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ABSTRACT: We report on the preparation of a series of
solution-processed perovskite solar cells based on methyl-
ammonium (MA) lead halide derivatives, MAPbX;, which
show tunable optical properties depending on the nature and
ratio of the halides employed (X = Cl, Br, and I). Devices have
been prepared with different cell architecture, thin film, and
mesoporous scaffold (TiO, and Al,0;). We have analyzed
different sample sets focusing on the characterization of the
charge recombination by means of impedance spectroscopy
(IS). On the one hand, our study discloses that the insertion of
both CI and Br in the perovskite lattice reduces the charge
recombination rates in the light absorber film, thus
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determining the open circuit voltage (V,.) of the device. The samples prepared on a mesoporous ALO; electrode present
lower charge recombination rates than those devices prepared on mesoporous TiO,. Furthermore, the addition of Br in the
perovskite structure was demonstrated to improve slightly the lifetime of the devices; in fact, the efficiencies of all devices tested
remained at least at the 80% of the initial value 1 month after their preparation. These results highlight the crucial role of the
charge-recombination processes on the performance of the perovskite solar cells and pave the way for further progress on this

field.

SECTION: Energy Conversion and Storage; Energy and Charge Transport

Hybrid lead halide perovskite solar cells have revolution-
ized justifiably the photovoltaic technology for several
reasons: the demonstration of efficiencies as high as 15 to
16%,' > the possibility of preparing the devices by solution
techniques at low temperatures,”” and, consequently, the low-
cost production and the compatibility with flexible substrates,
which widen its versatility.>” Moreover, the generic perovskite
(PS) structure ABX; allows manufacturing a broad range of
different PS materials by simple modification of the building
blocks A, B, and X; nonetheless, the ionic radii ratios of the
different constituents seem to play a role in the formation of
the PS structure and its properties.”'®'" To date, the highest
efficiency reported on PS solar cells corresponds to materials
bearing A = methylammonium (MA), B = Pb, and X = L or I
with traces of CL.'~* However, the recently achieved efficiencies
higher than 14% based on formamidinium instead of MA prove
the versatility of the PS materials for the photovoltaic
technology.'” Additionally, the use of Br instead of I produces
a PS material with broader band gap.m_ls In fact, it is possible
to tailor the MAPbX; band gap from 1.57 to 2.29 eV by
chan%ing the ratio of I and Br (X = Br,I,_,, x ranges from 0 to
1)."»" The simplicity of tuning the optical properties of the
PS-based materials makes them extraordinary appealing for the
development of tandem solar cells, where the light absorption
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ability of the different layers must not overlap with the aim of
harvesting photons in a wider range of the solar spectrum, thus
achieving higher power conversion efficiencies.”'*

Despite the outstanding results obtained for the PS
photovoltaic devices in the last 2 years, the physical
mechanisms that rule the cell performance are not yet fully
understood. For instance, it is still unclear why solar cells with a
priori different device configurations, that is, thin film (without
scaffold layer),z’s’16 sensitized solar cell (mesoporous TiO,
layer)"'” and meso-superstructured solar cell (mesoporous
ALO; or ZrO, layers),"*™° can achieve high eficiencies.
Recently, we have observed that the charge carriers can be
accumulated in the PS bulk,'® regardless of using thin-film or
mesoporous TiO, cell configuration. These results evidence a
common working behavior,”" which points to a characteristic
performance of the PS-based solar cells. However, the charge
diffusion length of the MAPDI; sample increases when a
mesoroporous TiO, film is used compared with the thin-film
conﬁguration.21 Additionally, the use of PbCl, as lead source
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during the synthesis of MAPbI; also affects the properties of PS
material.'"#'**>*® In particular, the charge diffusion length
observed for thin film MAPbI,_,Cl, samples is longer than that
for the MAPDI, derivatives.”* It has been observed as well that
holes can be extracted more efficiently than electrons from
MAPbI;.>* Therefore, the use of Cl precursor during the PS
synthesis takes an important role in the charge extraction
processes. In conclusion, despite the great efforts focused on
the understanding of the PS solar cells performance, many open
questions remain to be explored.

