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ABSTRACT: The effect of electron- and hole-selective contacts in the final cell
performance of hybrid lead halide perovskite, CH;NH;Pbl;, solar cells has been
systematically analyzed by impedance spectroscopy. Complete cells with compact TiO,
and spiro-OMeTAD as electron- and hole-selective contacts have been compared with
incomplete cells without one or both selective contacts to highlight the specific role of each
contact. It has been described how selective contacts contribute to enhance the cell FF and
how the hole-selective contact is mainly responsible for the high V. in this kind of device.
We have determined that the recombination rate is mainly governed by the selective
contacts. This fact has important implication for the future optimization of perovskite solar
cells. Finally, we have developed a method to analyze the results obtained, and it has been
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applied for three different electron-selecting materials: TiO,, ZnO, and CdS.

SECTION: Energy Conversion and Storage; Energy and Charge Transport

In the last few months, lead halide perovskite solar cells have
experienced the fastest increase in reported efficiencies ever
obtained for any photovoltaic technology. Since initial reports
of all-solid lead halide perovskite solar cells with eficiencies of
10 to 11%,"” a rapid succession of works has risen up the
reported efficiencies to values greater than 15%.°~> This fast
contest is leaving open many important questions about the
working mechanism of this kind of solar cells. These questions
should be answered to further the improvement in the
performance of these photovoltaic devices. Perovskite solar
cells present some differences with their most immediate
predecessors, the dye-sensitized solar cells (DSCs). For
example, similar efficiencies have been obtained in devices
employing mesoporous TiO,, nanostructured Al,O;, or even
no mesoporous scaffold at all;>*® meanwhile, DSCs need a
conductive and mesoporous scaffold to deposit the light
harvester and collect the photocurrent. Samples with significant
efficiency have been produced with no hole-transporting
media.”® In addition, charge accumulation in the perovskite
itself has been observed, in contrast with the charge
accumulation in the nanostructured TiO, detected in DSCs.’
Accordingly, the physical processes occurring in these devices
are not completely understood.

The photovoltaic conversions require two necessary and
successive processes: carrier photogeneration and charge
separation.'” Much effort is under way to characterize the
different processes occurring in the perovskite layer measuring
the diffusion length in ad hoc prepared samples'"'* or
complete devices' or the lifetime."*"> But as important as
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the behavior of the light-absorbing material for the final device
performance is the effect of selective contacts allowing an
efficient charge separation.'”'® In the case of perovskite solar
cells, the most commonly used selective contact materials for
electrons and holes are compact TiO, and spiro-OMeTAD,
respectively.'”'® Nevertheless, other materials have been found
to work as selective contacts, especially for hole selectivity.
Different molecules and polymers'*'®* and also inorganic
CulI*! have been used as hole-selective contacts. In contrast, a
smaller variety of materials has been checked as an alternative
electron selective contact; C60 graphene/ T102 Nnanocompo-
sites,” and ZnO are some of the few examples 32324 Because
the selective contacts play a dramatic role in the final cell
performance, it is important to state clearly what their tasks are
exactly. In this work, we have systematically characterized
complete perovskite solar cells and incomplete cells, prepared
without one or two of the selective contacts. Furthermore, we
have used the results of this analysis to compare the effect of
three different electron selective contacts based on TiO,, ZnO,
and CdS.

Figure 1 shows a sketch of the different layers involved in a
conventional perovskite solar cell. A glass with a transparent
conductive oxide layer, F-doped SnO, (FTO), is used as
substrate. On FTO, a compact layer of TiO, working as
selective electron contact (E) is deposited via spray pyrolysis.
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Figure 1. Configuration of the analyzed cells. The complete cell is denoted as EPH, and it is formed by an electron selective contact (E), perovskite
on a mesoporous layer of TiO, (P), and a hole selective contact (H). Incomplete cells have been prepared without one or both selective contacts. EP
samples have no hole-selective contact, just electron-selective (E) and the perovskite layer (P). PH presents no electron-selective contact; finally, the

P sample is prepared without any selective contact.

The next layer is formed by thin mesoporous film of TiO,,
which is subsequently covered with perovskite (P). The
perovskite used in this work has been CH;NH;PbI;. Finally,
as hole-selective contact (H) spiro-OMeTAD is spin-coated,
Au electrode is subsequently evaporated. The complete device
prepared in this way is denoted hereafter as EPH or complete
cell. More details of solar-cell preparation can be found in the
Supporting Information S1. To determine the role of the
selective contact, we have prepared incomplete cells without
one or two selective contacts, with the structures plotted in
Figure 1. The EP sample has been prepared with an electron-
selective contact but no hole-selective contact, while oppositely,
the PH device has hole-selective contact but no electron
selector. Finally, the P sample has a perovskite layer only, with
no selective contact for either electrons or holes.

