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1. Introduction

As the initial articles reported the successful utilization of the
methylammonium lead iodide (MAPbI3) perovskite in solar
devices, several attempts have been performed to modify its

composition to enhance the performance
and stability of the photovoltaic cells.[1–3]

Mixed halide perovskites with Cl� and Br�

were employed from the early times impact-
ing on the optoelectronic properties of the
material.[4,5] The role of chloride has been
revealed in a longer carrier diffusion length,
suppression of halide segregation, and
increasing of the grain size and crystallin-
ity.[6,7] Regarding the partial substitution of
bromide for iodide, a better control of the
growth of the perovskite is achieved together
with a decreasing yield of superoxide species
upon illumination which generates solar
cells with record efficiency and greater stabil-
ity.[8] As for the use of lead as the typical diva-
lent cation in the structure of the hybrid
halide perovskite, it causes some concerns
due to the environmental toxicity of this
metal.[9–11] Thus, replacement of the Pb2þ

cation by the harmless Sn2þ has been exten-
sively reported, although its facile oxidation
to Sn4þ produces a high density of defects
with a related lower performance and

stability.[12] However, the wider variation in the composition of
the archetypal MAPbI3 perovskite has occurred in the MA cation
(A-cation) which is determined by the Goldsmith tolerance
factor.[13]

The A-site cation engineering approach has revealed as an ele-
gant tool to enhance the performance and, more importantly, to
extend the stability of 3D hybrid perovskite solar cells.[14,15]

Cesium (Cs) and formamidinium (FA) are the only two cations
that can fully replace MA according to the geometrical restric-
tions imposed by the tolerance factor.[16,17] However, the stable
phase at room temperature is not a 3D structure and therefore
the valuable “black phase” for photovoltaics was needed to be sta-
bilized in ambient conditions.[18] Moreover, combination of these
three size allowed cations (MA, FA, and Cs) has resulted in an
optimized performance of the solar cells due to suppression of
the undesired yellow phases and favoring a seed-assisted crystal
growth, e.g., Cs0.1(FA0.83MA0.17)0.9Pb(I0.83Br0.17)3.

[19]

The next rational strategy has been the partial incorporation of
out-of-tolerance factor cations into the 3D structure of hybrid per-
ovskites[20] which has been recently extended to 2D Ruddlesden–
Popper perovskites.[21,22] Several cations including rubidium
(Rb), potassium (K), ethylammonium (EA), and guanidinium
(Gua) have been successfully incorporated into the octahedral
voids forming mixed A-cation 3D perovskites with variable
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The overall impact of the partial replacement (5–15%) of methylammonium (MA)
in the MAPbI3 perovskite by cesium or guanidinium (Gua) cations to fabricate
thin films of triple cation CsxGuayMA1–x–yPbI3 perovskites is studied.
The structural changes are investigated by using X-ray diffraction measurements
revealing shrinkage or expansion of the unit cell upon Cs or Gua incorporation,
respectively. The optoelectronic properties are characterized with photolumi-
nescence (PL) time-resolved spectroscopy and the space charge limited current
(SCLC) method. Shorter PL time constants are obtained for the samples with only
Cs, while longer PL decays are measured for the perovskites containing additional
Gua cation. The SCLC measurements reveal a larger density of trap states in the
CsxMA1–xPbI3 perovskites compared to the MAPbI3 material. The PSCs fabricated
with the different mixed cation CsxGuayMA1–x–yPbI3 perovskites reveal a good
correlation with the measured optoelectronic properties. The power conversion
efficiency (PCE) improves from an average value of 18.6% for the MAPbI3 to a
value of 20.0% for the Cs0.05Gua0.05MA0.90PbI3 perovskite with a champion cell
delivering 21.2%. On the opposite, the PCE decreases to a value of 17.3% for the
double cation perovskite with Cs.
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contents (<30%) of the A-cation.[23–25] It is particularly positive
the effect of the inclusion of Gua into the MA1–xGuaxPbI3
(x< 0.2) structure on the efficiency and, specially, the stability
of the solar cells due to formation of additional hydrogen bonds
by the Gua cation.[14,26,27] The enhanced resistance to degradation
due to Gua inclusion has stimulated its use in the record-breaking
triple cation Cs0.1(FA0.83MA0.17)0.9Pb(I0.83Br0.17)3 perovskite.[28]

Thus, few reports have recently established the formation of a
quadruple cation perovskite with the Gua cation passivating
bandgap defects which enhances the open-circuit voltage
(Voc).