The novelty of the PS solar cells accounts for the scarce
knowledge on the physical fundamentals and mechanisms
occurring during the photon to electron conversion. Although
several works aimed at measuring physical constants, such as
the lifetime*>™® or the charge diffusion lengths,21’24’29 can be
found in the literature, up to our knowledge, no studies
centered on the charge recombination processes for different
PS composition and cell configuration have been carried out so
far. In this work, we exploit and focused on the charge
recombination of the PS-based photovoltaic devices because it
directly influences on the photovoltaic parameters, having a
special impact on the open circuit voltage, V.. Therefore,
unraveling the charge recombination mechanisms and measur-
ing the physical constants that rule them represent some of the
key factors of the cell performance; hence, here we analyze the
recombination resistance, R, which is inversely proportional
to the recombination rate.’® Impedance spectroscopy (IS),
which is a widely employed technique for characterizing
photovoltaic devices,*® allowed the determination of the R,
of a series of PS-based devices and revealed unprecedented
results 38182131-34

The effect of the different ratios of halides (Cl, Br, and I) and
the influence of the cell configuration on the PS solar cells
performance is investigated by means of a systematic analysis,
in which several device architectures are evaluated, including
thin-film and nanostructured electrodes (NS-TiO, and NS-
AL O;, depending on the scaffold material); all of these samples
were prepared by the one-step methodology.'”** We system-
atically observed that those devices with lower recombination
rates presented higher V. values, which drastically determines
the cell performance. This work emphasizes on this fact relating
the observed V. to recombination rate for a broad range of PS
light-absorbing materials and cell configuration.

Detailed information on materials, device preparation, and
characterization methods is provided at the Supporting
Information. Perovskite samples are denoted as MAPD-
(BerI_x)3_yCIy, where x is determined by the ratio between
Br and I precursors but y is not determined. The effect of Cl
precursor in the PS synthesis is still controversial; just
extremely reduced amounts of Cl have been detected in
MAPbI;_,Cl, or even have not been detected.””** The exact
effect of Cl in terms of changing the electrical properties or
modifying the crystallinity of the PS is not known.”* In this
sense, we have use the notation MAPb(Br,],_,);_,Cl, for
coherence with the most extended notation in the literature but
just as an indicator of the use of Cl precursor in the PS
synthesis.

A picture of complete PS photovoltaic devices prepared with
a combination of the three halides in a different ratio,
MAPb(Br,1,_,);_,Cl, where 0 < x < 1, is shown in Figure
la. It can be appreciated at first sight how the color of the
absorber films is tuned from dark brown to yellow by
controlling the amount of Br. The absorption spectra of the
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Figure 1. (a) Picture of MAPb(Br,1;_,);_,Cl, (0 < x < 1) devices
with different Br/I molar ratios grown on mesoporous TiO, substrates
after sample characterization. (Yellow parts in some samples indicate
degradation.) (b) Absorption spectra of the samples (absorption tail
observed at long wavelengths is due to the mesoporous layer light
scattering). (c) The energy band gap extracted from the absorption
measurements depending on the percentage of the Br.

mixed halide PS films were measured and are depicted in Figure
1b. A systematic shift of the absorption band edge to shorter
wavelengths is observed with increasing the Br content.
Therefore, the energy band gap (E,) can be easily tuned by
modifying the Br/I ratio. The energy gap values obtained from
the intersection of the linear extrapolation of the absorption
band edge with the horizontal axis are plotted in Figure 1lc for
those samples with different halide compositions. A linear
dependence of the band gap with the Br content is observed,
where E, = 1.563 + 6916 X 10%-[x], where [x] is bromide
percentage. It should be remarked that the E, values obtained
for MAPbL;_,Cl, and MAPbBr;_,ClL, 1.57 and 2.27 eV, are in
good agreement with the previous works reported in the
literature.'*>3® A similar trend is observed for films grown by
one-step methodology onto mesoporous Al,O; and PS films
prepared without Cl. (See Figure SI1 in the Supporting
Information.)

Perovskite solar cells with different halide compositions were
prepared and characterized by measuring their current—voltage
(J—V) characteristics. Figure 2 shows the averaged J—V curves
for PS devices with different Br/I ratios under 1 sun
illumination. The highest efficiency obtained under each
condition as well as the average of photovoltaic parameters
for a number “n” of PS devices are summarized in Table 1. The
data include MAPb(Br,],_,); solar cells grown onto NS-TiO,
substrates and MAPb(Br,1,_,);_,Cl, PS devices using NS-TiO,
and NS-ALO; electrodes. It is observed that those samples
prepared with Cl precursor (Figure 2b, c) present higher
efficiencies than their counterparts without Cl (Figure 2a)
independently of the Br/I ratios. This trend is due to an
increase in both V__ and short circuit current, ., while fill factor
(FF) is in the same range (see Table 1). On the contrary, a
significant drop of the cell efficiency is observed by increasing
the amount of Br due to a decrease in the J ., which is ascribed
to the blue shift of the absorption band-edge (Figure 1b).
Additionally, MAPb(BerI_x)3_yCIy PS devices using NS-TiO,
exhibit lower J,. and significantly lower V. than devices
prepared on NS-ALO; electrodes (see Figure 2b, c).

