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ABSTRACT: Quantum dot sensitized solar cells (QDSCs) are currently receiving
increasing attention as an alternative to conventional dyes. The efficiencies of QDSCs
have experienced a fast growth in the last years, mainly due to an increase in the reported
photocurrents and fill factors. Despite this increase, further enhancement of QDSCs needs
an improvement of the obtained photovoltage, V,,, being the current main challenge in ,_ 7
these devices. Here we show that an appropriated nanostructure of wide band gap m :
semiconductor electrode allows us to reduce the recombination process, with a significant /
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enhancement of V.. V. as high as 0.77 V has been demonstrated for ZnO nanowires array

electrodes. The performance of the cell can be even increased to a promising 3%, using a novel photoanode architecture of “pine
tree” ZnO nanorods (NRs) on Si NWs hierarchical branched structure. Most importantly, we show the necessity of exploring new
electrode architectures to improve the current efficiencies of QDSCs.

SECTION: Energy Conversion and Storage

Inorganic semiconductors are currently receiving increasin%
interest as light sensitizers for low-cost photovoltaic devices.' ™
In the standard sensitized solar cell configuration,” a dye mono-
layer is used as a light-harvesting material from which electrons are
injected into a nanostructured wide bang gap semiconductor (i.e.,
TiO,, ZnO, SnO,). The oxidized dye is regenerated by the donor
species of a redox couple solved in an electrolyte, allowing an
excellent wetting of the whole effective area of the nanostructured
electrode. Finally, the electrolyte is regenerated in turn at the
counter electrode by the complementary redox reaction. In this
configuration, the nanostructured nature of the active electrode
plays a key role in obtaining high efficiency devices because the
increase in the effective surface allows higher dye loading amount
and consequently an increase in the light harvesting. Efficiencies
>119% have been obtained for dye-sensitized solar cells (DSCs).®”
Semiconductor quantum dots (QDs) as a light absorbing material
in QD-sensitized solar cells (QDSCs) also awake great interest by
their fascinating features. The QD band gap can be tuned, enabling
us to tailor light absorption; they have a higher extinction
coefficient than the conventional dyes,® large intrinsic dipole
moment favoring charge separation,” and finally the multiple
exciton generation process to increase the efficiency of QDSCs."°

Despite these potentials, the efficiency of QDSCs is signifi-
cantly lower than DSCs,"" being currently around 4 to 5% for
liquid devices'>'> and ~5% for solid devices.'* These efficiencies
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have been obtained after a fast growth of the efficiencies of
QDSCs in the past few years mainly due to an increase in
photocurrents, ], and fill factors, FF. Photocurrent, using SnO,
nanostructured electrodes and polysulfide electrolyte, as high as
17.4 mA/cm’, has been reported for QDSCs.'® FF of QDSCs is
highly dependent on the electrolyte and counter electrode used.
Values around 0.55 to 0.65 have been obtained with an electro-
lyte containing Co redox couples and the standard platinized
counter electrode'®'” and also with olglsulﬁde redox couples
using different counter electrodes.'>''® Despite the increase
obtained for J,. and FF in QDSCs, the open circuit voltage, V,,
the third determinant factor in solar cell efficiency, has not
experienced an analogous enhancement, and it is the main
current challenge for the optimization of QDSCs. V. is limited
to values around 0.55 V or even lower, in most of the cases, when
polysulfide electrolyte is used. Therefore the increase in V. is the
main current challenge to increase the efficiency of QDSCs.
There are very few examples of higher V. using polysulfide. V.
of 0.69 and 0.64 V using CdS and CdS/CdSe QDSCs, respec-
tively, were obtained with TiO, nanofibrous electrodes,"® and
Voe = 0.71 V using CdSe as sensitizer and TiO, inverse opal as
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electrodes was obtained.* V. of 0.67 V has also been obtained
using Co redox couples, but the efliciency of the cell was limited
by the lower J,. (<5 mA/cm®) due to diffusion limitation in the
electrolyte.'®

