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Extremely thin absorber (eta)-solar cells based on ZnO nanowires sensitized with a thin layer

of CdSe have been prepared, using CuSCN as hole transporting material. Samples with
significantly different photovoltaic performance have been analyzed and a general model of their
behavior was obtained. We have used impedance spectroscopy to model the device discriminating
the series resistance, the role of the hole conducting material CuSCN, and the interface process.
Correlating the impedance analysis with the microstructural properties of the solar cell interfaces,
a good description of the solar cell performance is obtained. The use of thick CdSe layers leads to
high recombination resistances, increasing the open circuit voltage of the devices. However, there
is an increase of the internal recombination in thick light absorbing layers that also inhibit a good
penetration of CuSCN, reducing the photocurrent. The model will play an important role on the
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optimization of these devices. This analysis could have important implications for the modeling

and optimization of all-solid devices using a sensitizing configuration.

1. Introduction

Semiconductor sensitized solar cells have attracted a growing
interest in the last few years.'”” Among them, extremely thin
absorber (eta)-solar cells*® appear as an attractive option due
to their full solid state character and the consequent robustness.
These devices are based on a thin (few tens of nm) layer of a
light absorber semiconductor sandwiched between both solid
electron and hole conductors.

Since the eta-solar cell concept was proposed in 2000 by
Konenkamp et al.,® continuous and progressive improvements
have been achieved. After some interesting reports on the
integration of different materials in the eta-solar cell architecture,’
Lévy-Clément et al. demonstrated in 2005 the experimental
feasibility of the concept for ZnO/CdSe/CuSCN solar cells
(efficiency, 5 ~ 2.3% under 360 Wm ™ illumination) based on
ZnO nanowire arrays.* In 2008, Dittrich’s group also used
ZnO nanowire arrays as building blocks for ZnO/In,S;/CuSCN
eta-solar devices, reaching conversion efficiencies up to 3.4%.'°
Similar efficiencies were also reported in the last two years
for devices based on nanocrystalline TiO, using Sb,S; as
a light absorber, keeping CuSCN as a hole collector.''™"?
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Organic compounds such as spiro-OmeTAD'* and P3HT?
have been recently used as alternative hole conductors, reaching
conversion efficiencies above 5% for the latter.® Krunks et al.
have also reported an efficiency of 4.2% for ZnO/In,S;/
Culn$S, nanowire array based eta-solar cell.'”

The fundamentals of eta-solar cells are analogous to those
of dye sensitized solar cells (DSC).'® Photogenerated carriers
in molecular dyes (DSCs) or semiconductor extremely thin
light absorber layer (eta-solar cell) are quickly injected into
two different transport media, see Fig. 1. Carrier separation
significantly slows down the recombination process. This fact
allows a significant relaxation of the quality required for the
materials with the concomitant reduction of the production
costs. Therefore, this technology constitutes an extremely attrac-
tive alternative to develop low cost photovoltaic devices. In
order to increase the light harvesting capabilities of DSC,
nanostructured architectures are required to increase the amount
of light absorbing materials. Since the extinction coefficient of
semiconductors is higher compared to metallorganic dyes,!”
the increase of the effective area of the nanostructured electrode
does not need to be so high compared to DSCs. For this
purpose, one dimensional structures as ZnO nanowire (NWs)
arrays offer an effective solution. Single-crystal ZnO NWs with
excellent transport properties can be easily grown by low cost
techniques, such as electrodeposition.*'®!° Indeed, ZnO NW
arrays have played an important role in the development of
eta-solar cells.*'*!?

The evolution of the eta-solar cell efficiency during the
last five years is clear evidence of the high potential of this
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Fig. 1 Scheme of the analyzed eta-solar cell. Light generates electron-
hole pairs in the semiconductor absorber (CdSe), the electron is
injected into a ZnO nanowire employed as electron conductor, and
it is transported in this medium to the transparent conductive oxide
SnO,: F used as collecting substrate and light window. The hole is
injected into the CuSCN. Finally the hole is transported to the counter
electrode (Au).