The efliciency obtained with the incomplete cells is
significantly lower than the efficiency obtained for the full
device; see Figure 2 and Table 1. Removing the TiO, layer
compact, the PH sample has little effect on the open circuit
potential, V., but affects deleteriously the short circuit
photocurrent, J,, and the fill factor, FF, nearly halving the
photoconversion efficiency, #, in comparison with the complete
device. A more dramatic effect is observed when the hole
selector is removed instead of the electron selective contact,
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Figure 2. Current—potential J—V curve of complete cell (EPH) and
incomplete cells under 1 sun illumination.
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Table 1. Solar-Cell Parameters of the Complete Cell (EPH)
and Incomplete Cells under 1 Sun Illumination: Short
Circuit Current, J,, Open-Circuit Potential, V,, Fill Factor,
FF, and Photoconversion Efficiency, 7, as Obtained from
Figure 1°

cell Jee [mA/cm?] V,. [mV] FF [%] n [%]
EPH 15.6 975 60.0 9.1
EP 8.6 587 35.5 1.8
PH 11.9 957 44.4 5.0
P 4.0 138 25.1 0.1

“See SI2 in the Supporting Information for average values and

reproducibility.

sample EP, in which also V__ is seriously affected. It is worth
pointing out that with the proper procedures it is possible to
observe significant efficiency for devices prepared with no hole-
transporting media, although a low V_ is a signature of these
incomplete cells.”® In our case, we have prepared EP sample
exactly in the same way as EPH just without spiro-OMeTAD
layer, and the efficiency has been seriously affected, as it has
been already commented. Finally, when no selective contact at
all is employed (P sample), the photovoltaic efficiency
practically disappears with a reduction of two orders of
magnitude with respect to the EPH sample.

To obtain a deeper insight of the role of selective contact in
the performance of perovskite solar cells, we have systematically
analyzed the different prepared samples by impedance
spectroscopy (IS). IS has been extensively utilized for the
characterization of different photovoltaic devices*™>” and
concretely all-solid DSCs and eta (extremely thin absorber)-
solar cells.”*7** IS also be%ins to be used in the characterization
of perovskite solar cells.”'******* 1t is a technique capable of
discriminating between the different components of the
device'*?*** and consequently able to provide abundant and
useful information on the device working mechanism. We have
used IS to highlight the singular and differentiated nature of
perovskite solar cells by the observation of charge accumu-
lation.” Here we have employed IS to characterize complete
and incomplete perovskite cells of different types; see Figure 1.
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Figure 3. Nyquist plot of complete and incomplete cells at DC bias of V' = 0.1 V under 1 sun illumination. (a) Complete range and (b) zoom at
high-frequency region. Symbols are experimental data and solid lines correspond to the fits using the equivalent circuit in panel c. For clarity reasons,
the Nyquist plot of sample P is represented in SI3 in the Supporting Information.

Cells have been analyzed under the working conditions under 1
sun illumination.

Figure 3a,b shows the Nyquist plots (imaginary vs real part of
the impedance) of complete and incomplete cells at DC bias of
V' = 0.1 V. The impedance spectra are basically formed by two
features, one at high frequency (low Z’) and the other one at
low frequency (high Z’). In the simplest case, these features are
just two arcs, as for the PH sample; see Figure 3b. But
depending on the sample or the applied voltage, the pattern can
be richer. For example, the EP sample needs two arcs to fit the
low-frequency feature (see Figure 3b), while the EPH sample
exhibits a transmission line (TL) pattern, with a straight line
followed by an arc, for the low-frequency range feature; see
Figure 3b. Consequently, different equivalent circuits have been
employed to model the experimental results obtained, but in all
cases the equivalent circuits present the basic elements shown
in Figure 3c. A series resistance R is attributed to wires and
FTO substrate and also additional contributions, as we show
later. A Z . element is the impedance due to the selective
contacts (sc) or the interface of these contacts with the
perovskite layer. This contribution is responsible for the feature
appearing at high frequency in the Nyquist plot.”'*** To fit this
part, one or two R-C circuits in series are employed, depending
on if one or two merged arcs are observed in the Nyquist plot.
An R-C circuit is the parallel association of a resistance, R, and a
capacitor, C. However, to improve the quality of fittings, we
used constant phase elements (CPE) instead of ideal capacitors.
Finally, Z, is the impedance due the perovskite layer (ps). To
fit this part, we have used a TL or an R-C circuit depending on
whether the distinctive straight line could be recognized or not,
respectively. Solid lines in Figure 3a,b represent the fitting of
the experimental data using the equivalent circuit in Figure 3c.