In nanostructured sensitized solar cells, the nanostructured
photoanode should have high surface area to increase the amount
of sensitizer loading to enhance light harvesting. However, the
recombination process is proportional to the electrode surface
area. V, in sensitized solar cells is significantly affected by the
recombination process.'”>' >> A balance between recombina-
tion and light harvesting is therefore needed to maximize
sensitized solar cell performance. Because QDs have higher
extinction coefficient than conventional dyes, the surface area
in QDSCs may not need as much increase as in DSCs. In this
sense, QDSCs can take advantage of the development of new
electrode structures **~*” to control the recombination process.
For this purpose, ZnO NR array is an excellent system as electron
transporter material in sensitized solar cells presenting high
conductivity, moderate increase in the effective area, and easy
and cheap preparation.”® ' Despite the great potentiality of
ZnO for the development of QDSCs,>* the number of works
with this material is significantly lower than the number of papers
using TiO,. The QDSCs using ZnO NWs that present higher V.
have been prepared using presynthesized colloidal QDs linked to
ZnO surface by bifunctional molecules.**** They have the
inconvenience of low QD loading and consequently low J. with
iodine redox couples, known to be not stable with many QDs.""
Jsc was significantly increased with growing the QDs directly on
the ZnO NW surface.”

In this work, we report V. values of 0.77 V by using ZnO
nanowire (NW) arrays, sensitized with CdS/CdSe semicondu-
cotrs. CdS and CdSe were directly grown on ZnO NW surface by
successive ionic layer adsorption and reaction (SILAR) and
chemical bath deposition (CBD), respectively. It is, to our best
knowledge, the highest V,,. reported for QDSCs.*® The efficiency
is, however, still limited (# = 2.7% under 1 sun conditions)
because of relatively low photocurrent. The efficiency was able to
be pushed up to 3.0% with a novel photoanode architecture of
“pine tree” ZnO NRs on Si NWs hierarchical branched structure
(HBS), with higher effective surface than ZnO NW arrays and
high light-scattering properties. Most importantly, we show the
necessity of exploring new electrode architectures, different from
DSCS, to improve the current efficiencies of QDSCs.

Photoanode of the novel 3D hierarchical branched structure
(HBS), with ~1 um, was prepared as schematically presented in
Figure la along with its architecture (Figure 1b,c). Figure 2
shows the electron microscopic images for the n-Si-NWs on
FTO, Si-NW/ZnO-NR pine tree HBS, CdS/CdSe sensitizer-
coated structures, and the elemental mapping images. The intrinsic
(i) Si-NWs were randomly grown on an FTO glass via metal
catalyzed vapor—liquid—solid (VLS) method and subsequently
doped with PH; to make n-Si-NWs (Figure 1a) for enhancing the
electron conductivity. More information about experimental
methods can be found in section S1 of the Supporting Informa-
tion. The n-Si-NWs show identical morphology to i-Si-NWs. The
n-Si-NWs have an average diameter of 30 nm with a diameter
distribution between 20 and 50 nm (Figure 2a,b), and their layer
thickness was ~1 um. The branched ZnO-NRs were directly
grown on the Si-NWs forming a pine tree structure via hydro-
thermal synthetic method without using metal catalyst
(Figure 2c,d). Hereafter, we use the term NW for ZnO directly
formed on FTO (section S2 of the Supporting Information) and
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Figure 1. (a) Fabrication scheme of Si/ZnO hierarchical structure, (b)
SEM image of n-Si-NW/ZnO-NR, and (c) schematic Si/ZnO hierarch-
ical structure for photoanode.

the NR for the ZnO grown on the Si NWs for clarity. ZnO-NRs
grew perpendicular to the surface of Si-NWs. HR-TEM image at
the top of ZnO-NRs reveals that the ZnO-NRs are single
crystalline and were grown along the [001] direction.

CdS QDs were grown directly on ZnO-RD surface by SILAR,
and CdSe QDs were deposited by CBD (Figure 2e,f). Finally,
ZnS was deposited by SILAR.>” The total QD-coated layer
thickness was of ~30—35 nm; see section S3 of the Supporting
Information. It has been shown that ZnS coating had a good
effect in QDSC performance, enhancing significantly the cell
photocurrent.”” >® These methods provide high QD loading
and surface coverage.'”'>'®*" The complete covering of ZnO by
CdS/CdSe QDs stabilizes the ZnO, even in the highly basic
polysulfide electrolyte (pH ~13) currently used. Note that the
characterization was carried out after 24 h of the QDSC
assembly, indicating the stability of the device. The estimated
lattice diameter of ca. 0.36 nm confirms that the CdSe was grown
along [100] direction. The elemental mapping analysis displays
that the sensitizers are homogeneously coated (Figure 2g).