dx.doi.org/10.1021/jz5006797 | J. Phys. Chem. Lett. 2014, 5, 1628—1635



The Journal of Physical Chemistry Letters

i@ ns-tiops ] (b) ns-Tiops ] (©) NS-ALO,-PS
20 1 Cl free ] withel ] with CI
< ] ]
0 15 4 Br content (x%) ]
§ — N\ —
< 1 25 p
g 10 7 50 ] \ B
— ] —75
— ] —100 ]
5 t: E ]
O-""I""I""I" T T | T T 1 T T T T T !' T

0.0 02 0.4 06 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
V(V) V (V) V (V)

Figure 2. Average current—voltage curves under AM .S solar irradiance and 100 mW cm™ light intensity conditions of combining a mixture of
halides PS with different Br/I molar ratios. Cl-free MAPb(Br,I,_,);, 0 < x <1, on NS-TiO, substrates (a) and trihalide perovskites with a structure of
MAPb(Brxll,x)3,yCly, 0 < x <1, on NS-TiO, (b) and NS-ALO; (c) substrates. Data plotted are the mean of 2 < n < 10 working devices; see Table
1.

Table 1. Photovoltaic Parameters, Extracted from J—V Curves, of the PS Solar Cells Prepared with Different Combination of
Halides (Cl, Br, 1)

Br (x%) Joc (mA cm™) V,. (V) FF n (%) Egyp (eV)
NS-TiO, 0 11.7 0.833 0.668 6.5
MAPb(Br,I,_,), n=3_8 11.22 + 0.64 0.824 + 0.02 0.652 + 0.01 6.1 + 04
25 5.87 0.716 0.680 2.9
n=4 5.55 + 0.30 0.719 + 0.020 0.670 + 0.012 2.7 +02
S0 5.96 0.711 0.686 2.9
n=10 5.74 + 0.18 0.704 + 0.025 0.683 + 0.063 28 +0.1
75 5.70 0.718 0.685 2.8
n=35 5.09 + 0.35 0.688 + 0.023 0.695 + 0.070 244 + 0.2
100 2.90 0.701 0.685 14
n=10 2.30 + 0.07 0.702 + 0.022 0.697 + 0.011 1.12 + 0.2
NS-TiO, 0 15.78 0.973 0.710 109
MAPb(Br,1,_,),,Cl, =10 1520 + 0.42 0.926 + 0.052 0.701 + 0.012 9.9 + 0.9 1.58
25 12.97 1.089 0.684 9.1
n=2 12.00 + 0.37 1.072 + 0.024 0.680 + 0.047 8.8 + 0.5 1.74
50 10.01 1.046 0.696 8.7
n=9 9.89 + 0.22 1.043 + 0.012 0.684 + 0.037 7.8 +£ 0.8 1.87
75 6.64 0.966 0.709 4.5 2.08
n=4 5.96 + 0.71 0.934 + 0.034 0.723 + 0.041 4+ 06
100 4.65 0.947 0.653 29 227
n=9 449 £ 0.15 0.934 + 0.087 0.662 + 0.019 2.8 +0.1
NS-ALO; 0 19.63 1.015 0.626 12.5 1.58
MAPb(BrI,_,);_,Cl, n=5 19.45 + 029 1011 + 0.004 0.614 + 0.01 121 + 04
50 10.23 1.082 0.403 4.5 1.88
n=35 10.2 + 0.20 1.065 + 0.025 0.391 + 0.056 42 + 0.5
100 3.92 1.389 0.586 32 2.29
n=35 392 + 0.14 1.333 + 0.069 0.602 + 0.029 31+03
thin film 0 n=3>5 14.76 1.077 0.699 11.1
MAPb(1,_,Br,);_,Cl, 14.58 + 0.76 1.076 + 0.030 0.694 + 0.022 109 + 0.5
50 n=35 8.57 0916 0.501 39
8.05 + 048 1.020 + 0.066 0.376 + 0.073 3.1+0.7

“Short-circuit current, J,, open-circuit voltage, V,,, fill factor, FF, photoconversion efficiency, #, and energy band gap, E, (estimated from the
absorption spectra) are included. The different solar cell configurations (NS and thin film), nature of the substrates (TiO, and ALO;), and PS
compositions (MAPb(Br,I,_,); and MAPb(BerI_x)S_yCIy, 0 < «x < 1) are evaluated. The data provided include the best performance device and the
average of n devices prepared under the same conditions (2 < n < 10).