technology. However, further improvements related to the
conversion efficiency are still necessary for it to become a
competitive electricity production technology. Although there
are a few theoretical models®® and fundamental experimental
studies about the electrical transport mechanisms,?' to our
knowledge, there are no reports which correlate models with
experimental data. In this framework, impedance spectroscopy
(IS) appears to be a powerful technique. IS has been used
successfully to characterize ZnO NW arrays'®*>?* and this
characterization technique has proved essential to enhance
the understanding and the improvement in cell performance
of DSCs.**

In this report, we analyze ZnO/CdSe/CuSCN nanowire
array based eta-solar cells with significant differences in their
photovoltaic parameters (i.e. short circuit current, open circuit
voltage, fill factor and conversion efficiency) by IS. A model
was developed to fit the experimental IS spectra. On the other
hand, the cross sections of the devices were analyzed by
scanning electron microscopy (SEM). The origin of the differences
observed for the photovoltaic parameters are discussed by
correlating the electrical and microstructural properties of
the interfaces of the device characterized through IS and
SEM, respectively. The present analysis could have important
implications for the modeling and optimization of sensitized
(semiconductor or dye) solid state devices.

2. Experimental
Sample fabrication

The eta-solar cell fabrication consisted of four different steps:
(a) electrodeposition of ZnO nanowire arrays, (b) electrode-
position of the CdSe coating on the ZnO nanowire arrays,
(c) filling the ZnO/CdSe nanostructure with CuSCN and
(d) thermal evaporation of a gold layer.

(a) ZnO NW arrays were electrodeposited from the reduc-
tion of dissolved molecular oxygen in zinc chloride solutions.'>"”
The electrodeposition experiment was performed in a three-
electrode electrochemical setup using an EC-Laboratory MPG
Biologic Multirespotentiostat. The cathode was a commercial
conducting glass/SnO, : F (TEC15,Hartford Glass Co) substrate,
FTO, which was previously covered by a thin compact ZnO
sprayed layer, ZnOsp,25 a Pt spiral wire as the anode and a
saturated calomel electrode (SCE) as the reference electrode.
The electrolyte was a 5 x 10~ M ZnCl, (>98.0%), 2 M KCl
(>99.5%) ultrapure aqueous solution, saturated by bubbling
oxygen. The deposition was performed at 70 °C at constant
potential (V¥ = —1 V vs. SCE). The length of the ZnO NWs,
ZnOnw, was varied by modifying the charge density passed
during the electrodeposition.

(b) The CdSe coating layer was electrodeposited, from an
aqueous selenosulfate solution,?®?” in a two-electrode electro-
chemical cell with the glass/SnO,: F/ZnOy,/ZnOnw array as
the cathode and a Pt spiral wire as the counter electrode. The
charge density passed during CdSe electrodeposition was
held constant at 0.25 C cm™? for all samples. The obtained
ZnO/CdSe core-shell nanowire arrays were annealed in air at
350 °C for 1 h.

(c) The CuSCN layer was deposited, from a saturated
solution of CuSCN in propylsulfide,”® on pre-heated ~ 100 °C
glass/SnO, : F/ZnOy,/ZnOnw/CdSe  samples. The amount
of solution used in the CuSCN deposition process was
0.1 mL cm 2.

(d) A gold layer was deposited on the CuSCN layer by using
a NANO38 thermal evaporator.

After this process, a complete eta-solar cell device is obtained,
see Fig. 1. Blank samples without the CdSe light absorbing
layer were also prepared following exactly the same procedure
used in eta-solar cell manufacturing but without step b. In
addition, flat samples of glass/SnO, : F/CuSCN/Au have been
fabricated by applying steps ¢ and d on FTO substrates.

Sample characterization

The microstructural features of the device cross sections were
analyzed using a JEOL-JSM-7000F field emission scanning
electron microscope (FE-SEM). The current—voltage charac-
teristics of the cells were measured using a xenon arc lamp
simulator (Sun 2000, ABET Tehnologies) with an AM 1.5 G
spectral filter, and the intensity was adjusted to provide
1 sun (100 mW cm™2) using a calibrated silicon solar cell.
IS measurements were obtained using a FRA equipped
PGSTAT-30 from Autolab. The solar cells have been charac-
terized under dark and illuminated conditions and the blank
samples under dark conditions. For IS characterization, the
cells were illuminated using a white LED system calibrated
to 1 sun intensity (100 mW cm™?). IS measurements were
carried out at forward bias, applying a 20 mV AC sinusoidal
signal over the constant applied bias with the frequency
ranging between 400 kHz and 0.1 Hz. In order to verify the
stability of the cells during IS measurements, J—} curves have
been performed before and after IS. No significant variation
has been observed indicating a good stability during the
measurement.
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Fig. 2 SEM micrographs of cells 10 (a, b), 18 (c, d) and 19 (e, f). Left
side: Cross section of the full device. Right side: High magnification
view of the ZnO/CdSe/CuSCN interface.