The more detailed SEM image of the 3D ZnO-NR HBS
photoanode is presented in section S4 of the Supporting
Information. The novel photoanode for QSSCs shows many
advantages including: (i) the enhancement in the light-harvest-
ing probability through large surface area for sensitizer loading
and photon localization arising from the random multiple
scattering of the light within the pine tree network, (ii) the direct
charge extraction pathways throughout the device thickness (fast
electron transport from sensitizer to collecting terminal), and
(iii) the huge 3-D porous network that allows better electrolyte
filling, with possible beneficial implications for preparation of
solid devices.

The ZnO NW array photoanode increases the effective surface
area over the geometric area by a factor of ~10 but sensibly lower
by a factor of 100—1000 than that obtained with nanoporous
nanoparticles. This fact will reduce the electron recombination
sites markedly compared with a photoanode with nanoporous
nanoparticle but decrease the QD loading. This drawback of the
low QD loading can be solved using 3D ZnO-NR HBS photo-
anode with higher effective surface area and high scattering
properties. Light scattering can be tuned in ZnO NR arrays by
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Figure 2. (a) SEM image of n-Si-NW on the FTO glass (inset: high magnification SEM image). (b) TEM image of the n-Si-NW. (c) SEM image of
Si-NW/ZnO-NR pine tree structure (inset: high magnification SEM image). (d) TEM image of the Si-NW/ZnO-NR pine tree structure (inset: high-
resolution TEM image at the top of branched ZnO-NR). (e) SEM image after Cds/CdSe coating on the Si-NW/ZnO-NR pine tree structure. (f) TEM
image of the CdS/CdSe sensitizer-coated Si-NW/ZnO-NR pine tree structure (inset: high-resolution TEM image of the Cds/CdSe sensitizer).
(g) Elemental map of the square box in part f, displaying Zn, O, Cd, Se, and S spatial elemental distribution.

the control of NR length and diameter.*! In this sense, it could be
anticipated that assembling ZnO-RDs on #-Si-NW framework
offers high light scattering performance. It was also reported that
the integration of wide band gap material ZnO (E; ~ 3.4 eV) and
narrow band gap Si (E; & 1.1 eV) (Si/ZnO) has drawn wider
interest in p-n heterojunction devices for efficient photon ab-
sorption and conductivity in photovoltaic applications.*® This
novel hierarchical structure of ZnO-NRs with Si-NW pine tree
photoanode may therefore have advantages in QDSCs and open

a new pathway for exploiting effective alternative photoelectrode
architecture with reduced electrode thickness and high light
scattering properties.26

Photoanodes with ZnO-NW and #n-Si-NW/ZnO-NR HBS
containing CdS/CdSe QDs have been optically analyzed by dif-
fuse reflectance (Figure 3a). Both sensitized electrodes present a
decrease in the reflectance for the wavelength shorter than 620 nm
due to light absorption of CdS/CdSe sensitizer. Analyzing the
reflectance values at longer wavelength, before the absorption
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Figure 3. Characteristics of QDSCs using different nanostructured

electrodes: ZnO NW, i-Si/ZnO, and n-Si/ZnO HS with CdS/CdSe
QDs. (a) Reflectance, (b) IPCE, and (c) J—V curve.

threshold, the improved scattering properties of the pine tree HBS,
in comparison with ZnO-NWs, are manifested in the higher
reflection values at these wawelengths.41 The abortion measure-
ments also indicate that in addition to higher light scattering
properties, QD-coated pine tree HBS shows higher QD loading
than sensitized ZnO NWs; see section S5 of the Supporting
Information. Sensitized electrodes have been used to prepare
QDSCs, and the incident photon to current efficiency (IPCE) is
plotted in Figure 3b. The IPCE presents a similar threshold to
reflectance. It is important to highlight that no significant IPCE is
observed at wavelengths longer than 700 nm, indicating a negli-
gible contribution of the Si-NWs to QDSC performance. This fact
also suggests that the light absorbed by Si-NWs is negligible and
consequently the differences observed in reflectance values at
longer wavelength in Figure 4a are in fact due to the scattering
properties. The enhanced light scattering is also the responsible of
the higher IPCE obtained for pine tree HBS in the wavelength
range of 500—650 nm.

Figure 3c plots the current—potential (J—V) curves of the
prepared QDSCs. The solar cell parameters for each cell are
collected in Table 1. A great deal of interesting information can

be extracted of this graph: (i) Both ZnO-NW and 1-Si/ZnO HBS
present remarkably high V. in the case of ZnO-NW, the highest
ever reported for liquid QDSCs to the best of our knowledge. (ii)
1n-Si/ZnO HBS QDSC presents higher J;. than ZnO-NW QDSC
due to the higher QD loading and the enhanced light-scattering
properties of this structure, compensating the relative low J
obtained with ZnO-NW electrodes. (iii) i-Si/ZnO HS QDSC
presents significantly lower performance than the other two cells.
The photocurrent obtained from the J—V curves is higher than
the expected one from IPCE measurements because of two facts:
J—V measurements have been carried out without mask and with
a reflecting metallic surface after the platinized electrode.