The highest efficiencies reported in the literature by using the obtained so far by employing other deposition methods such
one-step methodology reach the 15% for PS cells with Cl- as two-step sequential deposition and sublimation'® or using
doped films,>* while a maximum efficiency of 9.7% has been

hieved for Clfree d 7 This ob b other hole-transport materials,"® in this work, we have utilized
achieved for Cl-free devices. is observation points to the

importance of exploiting the mixed-halide PS for the the one-step spin coating deposition methodology to compare

preparation of highly efficient devices. Despite the fact that the effect of different halides for direct comparison with the
the highest efficiencies reported for MAPbI; have been one-step method used with CI precursor.
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Figure 3. Open-circuit voltage, V,, short-circuit current, J,, and photoconversion efficiency, 7, extracted from current—voltage curves under 1 sun
illumination of several PS cells with different Br/I molar ratios are tested. (a) Combination of mixed halide PS, Cl free MAPb(BerI_x)3_y versus
trihalide PS MAPb(Br,I,_,);_,Cl, (0 < x < 1), deposited on NS-TiO, substrates. (b) Comparison between two architectures NS-TiO, versus NS-
Al O substrates for MAPbX;_,Cl, PS films. The data plotted correspond to the mean of a number “n” of working devices (2 < n < 10); see Table 1.
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Figure 4. Recombination resistance at different applied bias extracted from the IS analysis of a mixed-halide-based PS solar cells with different Br/I
molar ratios. Devices prepared from NS-TiO, substrates are represented by circles and triangles depending on the PS composition: with and without
Cl, respectively. The NS-AL,O; samples are represented by star symbols. (a) Trihalide perovskites MAPb(BerI_x)3_yC1y devices on NS-TiO,. (b)
Comparison of samples with and without Cl prepared on NS-TiO,. (c) Trihalide perovskites MAPb(BerI,x)3,yCIy devices on NS-Al,O; substrates.
(d) Comparison of trihalide perovskites MAPb(BerI_x)3_yCly prepared on NS-TiO, and NS-Al,O; substrates.

Although previous works found in the literature are focused parameters of the devices prepared by means of the three

on the thin-film devices based on bihalide structures (I—CI, methodologies studied is noteworthy (Table 1). The IPCE
Br—Cl, or I-Br), we described here for the first time a

combination of three halides (Cl, Br, and I) in complete PS onset of the prepared samples (Figure SI2 in the Supporting
devices. The good reproducibility showed in the photovoltaic Information) shifts to shorter wavelengths with the Br addition,
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which is correlated with the absorption measurements (Figure
1b); this trend is observed in all sample sets studied.

A comparative analysis of the photovoltaic parameters, V,,,
Jio and 7, of the analyzed devices is shown in Figure 3. A
remarkable increase in the V. and ] is observed for the films
containing Cl, leading to a dramatic improvement in the
efficiency (Figure 3a). The larger photocurrents can be
attributed to the stronger absorption, as is evidenced in Figure
SI1 in the Supporting Information. In the case of MAPb-
(Brxll_x)3_yCIy sets grown onto NS-TiO, and NS-ALO;, the
later devices present higher efliciencies due to higher V. and
Jso despite the lower FF, an exception for the PS device with Br
50% of content. The higher J,. could be ascribed to the higher
absorption of the samples grown on NS-Al,O; substrates. (See
Figure SI1 in the Supporting Information.)

The origin of V. in PS solar cells is an issue that is still
unclear and is currently under study. However, a key aspect that
has not yet been analyzed in depth is the influence of the
recombination rate on the V. It is well known that the
recombination rate plays a major role in the V. values, as it has
been analyzed, for example, for the dye-sensitized photovoltaic
technology.®>*” In this work, we analyze systematically, for the
first time, the influence of the different recombination rates
observed for PS samples containing different mixtures of
halides on the photovoltage through an exhaustive character-
ization by means of IS.