The equivalent circuit proposed in this Letter for modeling
the halide perovskite solar cell under 1 sun illumination permits
us to obtain essential parameters to characterize the complete
and incomplete devices. Meaningful conclusions can be drawn
on the role of selective contacts for the final performance of
perovskite solar cells. R; is depicted in Figure 4a. Interestingly,
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Figure 4. Parameters obtained from IS analysis of samples in Table 1.
(a) Series resistance, R;; (b) resistance of the selective contacts, Ry;
(c) recombination resistance, R,..; and (d) capacitances obtained by IS
from complete and incomplete cells. Three kinds of capacitances are
observed with values ranging from 1077, 10°to 1075, and 1073 to 107!
F-cm™2, respectively. Complete EPH cell (circles), EP (inverted
triangles), PH (squares), and P (diamonds).

lower R is obtained for samples containing hole-selective
contact, suggesting a contact resistance between perovskite and
Au that disappears with the presence of spiro-OMeTAD.
Consequently, one of the roles of the hole-selective contact is
to reduce R;. Series resistance plays an important role in the
final device performance, as it has a deleterious effect on the
FE.*® IS allows us to determine this contributions of 4—6 Q-
cm? additional to the wires and FTO contributions. IS has also
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been used to detect additional contributions to R, as a bulk
contribution of silicon in Si solar cells’® or a contribution
depending on the electrolyte in DSCs.*® In an optimization
process, it is important to identify all of the possible sources of
series resistance and IS is a powerful tool for this task.

R, is the resistance associated with the high-frequency
feature in Nyquist plots, and it is depicted in Figure 4b. R is
obtained from the impedance Z,. as just the resistance of the R-
C circuit or as the sum of the two resistances when two R-Cs
are employed for fitting. From Figure 4b, it can be clearly
observed that the use of electron-selective layer increases R to
15—20 Q-cm® This fact is especially clear at zero voltage. Ry
only decreases slightly with the applied voltage for samples with
selective hole conductor, while when no spiro-OMeTAD is
present, R versus V presents higher slope. This behavior
indicates that when spiro-OMeTAD is used, R is dominated
by the transport resistance at the hole-selective contact.”"*%~%°
However, when no spiro-OMeTAD is present, the higher slope
of R, versus V indicates a charge-transfer process at the
electron-selective contact interface with resistance decreasing as
the voltage drop at this interface increases. Ry contributes to
the total series resistance, Ry a5 Rieries R, + Ry
consequently, low values are preferable, as it has been already
discussed. Thus, the use of electron-selective contacts increases
Ryeries but also produces beneficial effect as the reduction of R
or electron—hole recombination (see later).

Recombination processes are present in all photovoltaic
devices, and the feature observed in the low-frequency region in
the Nyquist plot of perovskite solar cells is associated with this
recombination process."> The recombination rate is inversely
proportional to the recombination resistance, R, obtained
from the fittings and represented in Figure 4c. It can be seen
that in terms of absolute values the most significant effect of
selective contacts is observed for R,.. There are two possible
explanations for this effect: the main recombination pathway is
interfacial rather than bulk, at least at low applied voltages, or a
bad charge extraction increases the carrier density at the bulk
material and consequently the bulk recombination. The
dramatic effect of selective contacts on the recombination
process was previously observed by us and confirmed here with
the introduction of graphene in the electron-selective contact
and the enhancement observed in cell performance.’ R, at
high applied voltage significantly affects the V,.>* Note that
EPH and PH samples present the highest R, and exhibit the
highest V.. The low values of R, obtained at low applied bias
also negatively affect the FF because such systems behave like
cell with small shunt resistance. It can be observed that the FF
values and R, at low applied voltage decrease following the
series EPH > PH > EP > D.

These results point out the strong influence of both selective
contacts in the performance of the solar cells through FF, J,
and V., whose behavior is particularly affected by the hole-
selective contact. In fact, the highest V. reported for cells
without selective hole conductor is 0.712 mV.® Very recently,
Kamat and coworkers also observed lower R, at high applied
voltages when Cul selective contact is used instead of spiro-
OMeTAD, and consequently they also observed reduced V. of
0.52 V, on average, for these samples.