[29] However, no detailed analysis has been performed on
the incorporation of Gua into double cation perovskites which
may elucidate the interplay among the different A-cations.

In this study, we investigate the structural and optoelectronic
impact of the incorporation of the Gua cation into the double
cation CsxMA1–xPbI3 perovskite to generate a triple cation
CsxGuayMA1–x–yPbI3 perovskite. The X-ray diffraction (XRD)
measurements have demonstrated the opposite effect of the
small Cs and large Gua cations on the dimension of the perov-
skite unit cell. Thus, the shrinkage of the perovskite unit cell pro-
duced by the incorporation of the Cs cations is reverted upon
addition of the Gua cations which expand the size of the lattice
constants. Time-resolved photoluminescence (PL) measure-
ments display different time constants depending on the compo-
sition of the A-cation which are line to the trap density calculated
in the space charge limited current (SCLC) experiments.
The measured performance and stability of the solar devices fab-
ricated with the different mixed cation CsxGuayMA1–x–yPbI3 per-
ovskites reveal a beneficial impact on both parameters due to the
incorporation of the Gua cations in opposition to the negative
effect of the Cs cations.

2. Results

The incorporation of the Cs cations into the MAPbI3 perovskite
has been studied to characterize the structural changes in the
crystal lattice. Figure 1A displays the overall XRD measurement
of the MAPbI3 perovskite (black line) containing all reflection
peaks assigned to the tetragonal phase (I4/mcm).[30] The peaks
at 26.51� and 37.77� correspond to the fluorine tin oxide
(FTO) substrate employed as the reference position.

The addition of a low content of Cs replacing the MA cation
(5% and 15%) does not apparently modify the XRD pattern which
indicates that the tetragonal structure of the MAPbI3 perovskite
is conserved in line with a previously published work reporting
the inclusion of until 5% of Cs in single crystals of the MAPbI3
perovskite.[17] Figure 1B shows a magnification of the more
intense Bragg peaks associated to the (110) and (220) planes,
clearly exhibiting a shift of the peaks to larger angles at increasing
content of Cs. This result indicates a shrinkage of the unit cell
due to the partial substitution of theMA by the smaller Cs cations
which demonstrates that Cs cations are incorporated up to a 15%
in MAPbI3 thin films. This value is larger than the typical 5%
employed in the record-breaking triple cation CsMAFA perov-
skites for photovoltaics.[19,31] In addition to the observed shift
of the reflection peaks, a decrease of the signal together with
a broadening of the peaks is detected. The lower XRD signal
is associated to a decrease in the crystallinity of the films and
the broader full width at half maximum (FWHM) can be ascribed
to a distortion of the crystal or to a smaller size of the nanocrys-
tals. As the scanning electron microscopy (SEM) images display
similar crystallite sizes (see below), the larger bandwidth of the
reflection peaks at higher content of the Cs cation is accounted
for an increased number of microstrain and distortions of the
MAPbI3 lattice due to the Cs incorporation. The increase of
the lattice strain is generally responsible for the formation of
atomic vacancies which, in turn, may affect to the performance
and stability of these mixed A-cation perovskites.[20]

The addition of the Gua cation into the precursor solution
together with the MA cation has previously been reported to yield
the 3D mixed A-cation MA1–xGuaxPbI3 perovskite up to a per-
centage of 25% Gua.[14] At higher Gua content, low-dimensional
phases are formed due to the strong distortion of the 3D crystal
lattice. Figure S1, Supporting Information, exhibits the shift to
lower 2θ angles of the (110) and (220) XRD peaks at increasing
content of the Gua cation (0–15%) which demonstrates the
expansion of the unit cell due to the larger size of Gua with
respect to the MA cation.

