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ABSTRACT: One of the most fascinating characteristics of perovskite solar cells (PSCs) is the retrieved obtainment of
outstanding photovoltaic (PV) performances withstanding important device configuration variations. Here we have analyzed
CH,;NH,PbL;_,Cl, in planar or in mesostructured (MS) configurations, employing both titania and alumina scaffolds, fully
infiltrated with perovskite material or presenting an overstanding layer. The use of the MS scaffold induces to the perovskite
different structural properties, in terms of grain size, preferential orientation, and unit cell volume, in comparison to the ones of
the material grown with no constraints, as we have found out by X-ray diffraction analyses. We have studied the effect of the PSC
configuration on photoinduced absorption and time-resolved photoluminescence, complementary techniques that allow studying
charge photogeneration and recombination. We have estimated electron diffusion length in the considered configurations
observing a decrease when the material is confined in the MS scaffold with respect to a planar architecture. However, the
presence of perovskite overlayer allows an overall recovering of long diffusion lengths explaining the record PV performances
obtained with a device configuration bearing both the mesostructure and a perovskite overlayer. Our results suggest that
performance in devices with perovskite overlayer is mainly ruled by the overlayer, whereas the mesoporous layer influences the
contact properties.

P erovskite solar cells (PSCs) are awaking a great interest in physical processes occurring in such devices will undoubtedly
the last 2—3 years due to the outstanding results in terms help to further improves their performances.

of photoconversion efficiency from low-cost deposition In this frame, one of the most intriguing aspects that first
techniques.'In this period reported efficiencies in all-solid surprised researchers, involved in this emerging technology, was
devices has moved from 10 to 11%>>to certified 20.1% (http:// the retrieved obtainment of outstanding photovoltaic (PV)
www.nrel.gov/ncpv/images/efficiency chart.jpg). This spectac- performances withstanding important device configuration
ular evolution, with no precedent in any other photovoltaic variations. In one of the first reports, Kim et al. produced a
technology, has been obtained mainly by an optimization of the

PSC preparation processes. However, despite these progresses Received: March 7, 2015

many aspects of PSCs working principles remain not Accepted: April 8, 2015

completely understood. Thus, a deeper knowledge of the
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Figure 1. Cross-sectional scanning electron micrographs (SEM) of the devices studied (left) and schematic view (right); (a) P, (b) T, (c) A, (d) TP
and (e) AP devices. Images were obtained using as the background the image of the secondary electron ray mode view that is most rich in texture
surface details overlapped with a color coded semitransparent retrodispersed electrons image to identify unambiguously the thickness of embedded
perovskite inside scaffold and the overlayered perovskite. Scale bar is a 1 ym. Color code: Au (white), Spiro-MeOTAD (green), HPVK overlayer
(dark pink) embedded HPVK (gray-red), FTO (blue-gray). Supporting Information Figure S3 and S4 are the corresponding raw SEM images as
obtained without color composite post-treatment.

PSC with a configuration mimicking dye sensitized config- perovskite (HPVK) was fully infiltrated.* Practically at the same
uration with a TiO, scaffold, supposedly acting as electron time, Lee et al. reported also excellent efficiencies using an
transport material (ETM), where CH;NH;Pbl; hybrid halide infiltrated insulating scaffold of Al,O; that cannot act as ETM.?
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Table 1. Mass and Geometrical Characteristics of HPVK Samples Calculated Experimentally by SEM, Pore Size Determination,
and XRD Analysis®

mesoporous overlayer parameter
scaffold overlayer surface perovskite mass crystallite unit cell March—
device thickness porosity”  thickness coverage® weight/active area size® a S volume Dollase®
(nm] (%] (nm] (%] (g/cm?] (nm] (A] (A] (A%]
P 440 + 40 65 120+ 12X 107 145+ 10  8.868(1)  12.650(3)  994.4(2)  0.44(1)**
T 440 + 60 28 S2+07X10°5 262 8.896(1)  12.633(2)  1000(1) 0.38(2)*
A 640 + 40 32 85+ 01X107°  25+2 8.893(4)  12.647(5)  1000(1) 0.66(3)*
TP 540 + 20 28 170 + 70 66 110 £20 X 107 134+ 128 8871(1)  12.62(2) 994(1) 0.25(2)**
AP 620 + 30 32 270 + 50 28 113+ 09 X 10 150 + 127 8.875(1)  12.646(4)  996.2(4) 0.49(3)**