It is worth mentioning that very good reproducibility
was checked, by using different characterization techniques,
for ZnO/CdSe samples.”” However, the current—voltage charac-
teristics of ZnO/CdSe/CuSCN eta-solar cells exhibit signifi-
cant dispersion. The latter suggests some crucial reproducibility
problems in the CuSCN deposition step. In order to gain a
further insight into this matter, the cross section of different
ZnO/CdSe/CuSCN eta-solar was analyzed by SEM. A correla-
tion between CuSCN penetration into the ZnO/CdSe
nanowire structure and photocurrent values was generally
observed—poor penetration results in relatively low photo-
currents and high photovoltages.

Three eta-solar cells, thereafter labeled as 10, 18 and 19,
with different architectural features (Fig. 2), showing also
significant differences in the photovoltaic performance
(Fig. 3), were then selected for IS studies. Table 1 summarizes
the microstructural features of the analyzed eta-solar cells.
They exhibit different ZnO NW geometry although all of
them contain the same total amount of CdSe and CuSCN.
Consequently, the local thickness of the CdSe and CuSCN
overlayer increases as 10 < 18 < 19.

Table 2 displays the photovoltaic parameters, extracted
from the I-V curves (Fig. 2), of the eta-solar cells. Significant
differences among the samples can be appreciated with a
characteristic trend: a reduction of the cell photocurrent, j.,
as the photovoltage, V., increases. The different photovoltaic
performance (beyond their conversion efficiency) makes the
selected samples a good scenario to develop and test a general
model for eta-solar cell characterization.

3. Modeling aspects

The eta-solar cells are conceptually very similar to the dye
sensitized solar cells. The operation of both types of cells is
characterized by the quick extraction of photogenerated carriers
into two different transporting media, as previously discussed.

There are well established models for the characterization of
sensitized solar cells using molecular dyes®* or semiconductor
quantum dots'?® as light sensitizers and TiO, nanoparticles
network as electron transporter material. In order to model the
impedance of porous materials, these models include extended
elements based on the concept of a transmission line,>* which is
widely accepted to model the electron transport and recombina-
tion in different porous systems ranging from solar cells to
supercapacitors. A more detailed description of transmission
lines and their applicability can be found elsewhere.?!

Therefore, the general model for DSC, see Fig. 4(a), is an
excellent starting point for obtaining an eta-solar cell model
including the specific characteristics of the analyzed cell. The
equivalent circuit on Fig. 4(a) reflects the physical processes of
carrier transport, charge transfer and recombination, which
take place in the DSC device. C,, (= ¢, x L, where L is the
TiO, layer thickness) is the chemical capacitance™ of the TiO,
semiconductor. Ry (= r, X L) is the electron transport
resistance in the TiO,, directly related to the electron
conductivity in TiO; as 6, = L/Ry x S, where S is the area.
R, (= r, x L) is the recombination resistance, a charge-transfer
resistance related to recombination of electrons at the TiO,/hole
conductor interface. Ry is a series resistance accounting for the
transport resistance of the transparent conducting oxide and the
connection setup. Z, is the impedance assigned to the hole
transporter media. Rcg represents the charge transfer resistance
at the counter electrode/electrolyte interface. Ccg is the inter-
facial capacitance at the counter electrode/electrolyte interface.

In the particular case of the analyzed eta-solar cells, electro-
deposited ZnO nanowires present a high intrinsic » doping®>?
and single-crystal character,*® indicating good transport charac-
teristics. This fact suggests that a very low Ry should be
expected for electrodeposited ZnO NWs and the electron
transporting media can be modeled as a short circuit. Con-
sequently, the transmission line in the equivalent circuit for
DSC in Fig. 4(a) is reduced to a simple R—C circuit, see
Fig. 4(b), taking into account the recombination resistance
and the capacitance of the system, C. The latter, in the case of
ZnO NWs, will be the NW depletion capacitance within a
certain voltage range, as we have demonstrated.?>

2nelL.DS
ChE

where ¢ = ¢,8), ¢, = 10 is the dielectric constant of the ZnO
nanowires and ¢ is the dielectric constant of vacuum. L, R
and D are the NW length, radius and the surface density of
NWs in the array, respectively. S is the total flat surface.
Finally x is the thickness of the depletion region, which is
related to the potential drop across the semiconductor space-
charge region, V.

