ~3.5 nm are
uniformly deposited on the ZnO nanorod surface.

Fig. 3(a) shows an energy level schematic diagram of the
QDSSC consisting of FTO, graphene, ZnO, CdSe QD and the
iodide electrolyte. From the excitonic transition wavelength of
575 nm for the CdSe QDs [Fig. 1(a)], the band gap of the QD is
estimated to be around 2.16 eV. The work function of typical
graphene is 4.4-4.5 eV.''* Under strong illumination and open
circuit conditions, the Fermi-level of ZnO and graphene can be
aligned, the band is bent at the interfaces. The offset (~0.2 eV)
between the conduction band of ZnO and the work function of
graphene is helpful for the reduction of the barrier between ZnO
and FTO.? It is indicated that the electron transfer from CdSe to
the graphene-ZnO nanostructure is energetically favored.

To reveal the influence of graphene film thickness on QDSSC
characteristics, we have tested QDSSCs with four different
thickness graphene layers [Fig. 3(b)]. The corresponding device
characteristics are summarized in Table S1 (ESI).f The best
performance of QDSSC was achieved with monolayer graphene
sheet. This is attributed to the reduced transmittance of the films
and enlarged series resistance arising from the large out-of-plane
resistance of graphene thin films, leading to lower short-circuit
photocurrent density (Jy.) and fill factor (FF).

Fig. 3(c) shows the I~V characteristics of cell A and B under
simulated 100 mW cm ™ irradiation. Cell A exhibited a J, and
FF of 3.37 mA cm 2 and 40.9%, respectively, while cell B,
which has one monolayer of graphene, exhibited J,. and FF
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Fig. 3 (a) An energy level schematic diagram for FTO, graphene,
ZnO, CdSe QD and electrolyte. (b) I~V characteristics of QDSSCs
with four different thickness graphene layers (c) I~V characteristics of

cell A and B. (d) IPCE spectra of cell A and B.
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Fig. 4 Emission decay of CdSe QDs deposited on (a) glass (b) ZnO
nanorods, (c) graphene-ZnO nanorods. Trace d represents scatter of
laser pulse. The excitation wavelength was 467 nm.

of 4.65 mA cm ™2 and 61.8%, respectively. The FF value obtained
in this work is one of the highest values based on the ZnO
nanorod system to our knowledge. The improved efficiency
with incorporation of a graphene monolayer can be attributed
to various factors. The improved Jy. can be explained by
the higher surface ratio of ZnO nanorods and therefore the
higher adsorption sites for CdSe QDs. The FF of a solar
cell is determined by two components: shunt resistance (Ry,)
[(dV/dD)V = 0] and series resistance (Ry) [(dV/dD)V > V]2 It
can be seen from Fig. 3(c) that the graphene-ZnO device has
smaller R, than the ZnO device. The R, for cell A and B can be
calculated from the Nyquist plots from Fig. S6 (ESI).f It has
been reported that there is a Schottky barrier at the FTO-ZnO
electrode, which obstructs electron injection into the electrode,
leading to an increased value of R,.>*> While there is an ohmic
contact without a contact barrier between the ZnO nanorod
and the graphene film.>' Therefore, the reduced series resistance
between FTO and graphene-ZnO, facilitates the electron transfer
and in turn increases the FF. As a result, the overall power
conversion efficiency (PCE) is increased by 54.7% to 1.72%. The
improved FF indicates that graphene-ZnO architecture helps to
reduce charge recombination in QDSSCs.

Fig. 3(d) shows the IPCE of cell A and B, showing a clear
spectral response at 575 nm, which corresponds to the first
excited state of CdSe QDs. Furthermore, the IPCEs at 575 nm
are 15% and 10%, and the maximum IPCEs are 18% and
27% at 400 nm for cell A and B, respectively. These results
reflect the higher capability of cell B in converting photons to
electrons than cell A, leading to higher photocurrent density,
in agreement with the output /~V characteristics.

In order to gain insight into the improved device performance,
photoluminescence (PL) decay for FTO/ZnO nanorod/
CdSe QDs and FTO/graphene-ZnO nanorod/CdSe QDs was
measured. Fig. 4 shows the emission decay of CdSe QDs
deposited on the FTO and anchored onto ZnO nanorods and
graphene-ZnO nanorods, respectively. CdSe QDs directly
zdeposited on glass exhibit emission decays with average lifetimes
of 10.2 ns. When adsorbed on the ZnO nanorods, their average
lifetime was 6.4 ns. CdSe QDs adsorbed on graphene-ZnO
nanorod exhibited a lifetime of 4.3 ns. The kinetic parameters
of the CdSe emission decay analysis are summarized in Table S2
(ESI).T The electron-transfer rate constants are calculated to be
5.8 x 107 and 1.3 x 10® s~! for the ZnO nanorods and graphene-
ZnO nanorods, respectively. The fast decay kinetics observed
based on graphene-ZnO architecture is attributed to the reduced
resistance between ZnO and FTO, which enhances the electron
transfer rate.®* It is proved to be a quite effective way for

capturing photogenerated electrons from CdSe QDs in QDSSC
incorporated with the graphene sheets.

In summary, we have demonstrated the use of
graphene-ZnO nanorod photoanode is beneficial to enhance
the electron transfer in QDSSCs. The reduced series resistance
in QDSSC helps to facilitate electron transfer and suppress the
interfacial carrier recombination, leading to improvement in
FF. These results prompt further detailed studies on the
photophysical effects associated with graphene interfaced
with inorganic nanostructures.
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