Once the independent incorporation of the Cs or Gua cations
into the octahedral voids of the MAPbI3 perovskite is character-
ized, both Cs and Gua cations are included together in the pre-
cursor solution with MA to accomplish the formation of a triple
A-cation CsxGuayMA1–x–yPbI3 perovskite. Figure 2 displays the
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Figure 1. A) Full range and B) close view of the main reflection peaks of the XRD measurements of mixed A-cation CsxMA1–xPbI3 perovskite films.
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effect of the sequential addition of Gua (0–10%) on the XRD
main Bragg peaks at two different concentrations of the Cs cat-
ion, 5% and 10%, in Figure 2A,B, respectively. A gradual shift to
lower 2θ angles is clearly observed when increasing the Gua con-
tent up to a 10% value. Moreover, the intensity and width of both
XRD peaks are maintained which indicates similar crystallinity
and local strain at the different Gua content. This result reveals
that the addition of Gua in the mixed A-cation CsxMA1–xPbI3
produces the same expansion of the unit cell as it was previously
described in the MAPbI3 perovskite. Thus, at the low content of
Cs and Gua shown in Figure 2, the 3D inorganic PbI6 network is
able to accommodate the three cations with variable sizes. It is
worth mentioning that the presence of the large Gua cations
together with the small Cs cations does not introduce an addi-
tional strain in the lattice as it was described in the discrete incor-
poration of Cs or Gua. Thus, the strain produced by the addition
of the Gua cation is compensated in the triplet A-cation perov-
skite by the presence of the smaller Cs cation.

Figure S2, Supporting Information, displays the two reflection
peaks of the (110) and (220) crystallographic planes for the mixed
A-cation CsxGuayMA1–x–yPbI3 perovskite films with (5%) and
without the Cs cation at different contents of the Gua cation.
These graphs allow one to clearly identify the shift to larger
angles associated to the addition of 5% of the Cs cation in all

samples. The inclusion of the Cs cation into the mixed A-cation
MA1–xGuaxPbI3 perovskite is demonstrated as it was previously
described for the MAPbI3 films. Thus, both Cs and Gua cations
can jointly be inserted into the octahedral voids of the 3D per-
ovskites at the percentages studied here, causing a reduction
or expansion of the unit cell, respectively.

Figure 3A displays the absorbance spectra for the mixed
A-cation CsxGuayMA1–x–yPbI3 perovskite films with different
percentage of the Cs or Gua cations. The spectra exhibit similar
absorption onset at 750 nm with increasing absorption towards
the lower wavelength region. Tauc plots are presented in
Figure 3B assuming a direct bandgap for the optical transition.
The extrapolation of the straight line according to the Tauc pro-
cedure to the zero value displays very similar bandgap energies
(Eg¼ 1.61 eV) for all mixed A-cation perovskites. Apparently, the
incorporation of Gua seems to modify the Eg providing a slight
larger value as previously reported.14 In any case, the absorption
ability of all mixed A-cations perovskites with moderate percen-
tages of Cs (5%) or Gua (10%) is maintained which is highly ben-
eficial for the fabrication of photovoltaic devices.