(1)
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Fig. 3 J-V curves of analyzed eta-solar cell under | sun illumination
(AM 1.5 G).

where ¢ is the positive elementary charge and Np is the donor
density.

Additionally, since the contact between CuSCN and Au
exhibits good electrical characteristics and consequently low
RcEg, the Rcg—Cck circuit can be neglected, see Fig. 4(b). The
determination of Z,; for the hole conductor material and how
it can be identified from the IS pattern is a particularly
challenging issue. Regarding DSC with a liquid electrolyte,
Z, 1s identified from the IS pattern as an arc appearing at the
low frequency region at high forward bias.>* When the solid
hole conductor OMeTAD is employed, a characteristic arc at
high frequencies is observed in the impedance spectra.*® To the
best of our knowledge, there are no previous reports con-
cerning the characteristic impedance of CuSCN. In order to
determine its behavior and pattern, flat samples of CuSCN,
sandwiched between two contacts, have been prepared; see
Fig. 5(a). An example of the Nyquist plots obtained for
CuSCN flat samples is plotted in Fig. 5(b). CuSCN samples
present the characteristic pattern of a Warburg element, with a
straight line closing in an arc,*® produced by carrier diffusion
process. It is worth noting that the arc appears at high
frequencies as for OMeTAD transporter. This is due to the
faster diffusion compared to the liquid electrolyte.

4. Results and discussion

Taking into account these previous considerations, eta-solar
cells have been analyzed by IS under dark and illumination
conditions, considering the equivalent circuit plotted in Fig. 4(b).
Warburg element is used as Z, and a constant phase
element (CPE) instead of a capacitor is employed to take into

Table 2 Photovoltaic properties of the manufactured eta-solar
cells, photocurrent ji, open circuit voltage V., fill factor FF, and
efficiency #, for the different samples tested under standard conditions
(100 mW cm 2 AM 1.5G)

Sample Voo (V) Jee (MA cm™?) FF n (%)
10 0.447 11.1 0.31 1.52
18 0.497 6.48 0.45 1.45
19 0.593 1.45 0.48 0.41
(@)
R, / TCO+Pt
A—
mc:
TCO
(b)
R, HTM | Au
AW~
R
ijc
Z,
TCO
ZnO

Fig. 4 (a) Equivalent circuit employed in DSCs,>* (b) equivalent
circuit employed to fit the IS data obtained for eta-solar cells based on
ZnO NWs.

account non-ideal behavior. CPE impedance is defined as:
Zepe = 1/0(iw)", where i = v/—1, w is the angular frequency,
Q is a magnitude with F x s" units and n an exponent with
values between 0 (ideal resistance) and 1 (ideal capacitance).
The capacitance has been obtained considering that for a
R-CPE parallel association the capacitance is calculated as®:
C = (RO)"/R.

Fig. 6(a) and (b) display an example of the Nyquist plots
obtained from the EIS characterization of the complete eta-solar
cells. At the low frequency region of the spectra, an arc corres-
ponding to the R—CPE in the equivalent circuit 4(b) is observed.
At the high frequency region, the straight line characteristic of
the Warburg impedance is clearly observed in the magnified
plot, Fig. 6(b). Excellent agreement between the experimental
data and the fitting parameters using the equivalent circuit
described in Fig. 4(b) has been achieved; see Fig. 6(a) and (b).