IS technique is extensively used in Si solar cells,®® extremely
thin absorber (ETA) devices,** ™" or solid dye-sensitized solar
cells,"*** and, more recently, it has been proven to be suitable
for the study of PS-based solar cells.>*'**"*'73* IS corresponds
to a frequency-dependent technique that allows separating
electrochemical processes that take place at different rates. The
IS pattern of PS solar cells shows in most cases two
characteristic features depending on the frequency range. At
higher frequencies, the electrochemical processes at the
contacts or at the PS—contact interface are observed.”"*"**
In contrast, the features observed at low freq3 encies are related
to the charge recombination processes.”*>"** The IS patterns
of the different PS samples analyzed were fitted using an
equivalent circuit model previously reported.>

The recombination resistances obtained from the IS
experiments at different applied voltages under 1 sun
illumination are plotted in Figure 4. As a general trend, two
different slopes can be identified from the R .. behavior. At low
applied bias a gently decrease in the R, is noticed; however, a
steeply sloped behavior is observed at high voltages. These
differences can be attributed to a change in the recombination
mechanisms. A hypothesis could be that charge recombination
occurring at the surface interfaces is observed at low applied
voltage, that is, recombination at the TiO, compact layer and
spiro-OMeTAD layers, and the recombination processes taking
place at the bulk PS are observed at high voltages. The
determination of the exact physical processes involved in the
charge recombination mechanisms of PS solar cells surpasses
the scope of this work, and further research aimed to the
elucidation of the abundant hidden aspects is required.

The R, values obtained for a series of PS samples supported
on NS-TiO, substrates, corresponding to the generic formula
MAPb(Br,1,,);_,Cl, are plotted in Figure 4a. From these
results, it is clearly observed that the addition of Br induces a
significant increase in the R, thus having a beneficial effect on
the cell performance. In fact, a clear correlation between a
higher R.. (lower recombination rate) and a higher V. is
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observed (Table 1), as it is clearly visible for the sample without
Br. Note that for the samples with Br, the different ], also plays
arole in V,, as V,_increases with J,,* making the samples with
100% I and 100% Br present similar V. despite the higher R,
observed for the bromide sample. Additionally, Figure 4b
compared these PS solar devices (MAPbI;_,Cl, and MAPb-
Br;_,Cl,) with their counterparts samples without Cl as
MAPDBI; and MAPDbBr;; the same study with 50% Br is
represented in the Supporting Information (Figure SI3a). The
IS analysis of two PS samples with identical Br content reveals
that the presence of Cl induces a decrease in the recombination
rate, thus enhancing the V. of the devices. (See Table 1.) This
effect is even more significant when the Br content increases.

Furthermore, the results of the devices prepared with Cl-
based PS films deposited onto NS-AL,O; substrates in which
the amount of Br was tuned, MAPb(BerI_x)3_yCly (x=0,0.5
and 1), are examined in Figure 4c. The R, values show the
same behavior, while the Br content is increased, which is again
reflected in an enhancement of the V. The PS device with
100% Br presents lower recombination and achieves the highest
V. value (1.389 V). Consequently, we claim that the addition
of Br into the PS structure has a beneficial effect on the
recombination rate. These results are in good agreement with
those previously reported by Seok and coworkers."> The
recombination rate for NS-Al,O; devices is lower than that in
the case of samples prepared on NS-TiO, substrates,
independently of the Br/I ratio (Figure 4d for x = 0 and 1,
and Figure SI3b in the Supporting Information for x = 0.5).
This effect is reflected in the V. results, as illustrated in Figure
3b. The lower V. value obtained for MAPbI;_,Cl, (0% of Br)
on NS-TiO, in comparison with NS-AL,O; is commonly
attributed to the injection of electrons from PS into TiO,.
Injected electrons fill the high density of states (DOS) in the
TiO,, which can act as trap sites for the photogenerated free
electrons."” According to this point of view, the addition of the
TiO, states in the bandgap to the PS DOS will make the
electrons at the Fermi level become lower and consequently
decrease V. with respect to the Al,O;, which adds no states.
But this argument requires that the number of stored electrons
is the same in both systems, PS/TiO, and PS/Al,O. However,
the number of electrons critically depends on the recombina-
tion rate. The presence of an electronically active PS/TiO,
interface can increase the recombination rate with respect PS/
Al,O; or induce different PS growth, affecting the recombina-
tion as it is observed in Figure 4d. In that case, the addition of
TiO, states may lose relevance to explain the observed V,
which becomes dominated by kinetics.