The measurement of the PL of the different mixed A-cation
perovskites provides valuable information of the charge carrier
dynamics. Figure 4A displays the typical steady-state PL band
(λexc¼ 400 nm) centered at 762 nm for the MAPbI3 perovskites.
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Figure 2. Bragg peaks corresponding to the (110) and (220) planes at different contents of the Gua cation in a CsxGuayMA1–x–yPbI3 perovskite film with
A) x¼ 0.05 and B) x¼ 0.10.
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Figure 3. A) Absorbance and B) Tauc plots of the mixed A-cation CsxGuayMA1–x–yPbI3 perovskite films.
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We observe slight blueshift of the maximum of the PL peak when
adding the Cs and the Cs/Gua cations (λPL¼ 757–760 nm). This
behavior previously reported in the GuaxMA1–xPbI3 perovskite
was attributed to a more negative value in the valence band ener-
gies.[14] Our results indicate that Cs cation alsomodifies the energy
of the bandgap in the MAPbI3 perovskite and this effect is still
active upon addition of Gua cation in the mixed A-cation
CsxGuayMA1–x–yPbI3 perovskite films. The slight increase of
the bandgap energy in the triple A-cation perovskites might induce
a larger open-circuit voltage (Voc) value in the solar devices pre-
pared with this type of materials with respect to those fabricated
with the MAPbI3 perovskite. Figure 4B displays the PL decays of
the different mixed A-cation perovskites exciting at 400 nm
(Epulse¼ 100 μJ cm�2). The MAPbI3 films exhibit PL decays that
are fitted with a triexponential function delivering an average time
constant of τav¼ 11.6 ns, while the Cs0.05MA0.95PbI3 perovskite
films display shorter decays with τav¼ 9.0 ns. The shorter decay
in the Cs-containing mixed A-cation perovskite reveals a larger
charge carrier recombination. On the contrary, the PL decays in
the Gua-containing perovskites are longer compared to those of
the MAPbI3 perovskite, indicating a slower charge carrier recom-
bination. In particular, the average time constants of τav¼ 19.6 ns
and τav¼ 17.0 ns are obtained for the films containing 5% and
10% of Gua, respectively. The different PL time constants which
are linked to the dynamics of the charge recombination process
are expected to impact the efficiency of the perovskite solar cells
(PSCs).

To get an insight into the origin of the different PL time con-
stants, we have performed SEMmeasurements to investigate the
morphology of the crystalline perovskite layers and we have stud-
ied the defect states with the SCLC method. Figure S3,
Supporting Information, shows the SEM images of the thin
layers of mixed cation perovskites. In all cases, full coverage
of the surface is observed with absence of pinholes that would
be detrimental for the performance of the fabricated PSCs.
The deposited layers are arranged in a densely packed grain
structure with a size of the grains in the range of 200–
400 nm. The grain boundaries are very smooth with no differen-
ces among all four samples. Thus, the partial incorporation of Cs
or Gua to the 3D MAPbI3 perovskite does not apparently modify
the morphology of the films at least at the low percentages uti-
lized in this work. The similar number of grain boundaries in the

four mixed cation perovskites ensures that the carrier recombi-
nation sites are comparable in all samples[32] and therefore the
different PL time decays are not explained due to changes in the
morphology/boundaries of the perovskite grains.

The SCLC method was also utilized to study the concentration
of defect state in the bulk of thematerial. Figure 5 displays the dark
J–V curves for electron-only devices with a structure of FTO/c-
TiO2/perovskite/PCBM/Au. The increase of the applied voltage
clearly defines three regions with different slopes in the J–V curves
(log scale): an Ohmic region with slope n¼ 1, a trap-filling limited
(TFL) region with n> 3, and a child region with n¼ 2. The trap
densities close to the conduction band minimum (CBM) can be
calculated from the voltage (VTFL), marking the transition between
the Ohmic region and the TFL region by using Equation (1)

VTFL ¼
entL2

2εε0
(1)

where e is the electron charge, nt is the trap density, L is the thick-
ness of the perovskite layer (400 nm), ε is the relative dielectric
constant (70 for the perovskites),[33] and ε0 is the dielectric constant
of the vacuum.[34] Table S1, Supporting Information, collects the
slopes of all linear fits for the three regions. We have obtained a
value of trap density of 1.7� 1016 cm�3 for the films of MAPbI3
perovskite which is in good agreement with the reported values for
a high crystalline layer of this material.[35] It is worth mentioning
that the obtained trap density is larger compared to that value
reported in single crystals.[36] Indeed, the surface trap states are
expected to dominate in films compared to high-quality crystals.[37]

In the mixed cation Cs0.05MA0.95PbI3 perovskite layer, the trap
density increases to 2.4� 1016 cm�3 while in the
Cs0.05Gua0.05MA0.90PbI3 perovskite the trap density decreases to
a value of 1.2� 1016 cm�3, both values compared with that of
the reference sample. Finally, we found a similar value of
1.7� 1016 cm�3 for the trap density of the mixed cation
Cs0.05Gua0.10MA0.85PbI3 perovskite as in the MAPbI3. The
SCLC measurements reveal that the incorporation of Cs to the
3D perovskite adds defects to the structure while the addition
of the Gua cation produces the opposite effect, a decrease of
the density of defects. The higher lattice strain observed in the
XRD measurements for the films with only Cs already indicated
a potential higher concentration of trap defects. These results