Table 1 Average nominal values of ZnO nanowire length, L, NW diameter, R, and NW density, D, and thickness of the overlayer of CuSCN,
Lcusens, on top of ZnO NWs array, obtained from SEM micrographs. Total surface of the NW array per square centimetre of substrate surface
obtained from the nominal values, S,. Donor density obtained from the fit of eqn (1) and (2) and using S, as the surface of NW array, Np_,. Total
surface of the NW array per square centimetre of substrate surface obtained from the fit of eqn (1) and (2) leaving the surface of NW array as a fit
parameter, Sg,. Donor density obtained from the fit of eqn (1) and (2) and leaving S as a fit parameter, Np_g

Sample L (nm) R (nm) D (10° x em™2 Lcysen (nm) S, (cm?) S (cm?) Np_, (10" x em™3 Np.g (107 x em™3
10 2500 140 2 650 452 — 0.8 —
18 1700 90 3 1800 29.6 9.86 2.0 1.0
19 500 90 3 2000 9.25 3.1 33 1.8
B3 1700 90 3 1000 29.6 — — —
B4 1700 90 3 2000 29.6 — — —
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Fig.5 (a) Scheme of the CuSCN thin layer characterized by impedance
spectroscopy. (b) Impedance spectroscopy measurement of CuSCN
sample (symbols) at different applied forward bias, V, under dark
conditions. Solid lines correspond to the fit using a Warburg element
in series with a series resistance as equivalent circuit.
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Fig. 6 (a) Impedance spectroscopy measurement of eta-solar cell sample
10 (symbols) at different applied forward bias, ¥, under dark conditions.
Solid lines correspond to the fit using the equivalent circuit shown in
Fig. 3b. (b) Magnification of the dashed rectangular area in graph (a),
where the Warburg pattern can be clearly identified from the IS spectra.

The extraordinary power of IS as device characterization
technique lays in the ability to discriminate among different
processes. This fact allows an individual study for each process.
In our case, two processes can be clearly distinguished: hole
transport in the CuSCN layer (Warburg) and interfacial process
(R—CPE) at the ZnO/CdSe/CuSCN junction.

Focusing on the first process, hole transport in the CuSCN
layer, the fitting process permits extracting the parameters of
the Warburg element from its impedance, Zy:

Zw = Ry x tanh((ioW)y’)/(io W)’ 3)

where Ry, is the transport resistance of the system, p is a
parameter with 0.5 value in the case of diffusion and W is
related to the diffusion coefficient, D, as W = L2/D, where L is
the effective diffusion length of the system. Considering the
length of CuSCN, L, as the sum of ZnO NW length plus the
CuSCN overlayer thickness, both hole conductivity, ¢, and
hole diffusion coefficient, D,, in CuSCN have been obtained,
see Fig. 7.

The conductivity obtained under dark conditions, Fig. 7(a),
is very similar for either the eta-solar cells or the blank
samples, except for sample 18, with lower conductivity values.
Under illumination conditions, Fig. 7(b), the conductivity
increases for samples 10 and 18, particularly at low applied
voltages. This increase is due to the higher hole density in
CuSCN under illumination as a consequence of hole injection
from the CdSe light absorbing layer. The difference in hole
density between dark and illuminated conditions is more
pronounced at low applied voltages. This explains the higher
increase of conductivity observed in this region. As expected,
the highest hole injection for sample 10 under illumination
(producing the highest conductivity) correlates to the highest
measured photocurrent (11.1 mA cm ). The lowest hole
injection (lowest conductivity) is obtained for cell 19 and also
correlates to the lowest measured photocurrent (1.45 mA cm™>).
The low hole injection for cell 19 is the reason why the con-
ductivity does not vary significantly between the dark and
illuminated conditions, see Fig. 7(a) and (b).

On the other hand, similar diffusion coefficients have been
obtained for all the samples, with the only exception being

Dark Light
(a) 103 5
E vEY
[}
] o
104 4 ....s.'gso
2 3 vvvVyV =
£ ] g
< 105 4 U8pggoon®
g E
© 100 4
107 T T T T T T T T
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6
V (V) V (V)
(b) 10 5
] o
1o e 10
Nl’ ] v v 18
1S -3; © o 19
S 10 E —— B3
QE B4
104 E
10% T T T T

0.3 0.4 015 0.6 0.7
V (V)

Fig.7 IS characterization of eta-solar cells. (a) Hole conductivity, o,
of the CuSCN layer under dark (left) and under 1 sun illumination
(right) conditions. (b) Hole diffusion coefficient in CuSCN, D,, under
dark conditions. The solid lines correspond to the blank samples
(B3 and B4) without semiconductor absorbing layer and different
CuSCN thickness as reported in Table 2.
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sample 18 (Fig. 7(b)). Basically, the transport properties of the
CuSCN layer remain similar for all the samples independently
of the ZnO NW geometry and the presence of the CdSe
absorbing layer. Consequently, we cannot identify this process
as the origin of the different cell performances observed
in Fig. 3 and Table 2. Under illumination conditions, the
working conditions of the cell, g, for cell 18 lies between the
conductivity of cells 10 and 19 as it is expected from its
photocurrent, see Table 2 and Fig. 7(b).