Figure 4d shows the capacitances obtained from the fitting of
the IS data to the electrical equivalent circuits. The exact
analysis of these capacitances is beyond the scope of this
manuscript, but we consider it to be illustrative to represent the
obtained values for other authors working in the field.
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Independent of the sample type, three kinds of capacitances
are observed with values ranging from 1077, 107 to 10~°, and
1072 to 107" F-cm™?, respectively. The first capacitance, 1077 F-
cm™?, obtained at the high-frequency range exhibits lower
variation with the sample type and could be associated to a
geometrical capacitance. The capacitance obtained in the low-
frequency range, 107 to 10™! F-cm™, presents a significantly
high value and could be attributed to the perovskite.” Finally, at
intermediate values, 107 to 10> F-cm ™, a third capacitance is
observed but just in the case of complete and EP sample,
indicating that perhaps it is related to the TiO,—perovskite
interface. In any case, further research is needed to determine
unambiguously the origin of the capacitances observed in
perovskite solar cells.

After the determination of the role of selective contacts in
perovskite solar cell and how this effect can be analyzed by IS,
we have applied this analysis to the study of three different
electron selective contacts: TiO,, ZnO, and CdS; see SI4 in the
Supporting Information for work functions and band alignment
cartoons. CdS is employed extensively as window and selective
contact layer for electrons in CdTe, CIGS, and CZTE solar
cells,”” and as far as we know, this is the first report of its use in
perovskite solar cells. Note that in the case of samples with CdS
selecting contact, alumina was used instead of titania as scaffold
to avoid annealing at high temperature (see SI1 in the
Supporting Information), but a minor effect of the scaffold in
Ry, has been observed."® Figure 5c and Table 2 show the J—V
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Figure 5. (a) Series resistance, R, (b) Resistance of the selective
contacts, R,. (c) J-V curves. (d) Recombination resistance, R, of
complete cells with the electron selective contacts TiO,, ZnO, and
Cds.

curves and the solar-cell parameters of complete cells prepared
with different electron conductor materials. The lowest
performance is obtained for the CdS sample that presents the
lowest ], and FF but the highest V. IS analysis is not sensitive
to the photocurrent; consequently, changes in photocurrent
need additional characterization techniques to be completely
understood. For example, in the case of sample with CdS as
electron-selective contact, CdS absorbs part of the light in the
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Table 2. Solar Cell Parameters of Complete Cells (EPH)
under 1 sun Ilumination for Different Electron Selective
Contact (ESC) Materials®

ESC Joc [mA/cm?] V,. [mV] FF [%] n [%]
TiO, 15.60 975 60.04 9.13
ZnO 19.68 959 41.66 7.86
Cds 429 1058 33.84 1.53

“Short-circuit current, J; open-circuit potential, V. fill factor, FF; and
photoconversion efficiency, #, as obtained from Figure 1.

blue region, but these absorbed photons are not finally
converted into collected electrons, as it is observed by incident
photon-to-current efficiency (IPCE); see SIS in the Supporting
Information. The large J,. obtained with ZnO contact is also
remarkable.

From the impedance analysis, it can be observed that the
CdS cell presents the highest R, at high applied voltages (see
Figure 5d) and consequently the highest V.. In addition, the
CdS sample exhibits the lowest FF. IS has detected that CdS-
selective electron layer introduces a huge R, more than one
order higher than the one observed for TiO, and ZnO; see
Figure 5a. The great increment in R; cannot be compensated
with a relative low Ry, (see Figure Sb), and finally CdS cell
presents the highest R, and consequently the lowest FF
despite the fact that its photocurrent is sensibly lower than that
for the other cells. The ZnO sample shows lower FF than TiO,
cell. In this case, the difference in R, is not very significant,
but the difference in both values and slope of R, shown in
Figure Sd, is responsible for its lower FF.

In summary, the role of the selective contacts in perovskite
solar cells has been investigated by IS. Both electron- and hole-
selective contacts significantly affect the solar cell performance.
In general, selective contacts play three major roles: transport
resistance at the selector layer, charge-transfer rate at the
interface (that could affect the bulk carrier density and
consequently bulk recombination), and the surface recombina-
tion at the selective contact interface. It has been shown that
selective contacts control the recombination resistance in
perovskite solar cells. The utilization of selective contacts
increments the cell series resistance, but this deleterious effect is
greatly compensated for by the beneficial reduction in
recombination rate. It has been observed and explained how
both selective contacts contribute to enhance the cell FF, while
the hole-selective contact is mainly responsible for the high V..
We have shown that IS is an appropriated method to
characterize the effect of selective contacts because it allows
us to discriminate the effect of the contacts in both series and
recombination resistance. As an example, we have analyzed the
effect of different electron selective contacts (TiO,, ZnO, and
CdS) explaining the V. and FF observed for each cell in terms
of series and recombination resistances. This works shows a
procedure for the characterization of selective contacts in
perovskite solar cell. Because selective contacts play a dramatic
role in the final device performance, its use can contribute
significantly to the optimization of this kind of devices.
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