Figure 4. A) Steady-state and B) time-resolved PL of the mixed A-cation CsxGuayMA1–x–yPbI3 perovskite films. λexc¼ 400 nm.
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account for the changes in the PL time constants observed in the
time-resolved measurements. The shorter PL time decay in the
mixed cation perovskite with only Cs is explained due to a higher
trap density while the longer PL time decay of the sample with 5%
of Gua is ascribed to a lower density of traps in that film. Thus, the
obtained results should be very valuable to interpret the changes in
the performance of the solar cells prepared with each type ofmixed
cation perovskites.

The electron mobility (μ) can be also calculated for each perov-
skite film from the dark J–V curves by fitting the experimental values
at the child region to the Mott–Gurney law (Equation (2))

μ ¼ 8JL3

9εε0V2 (2)

where J is the current density and V is the applied voltage. The
obtained electronmobilities are very similar to each other with values
of 3.8, 4.5, 3.8, and 4.9 cm2V�1 s�1 for MAPbI3, Cs0.05MA0.95PbI3,
Cs0.05Gua0.05MA0.90PbI3, and Cs0.05Gua0.10MA0.85PbI3, respectively.
Apparently, the addition of Cs or Gua does not introduce any ten-
dency in the electron mobility values.

PSCs were fabricated to evaluate the influence of the partial
incorporation of the Cs and Gua cation on the performance of
the cells. The n–i–p mesoscopic configuration was preferred as
the architecture of the cells with TiO2 blocking and a TiO2

mesoporous films as electron transport layers (ETL) and Spiro-
MeOTAD as the hole transport layer (HTL). Figure 6 illustrates
the J–V curves for each champion device upon illumination with
a solar simulator. Figure 7 displays the average photovoltaic
parameters obtained from the cells, which also includes the cham-
pion cells obtained for each condition. An average power conver-
sion efficiency (PCE) of 18.6%was obtained for the cells fabricated
with the reference MAPbI3 perovskite, comparable with those
obtained for the best representative MAPbI3-based PSCs reported
in the literature.[38] The PCE value of the cells containing the
Cs0.05MA0.95PbI3 perovskite layer is considerably lower, 17.3%,
due to a decreased VOC but specially a reduced value of the fill
factor (FF). On the contrary, the addition of 5% or 10% Gua into
the triple cation perovskite produces an increase of the PCE to a
value of 20.0% and 19.0%, respectively. All photovoltaic parame-
ters are larger compared to the referenceMAPbI3 perovskite, espe-
cially the VOC. This phenomenon is explained due to the slight
increase in the bandgap energy (Eg) upon increasing the content
of Gua which has been previously reported.[14] The minor distor-
tions of the crystal lattice produced by the incorporation of the Gua
cations affect the position of the valence and conduction band and
therefore the bandgap energy. This phenomenon is similar to that
observed in the hybrid halide perovskites containing Br as the
halide anion (MAPbBr3) where the larger Eg value compared to
the iodide perovskites is related to a larger VOC.

[39] Thus, the
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Figure 5. Dark J–V curves for electron-only devices of the mixed cation perovskites: A) MAPbI3, B) Cs0.05MA0.95PbI3, C) Cs0.05Gua0.05MA0.90PbI3, and
D) Cs0.05Gua0.10MA0.85PbI3.
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inclusion of Gua into the 3D structure of the perovskite is capable
of reverting the negative effect of the Cs cations on the perfor-
mance of the perovskite solar cells. The tendency in the PCE val-
ues matches well with the PL time decays for each type of
perovskite. We have obtained larger PCE values for those mixed
cation perovskites with longer PL time constants as a consequence
of the lower density of trap states.