The interfacial process at the ZnO/CdSe/CuSCN interface is
characterized by an R,—CPE circuit. Recombination resistance
and capacitance can be obtained from the fitting of the
impedance spectra using the equivalent circuit in Fig. 4(b).
The obtained values for the different cells are plotted in Fig. 8.
Analyzing the recombination resistance under dark conditions,
a clear trend is visible. R, decreases as the applied voltage
increases for all the samples, cells and blanks, due to the
increase of electron density with voltage, see Fig. 8(a). In
addition, the slope is also similar for all cases, although full
cells exhibit higher recombination resistance compared to
blank samples. This fact clearly indicates that the CdSe light
absorbing layer acts as blocking layer slowing down the
recombination process between photoinjected electrons in
ZnO and photoinjected holes in CuSCN. Comparing the cells,
R, increases as 10 < 18 < 19, following exactly the same trend

Dark Light
(a) 100 g
108 4
D 3
NE 104 O o E
5 100 =} _;DDDDDDD
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= 102 ®e3 B ' VVvy 8o,
d 8039 §oooo.¥¥ggao
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0.2 0.4 06 00 01 02 03 04 05 06
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v 18 £ 10° 1 M
a 19 i v -
— B3 g
B4 ©
a]
107 T T T T T T
0.0 0.1 0.2 0.3 04 05 06
V (V)
Fig. 8 Impedance spectroscopy characterization of eta-solar cells.

Behavior of the recombination resistance and capacitance. (a) Recombi-
nation resistance, R,, under dark (left) and illuminated (right) con-
ditions. Solid lines correspond to two blank samples, as indicated in the
legend, with no semiconductor absorbing layer and different CuSCN
thickness. (b) Capacitance obtained from IS measurements (symbols).
Dashed lines correspond to the fitting of capacitance taking into
account the nominal density of ZnO NWs. Black solid lines correspond
to the fitting of capacitance leaving the density of ZnO nanowires as a
free parameter in the fitting process.

observed for the open circuit voltage, see Table 2. The cause of
lower V. for cells 10 and 18 compared to cell 19 is due to an
increase of recombination. The presence of the absorbing layer
and the thickness of this layer reduce the recombination
process. This trend also applies under light conditions, see
Fig. 8(a). An increase of recombination (lower R,), particularly
at lower applied bias, is observed. This is expected from the
increase of electron density in the ZnO N'Ws due to the injection
of photogenerated electrons. The same behavior has been
observed for quantum dot sensitized solar cells with quantum
dots grown by successive ionic layer adsorption and reaction
(SILAR). R, increases with the number of SILAR cycles.!

Concerning the capacitance, see Fig. 8(b), its absolute value
shows an opposite behavior compared to the recombination
resistance, obtaining higher capacitance values for the cells
with higher photocurrents. According to the model summarized
in eqn (1) and (2) the capacitance should be related with the
depletion capacitance of ZnO NWs at low applied forward
bias.”>?** We have fitted the obtained capacitance, using
eqn (1) and (2). The result of the fitting using the nominal
surface of the ZnO NW array, obtained from SEM micro-
graphs, is displayed in Fig. 8(b) as dashed lines. The obtained
donor density, Np_,, see Table 1, is in good agreement those
previously reported previous reports for ZnO NW arrays
electrodeposited under the same conditions and annealed
in air.?®