To understand the behavior differences observed between
intrinsic and doped Si NWs, we performed electrochemical
impedance spectroscopy (IS) measurements of i-Si/ZnO and
n-Si/ZnO HBS, without sensitizer, in a three-electrode cell. The
results for applied voltage between —0.3 and —0.55 V versus Ag/
AgCl are plotted in Figure 4. There is a clear difference between
intrinsic and doped samples. It can be observed especially at higher
frequencies. For i-Si/ZnO sample, a transmission line (TL)
behavior,” characterized by a straight line at higher frequencies,
followed by a semicircle, is clearly observed (Figure 4c), whereas it is
not observed for n-Si/ZnO (Figure 4d). No TL behavior has been
observed in the highly doped ZnO NWs because of their high
conductivity. In this sense, the TL behavior can be attributed to the
electron transport in the i-Si NW. In contrast, for #-Si/ZnO sample,
no TL is observed, indicating that the transport resistance along n-Si
NWs is too small to be detected by this technique. In this sense,
doping enhances the transport properties of Si NWs, producing a
beneficial effect in 1-Si/ZnO HBS QDSC performance (Figure 3c).

Impedance measurements have been fitted using the equiva-
lent circuits previously developed for the case with no TL***
(Figure 4e) and with TL'*** (Figure 4f). R, is the series
resistance due to contacts, C, is chemical capacitance due to
the rise of Fermi level, and R,.. is the recombination resistance
originated by the charge transfers of electrons in the working
electrode and acceptor states in the electrolyte, sensitizer layer, or
both.** TL represents the transmission line, and Cp is the
capacitance at the interface between the electrolyte and the
uncovered buffer layer of the active electrode.”” The TL fitting
allows us to determine C,, Ry, and the transport resistance, Ry,
The transport resistance for i-Si NWs is plotted in section S6 of
the Supporting Information.

To understand the origin of the high open circuit voltage
obtained for both ZnO NW and #-Si/ZnO HBS, IS of complete
solar cell device was carried out. An example of the obtained
Nyquist plots and the equivalent circuit employed for their fitting
is displayed in section S7 of the Supporting Information. Figure 5
plots C, and R, for complete ZnO NW and #-Si/ZnO HBS
QDSCs as a function of the voltage drop in the sensitized
electrode Vg for the same cells analyzed in the Figure 5. IS
enables extracting the voltage drop in the sensitized electrode,
VF, at each applied potential, V., by subtracting the effect of the
series resistance and counter electrode charge transfer resistance
on both R, and C,, as follows: Vi = V,, — V; — Vg, where Vg
and Vg are the potential drops at the series resistance and at the
counter electrode, respectively.'”** For the sake of clarity, J—V
performance of QDSC (V,.=0.55V, J,.= 13.8 mA " cm %, FF=
0.50, and 77 = 3.8%) prepared using a nanoporous electrode from
TiO, nanoparticles is also added in Figure 5> The TiO,
nanostructured QDSC also uses CdS/CdSe as sensitizer, but
in this case, both were prepared by SILAR method.
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Figure 4. Nyquist plot of obtained from electrochemical impedance measurements for (a) i-Si/ZnO HBS and (b) n-Si/ZnO HBS. (c,d) Zooms at high-
frequency range of parts a and b, respectively. Solid lines correspond to the fit using the equivalent circuits (e) for i-Si/ZnO HBS and (f) for n-Si/ZnO
HBS.>> Note that in these equivalent circuits the counter electrode does not appear because the impedance measurement was a three-electrode

measurement.

Table 1. Photovoltaic Parameters of Semiconductor-Sensi-
tized Solar Cells Using ZnO-NR Arrays and Si with ZnO-NR
Pine Tree Hierarchical Branched Photoanode with 1 gm
Thickness”

samples Voc (V) Jsc (mA cm™?) FF [%] efficiency [%]
ZnO-NR 0.77 8.05 44 2.71
n-Si/ZnO 0.71 11.00 38 3.00
i-Si/ZnO 0.41 2.71 33 0.37

“i-Si: intrinsic silicon; n-Si: n-doped Si.