In addition to the changes in the performance of the solar cells
when adding Cs or Gua to the 3D MAPbI3 perovskite, the stabil-
ity of the material and, therefore, of the devices is also affected.
The stability of the solar cells is tested in devices without encap-
sulation which reveals a more intense degradation compared to
reported encapsulated devices. Figure S4, Supporting
Information, reflects the reduction of the initial PCE value of
PSCs stored at room temperature and ambient atmosphere.
After the initial 50 h, a significance decrease of the PCE is
observed in all samples, which is normally attributed to the inter-
penetration of spiro-OMeTAD and gold electrode.[40] Then, the
PCE of the samples containing Gua is gradually stabilized while
it follows decreasing for the reference or Cs-only containing devi-
ces. After 600 h, the PCE is 50–55% of the initial one in themixed
cation perovskites with Gua while it is only 30% in the reference
MAPbI3 perovskite. Our results reveal that Cs does not assist in
the stabilization of the 3D perovskite but Gua does, with a higher

PCE value at larger content of Gua. The presence of three amino
groups in the Gua allows the formation of additional H-bonds
with the octahedral iodide stabilizing the 3D structure.[14]

3. Conclusions

The addition of small percentages of Cs or Gua (5–10%) into the
precursor solution to fabricate the 3D perovskites resulted in a
shift of the Bragg reflection peaks with respect to those found
in the MAPbI3 perovskite to higher or lower 2θ angles, respec-
tively. These results demonstrate a shrinkage of the unit cell due
to the incorporation of Cs that can be reverted if Gua cations are
added together with the Cs cations, forming a triple cation
CsxGuayMA1–x–yPbI3 perovskite. The subtle changes in the struc-
ture of the 3D perovskite entail a modification of the PL time
decays that are explained due to different trap density. Thus,
the addition of Cs cations into the structure appears to increase
the density of trap states shortening the charge carrier lifetime.
On the other hand, the inclusion of Gua into the 3D perovskite
decreases the trap density retarding the charge carrier recombi-
nation. Our results reveal the structure–property relationship in
the Cs/Gua mixed cation 3D perovskites. Finally, the PSCs fab-
ricated with these materials display PCE in line with the
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Figure 6. J–V curves of the champion solar devices prepared with different mixed cation perovskites: A) MAPbI3, B) Cs0.05MA0.95PbI3,
C) Cs0.05Gua0.05MA0.90PbI3, and D) Cs0.05Gua0.10MA0.85PbI3.
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optoelectronic properties. The PCE rises from an average value of
18.6% in the MAPbI3-based device to a value of 20.0% in the
Cs0.05Gua0.05MA0.90PbI3-based perovskite while it decreases
to 17.3% in the device containing the double cation
Cs0.05MA0.95PbI3 perovskite.

4. Experimental Section

Starting Materials: Lead iodide (PbI2, 99%), methylammonium iodide
(MAI, 98%), guanidinium iodide (GuaI, 99%), cesium iodide (CsI,
99.999%), titanium diisopropoxide bis(acetylacetonate) solution (75%
in 2-propanol), spiro-MeOTAD, 4-tert-butylpyridine (TBP), lithium bis(tri-
flouromethylsufonyl)imide (LiTFSI), cobalt (III) FK209 TFSI, [6,6]-phenyl
C61 butyric acid methyl ester (PCBM), and acetonitrile (ACN, 99.9%) were
supplied by Sigma-Aldrich. N,N-dimethylformamide (DMF, 99.8%) extra
dry over molecular sieve, AcroSeal, dimethyl sulfoxide (DMSO, 99.7%)
extra dry over molecular sieve, AcroSeal, and chlorobenzene extra dry over
molecular sieve, AcroSeal were purchased from Acros Organics. Ethanol

absolute dry (maximum 0.02% water) and TiO2 paste (DSL 30 NR-D,
batch 438) were purchased from PanReac AppliChem and Dyesol, respec-
tively. The glass patterned with FTO TEC-15 was purchased from
Pilkington. Isopropyl alcohol (technical grade, 99.5%) and soap (decon90)
were purchased from PanReac AppliChem and Decon, respectively.

Devices Fabrication: All substrates were cleaned by a sequential sonica-
tion treatment in Decon 90, Milli-Q water, and isopropyl alcohol, followed
by UV-ozone treatment for 15min.