Here we demonstrate a higher recombination rate for NS-
TiO, PS films compared with those prepared using NS-ALQO;,
both containing Cl (Figure 4d). However, a deeper study is
needed to identify the origin of this effect, with the aim of
clarifying whether the surface states of TiO, may induce a new
recombination pathway and determining how the nature of the
PS scaffold (TiO, or Al,O;) can affect to the PS growth or
crystallinity, which could have, ultimately, a significant impact
on the overall device performance. Therefore, we do believe
that the identification of the main recombination pathways in
PS solar cells is a mandatory step for good understanding of the
functioning of these devices and their consequent optimization.
Eventually, we have also noticed from the electrochemical
characterization, as one would expect, that those devices
showing lower R, present larger values of dark current (Figure
SI4 in the Supporting Information).

dx.doi.org/10.1021/jz5006797 | J. Phys. Chem. Lett. 2014, 5, 1628—1635
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Simultaneously to the IS study, we monitored the solar cell
stability of MAPb(BerI_x)3_yCIy PS, grown on NS-TiO, and in
thin film configuration, to study the cell degradation as a
function of the halide composition. The stability of PS solar
devices is limited mainly due the ambient moisture because the
alkylammonium salts are, in general, highly hygroscopic. We
measured punctually the evolution of the photovoltaic
parameters of the PS solar devices over time, and the samples
were stored in a glovebox under a N, atmosphere and dark
conditions between the measurements. Figure S plots the
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Figure S. Time evolution of the photovoltaic parameters under 1 sun
illumination for PS solar cells with a thin-film architecture and a
mixture of three halide perovskites as MAPb(Il_xBrx)3_yCly, (x=0and
x = 0.5). Samples were stored between measurements in the glovebox
under dark conditions.

evolution of photovoltaics parameters with time for thin-film
architecture. As previously reported," the insertion of Br into
the PS structure produces a beneficial effect in the cell stability.
Those cells without Br present an efficiency drop of 20% 30
days after their preparation, which is ascribed mainly to a
decrease in the FF. On the contrary, the equimolar Br/I devices
show a significant enhancement of the photoconversion
efficiency (37%). This improvement could be a consequence
of the rearrangement of the PS 3D configuration over time. In
particular, the efficiency improvement could be attributed to
the insertion of the smaller Br anions, thus leading to a more
compact PS structure in which the degradation of the MA
cation is prevented.'> Therefore, a deeper analysis including
microstructural and crystallographic studies must be performed
to elucidate the origin of this observation. The cell efficiencies
of the samples grown on NS-TiO, substrates are plotted in
Figure SIS in the Supporting Information and point similarly to
an increase in the stability cell when the Br is inserted into the

1633

PS structure; hence, this effect seems to be a common
denominator regardless of the cell architecture.

In summary, the combination of ternary mixtures of halides
(Cl, Br, and I) for the preparation of PS solar cells by exploiting
different cell architectures has been exhaustively analyzed. We
report different easy-to-fabricate solution-processed band-gap-
tailored materials and, as far as we know, we described for the
first time a trihalide thin-film solar cell. This work has mainly
focused on the recombination characteristics as a function of
the halide content and device architecture (NS-TiO, and NS-
ALO;) by means of a systematic analysis by IS. Particular
trends have been observed for the devices tested, which allow
us to confirm that the charge recombination is reduced when:
(i) the Br/I ratio is increased and being specially more
pronounced when NS-ALO; substrates are employed; (ii) the
Cl is incorporated in the PS precursor solution; and (iii) the
NS-AL O, substrates are used as an efficient PS scaffold. A clear
correlation between the decrease in the recombination rate and
the enhancement of the V_. was observed; therefore, an
improvement of the overall cell performance promoted by
inhibiting the recombination mechanisms has been validated. In
addition, the study of the cell stabilities carried out in this work
revealed an enhanced stability for those PS samples containing
Br. The exact physical mechanisms that have promoted these
changes in recombination processes among the different cells
analyzed in this work are under current study. Very recently, it
has been pointed out that the presence of nanostructured TiO,
affects the crystalline properties of synthesized PS, affecting the
photoluminescence behavior.**™*® In addition, an effect on
recombination should be also expected, but further research is
needed to correlate the observed changes in recombination
with the crystalline properties of PS samples.

These results point out the importance of a complete
characterization of the recombination processes in the PS solar
cells to fully understand the physical mechanisms that rule the
PS-based photovoltaic technology and to evolve to more
efficient and stable devices. It is noteworthy that the most
significant improvements of the cell efficiencies promoted in
other photovoltaic technologies, for example, dye-sensitized
solar cells, arose from the partial inhibition and understanding
of the charge recombination processes.
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