ZnO NW and n-Si/ZnO HS QDSCs present a moderate
increase in C, with Vg until Vg values of 0.35 and 0.5 V,
respectively, as shown in Figure Sa. Then, the capacitance slightly
decreased at higher V. The moderate increase in C, with Vg is
the classical signature of doped samples, where the applied
voltage can only slightly modify the position of the Fermi
level.”” This is consistent with the n doping of Si and with the
high doping reported for ZnO NWs.>**! The constant capaci-
tance can be related with a Fermi level pinning,”* whereas the
decrease at higher Vi could be related as a consequence of the
appearance of a ne§ative capacitance because it has been
discussed elsewhere.”* i-Si/ZnO HS sample also presents a
maximum for C,, but at a lower V, showing a significantly higher

1988

slope, even higher than the observed for TiO, sample. This fact,
taking into account the high doping of ZnO, indicates that the
Fermi level of intrinsic Si is varying as we charge Si NWs with the
applied potential in the same way as the TiO, Fermi level is
modified in DSCs and QDSCs.>” Therefore, Si NWs take part in
the electron transport process, and the electrons flow through a
highly conductive Si NW after photogenerated charge separation
at Si/ZnO/CdS/CdSe interfaces. Intrinsic silicon shows poor
conductivity, as has been discussed, which restricts the charge
transport from ZnO to FTO substrate, reducing the cell perfor-
mance. Therefore, improved conducting property of n-Si pine
tree channels allows the rapid electron flow from ZnO to FTO.
Finally, note that the largest capacitance value obtained for the
TiO, sample is due to a higher volume of electron transport
material, in comparison with the cells analyzed in this work.
Figure Sb plots the recombination resistance of the cells
analyzed, also in comparison with the reference TiO, QDSCs.
The numerical values of the graph indicate the open circuit voltage
measured for each cell under 1 sun illumination (Table 1). Note
the intimate relationship between recombination (recombination
rate is inversely proportional to R,..) and open circuit potential. A
significant increase in Ry for ZnO NW array and n-Si/ZnO HBS
is observed in comparison with TiO, and i-Si/ZnO HBS samples,
in excellent correlation with the V. values. This correlation has
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Figure 5. Characteristics for QDSCs using different nanostructured
electrodes: ZnO NW, i-Si/Zn0O, and n-Si/ZnO with CdS/CdSe QDs
along with a nanostructured TiO, as a reference. (a) Chemical capaci-
tance, C,, and (b) recombination resistance, R,.., numerical values
indicate the open circuit voltage measured for each cell under 1 sun
illumination (Table 1). The color code for Figure Sa is the same as that
for Figure Sb.

been independently verified by lifetime measurement using V.
decay characterization (section S8, Supporting Information). The
larger effective surface area of n-Si/ZnO HBS, in comparison with
ZnO NW array, produces an increase in recombination, originat-
ing the slight decrease in V. observed for these electrodes.
Comparing i-Si/ZnO and n-Si/ZnO HBS electrodes (without
sensitizer) in Figure 4, higher recombination resistance, R, is
obtained for n-Si/Zn0O, in good agreement with the results
reported for polysulfide electrolyte (Figure Sb). Note that the
R, observed in Figure 4 (diameter of the semicircle) is higher
than the reported value in Figure Sb because the electrolyte used
for the characterization plotted in Figure 4 does not contain a
redox couple. This fact indicates that n doping of Si NWs not only
improves the transport properties of the electrode but also reduces
the recombination process.

In summary, taking advantage of the high extinction coeflicients
of semiconductor QDs, recombination process can be reduced
decreasing the sensitized electrode surface area, enabling V.
values as high as 0.77 V with a moderate reduction of photo-
currents. The photocurrent reduction can be compensated using
electrodes with higher effective surface area and high light scatter-
ing as the pine tree structures formed with n-Si NWs assembled
hierarchically by ZnO NR branches, reporting a promising 3%
efficiency with 1 um thickness. Pine tree structures have the
additional advantage of the fast electron transport through n-Si
NWs. More importantly, we show here that it is possible to obtain
higher V. QDSCs with an appropriate treatment of the recombi-
nation process, highlighting the fact that QDSCs have to be
rethought, separately of DSCs, to optimize their performance. In

addition, the technique for fabricating Si/ZnO may be transformed
to design potential photoanodes for solar cells based on solid-state
electrolyte, water-splitting, and photocatalyst applications.
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