Solar Devices: The structure device given FTO/c-TiO2/m-TiO2/perov-
skite/Spiro/Au was fabricated. A compact blocking layer of TiO2 (c-
TiO2, 30 nm in thickness) was deposited onto the FTO glass substrate
by spray pyrolysis, using a titanium diisopropoxide bis(acetylacetonate)
solution in ethanol (60% v/v). C-TiO2 layer was then kept at 450 �C for
30min for formation of anatase phase.[41] The mesoporous TiO2 layer
(m-TiO2, 200 nm in thickness) was deposited by spin coating at
2000 rpm for 15 s using a diluted TiO2 dispersion in ethanol, ratio 1:8
by weight. m-TiO2 layer was sintered at 500 �C for 30min and later cooled
to room temperature.[42] Stoichiometric precursor solution was prepared
by mixing MAI, GuaI, CsI, and PbI2 in DMF/DMSO. The concentration of
the precursors in the solution was adjusted to the relative humidity of the
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Figure 7. Statistical data for A) Jsc, B) Voc, C) FF, and D) PCE obtained from more than 20 cells prepared with the mixed cation CsxGuayMA1–x–yPbI3. The
top bar shows the maximum value, the bottom bar shows the minimum value, the circle shows the mean value, and the dashed rectangle shows the
region containing 25–75% of the data, obtained for each condition.
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environment (40% RH) by the Pb/DMSO ratio, keep the PbI2 molarity
equal to 1.35.[42]

The perovskite films have been deposited using a spin coating process
previously reported.[43] The perovskite precursor solution (50 μL) was
deposited on the m-TiO2 layer at 4000 rpm for 50 s. During this step,
200 μL of chlorobenzene was poured onto the films and the films were
annealed at 100 �C on a hot plate for 20min. After this, spiro-
OMeTAD was spin-coated at 400 rpm for 30 s from a chorobenzene solu-
tion (28.9mg in 400 μL) containing LiTFSI (7.0 μL from a 520mgmL�1

stock solution in acetonitrile), TBP (11.5 μL), and Co(III)TFSI (8.8 μL from
a 40mgmL�1 stock solution) as dopants. Finally, a 70 nm gold electrode
was deposited as a metallic contact by thermal evaporation
(1� 10�6 Torr).

Electron-Only Devices: The structure device given FTO/c-TiO2/perov-
skite/PCBM/Au was fabricated. All layers have been deposited following
the steps detailed above. PCBM chlorobenzene solution (10mgmL�1)
was spin-coated on perovskite films. After this, the films were annealed
at 100 �C for 10min.[44]

XRD Measurements: XRD experiments were performed using a Bruker
D8 DISCOVER diffractometer operating at 40 kV and 40mA and using Cu
Kα radiation (1.54060 Å). The range of measurement was done from 2� to
40� Bragg angles.

UV–vis Absorption Spectroscopy: UV–vis absorption spectra were per-
formed at room temperature (�25 �C) using a Cary 100 UV–vis spectro-
photometer in the range of 500–800 nm in all cases.

Steady-State and Time-Resolved PL Measurements: Steady-state PL spec-
tra were recorded with a FLS980 (Edinburgh Instruments) PL spectrome-
ter using a 450W Xenon arc lamp and a R298P photomultiplier as
detector. Time-resolved fluorescence measurements were accomplished
through the time-correlated single photon counting (TCSPC) technique,
by using the same FLS980 (Edinburgh Instruments) PL spectrometer.
The samples were excited at 406.4 nm with an 86.8 ps pulse width diode
laser using a R2658P photomultiplier as the detector.

SEM Studies: SEM image of the films was performed using a JEOL JSM
7800F microscope working at 2 kV. The work distances were �10mm for
all cases and 20 000� magnification.

Device Characterization: The photovoltaic device performance was ana-
lyzed using an Oriel LSH-7320 ABA LED solar simulator producing 1 Sun
AM1.5 (1000Wm�2) sunlight. Current–voltage curves were measured
with a Keithley 2400 potentiostat at a reverse scan rate of 100mV s�1

and a sweep delay of 20 s. The solar cells were masked with a metal aper-
ture of 0.09 cm2 to define the active area. The cells were measured in air, at
room temperature, and without encapsulation.
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the author.
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