There is a good agreement between the experimental data
and the fitting for cell 10, the cell with the highest capacitance
and highest photocurrent. However, when the absolute value
of capacitance decreases, there is no good agreement between
the experimental data and the fitted values. This discrepancy is
particularly visible for cell 19, the cell with the lowest capacitance.
For this cell, a rapid decrease of capacitance is observed for
the fit curve at voltage values between 0.1 and 0.2 V. In our
model, this decrease originates from a complete depletion of
the NW,?* but this is not observed in the experimental data.
Given the large effective area of the ZnO NW array, see
Table 1, the experimental capacitances obtained are lower
compared to those expected for samples with the donor
density commonly observed (~10'7 ¢cm™). For those donor
densities and effective surfaces, see Table 1, a complete depletion
of ZnO NW should take place, which is not observed experi-
mentally. However, the expected capacitance would be lower if
the effective surface of ZnO NW array is lower. A second fit
rendering the total surface of the array as a free parameter
(or more precisely: leaving the NW density as a free parameter)
provides an excellent agreement between experimental data
and fit curves, see solid black lines in Fig. 8(b). Poor penetra-
tion of the hole transporter material into the NW structure
could explain this reduction in the effective surface of the NW
array. A poor penetration of CuSCN in the nanostructure
renders part of the CdSe light absorbing layer without hole
extracting contact. Since both photogenerated carriers cannot
be quickly injected into the transporter media, the key-point
for eta-solar cells operation, recombination in the absorbing
layer, becomes the dominant process.>?’ Two consequences
could be extracted from the bad interpenetration of CuSCN:
(i) The active surface of ZnO is reduced compared to the nominal
surface; and most important (ii) a bad interpenetration reduces
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the obtained photocurrent as photogenerated carriers recombine
before they are injected into the transporting media. In
this sense, the capacitance extracted from IS could provide
qualitative information of the microstructural features of the
device interfaces. The thickness of the CdSe layer increases for
the analyzed cells as 10 < 18 < 19, reducing the width of the
channels for CuSCN penetration; consequently the photo-
current also decreases in the same fashion, see Table 2.

In SEM micrographs (Fig. 2), it is observed that the NW
architecture is almost lost in device 19, since the CdSe shell is
thick enough to produce the coalescence of neighboring
nanowires, leading to an almost planar-like architecture. The
concomitant decrease in the junction surface appears to be the
main cause for the observed increase of the recombination
resistance and consequently the highest V.. Furthermore, the
relatively thick CdSe may also be beneficial for increasing the
recombination resistance. The cross section micrographs of
the device 18 shows some uncovered ZnO/CdSe nanowires
and also some voids (see Supporting Information, Fig. S17),
revealing uncompleted filling of the ZnO/CdSe nanostructure
with CuSCN. This is not the case in device 10, where no voids
were observed. Furthermore, clear “fingerprints” in the
CuSCN from nanowires and even from CdSe crystals were
clearly detected in the micrographs of device 10 (Fig. S2,
Supporting Informationt), indicating a very good CuSCN
penetration and the consequent fully interpenetrating
ZnO/CdSe/CuSCN interface. This seems to be the main cause
of the highest capacitance and therefore the highest j,. in device
10, as has been previously discussed. However, the largest
interface area, and the presence of ZnO not totally covered with
CdSe (Fig. S2, Supporting Informationt), seems to decrease the
recombination resistance, leading to the lowest V..

5. Conclusions

A general model for eta-solar cells based on ZnO NW arrays
has been developed. The model allows distinguishing the
different processes taking place in these devices. Consequently,
it is possible to separately analyze each one, by IS measure-
ments. Series resistance, hole transport, and interfacial processes
have been identified and separately analyzed for samples with
significantly different solar cell performance. The hole trans-
port process is similar for all the analyzed samples. In contrast,
a different behavior is obtained for recombination resistance
and capacitance. Higher recombination resistance, originating
from thick CdSe layer, leads to higher photovoltages. However,
a thick CdSe layer also increases the internal recombination
within the light absorbing layer reducing the photocurrent and
inhibiting a good CuSCN penetration. This fact is clearly
reflected by a reduction in the measured capacitance. Con-
sequently, a balance between photocurrent and photovoltage
is mandatory to optimize the device. An optimized device
should exhibit a thin light absorbing layer in order to increase
the photocurrent. The effect of blocking layers between the
carrier transporting media and the light absorbing layer has to
be analyzed in order to compensate the decrease of photo-
voltage observed for the analyzed samples. In this sense,
further increase of the performance of these devices should
be expected in the near future. Finally, it is worth noting that

the model and the related processes can be easily translated to
other all-solid sensitized devices.
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