“Errors on the last significant digit are shown in parentheses. bExg)erimental porosity from Ar isotherm at 77 K. “Overlayer surface coverage
evaluated using the high contrast color threshold tool of Image];'® see Supporting Information Figure S6. 9Calculated total mass quantity of
perovskite deposited accounted by embedded perovskite inside the mesoporous layer and perovskite overlayer per square centimeter of device. The
crystal density of HPVK was obtained elsewhere.” “Determined by microstructure analysis implemented in FullProf from the XRD data. () indicates
that crystallite size reported is for the overlayer. 7a and ¢ unit cell parameters of perovskite tetragonal structure. $Calculated following ref 11.
Preferential orientation along *(001) and ** (110) directions. P = glass/TiO,—CL/HPVK/spiro-MeOTAD/Au, T = glass/TiO,—CL/HPVK
infiltrated inside mesoporous TiO,/spiro-MeOTAD/Au, A = glass/TiO,—CL/HPVK infiltrated inside mesoporous Al,O;/spiro-MeOTAD/Au, TP
= glass/TiO,—CL/HPVK infiltrated inside mesoporous TiO,/HPVK overlayer/spiro-MeOTAD/Au, and AP = glass/TiO,—CL/HPVK infiltrated
inside mesoporous Al,O;/HPVK overlayer/spiro-MeOTAD/Au.
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Figure 2. Experimental XRD pattern of the plane (110) of the tetragonal HPVK for (a) P, T, and A type substrates and (b) P, TP, and AP substrates.
P sample is included in both graphs to better comparing the broadening of the signal between samples.

Later, it was shown that samples presenting a HPVK overlayer tion Figure S2 depicts schematically the devices prepared for
on top of the nanostrutured scaffold both using alumina® or this study together with the naming convention used for the
titania® possessed higher PV performance. Moreover, planar devices. The sample nomenclature used hereafter to denote the
devices demonstrated also a very high efficiency.” The presence different configuration is: P for planar HPVK, T for fully
of mesostructured scaffold obviously constrains the perovskite infiltrated sample with TiO, scaffold, A for fully infiltrated
crystal size to the nanostructure pore size, whereas planar sample with Al,O; scaffold, TP for samples with TiO, scaffold
samples presents a relative big grain size.” This fact has and HPVK overlayer, and AP for samples with Al,O; scaffold
implications in different material properties such as light and HPVK overlayer (see Figure 1).
absorption.® However, a straight relationship with optical and As we want to study the effect of different device
transport properties and the device configuration has not been configurations, we have to rule out other effects such as the
found yet. In this work, we have prepared HPVK layers with amount of deposited perovskite. We have determined the
different configuration characterizing them by X-ray diffraction deposited HPVK quantity in each configuration by measuring
(XRD), photoinduced absorption (cw-PIA), and time-resolved the layer thickness and the surface coverage via scanning
photoluminescence (TRPL) in order to study the effect of electron microscopy (SEM) imaging, the optical light
configuration in the properties of layers and devices. absorption spectra for every device, the textural image
Several types of HPVK based devices were assembled. The characterization of the mesoporous layer and the Ar
set of devices studied comprises two groups: (1) complete adsorption—desorption isotherms (see section S2 and Figures
working photovoltaic solar cell devices with planar config- S7 and S8 in the Supporting Information). Cross-sectional
uration or containing either alumina or titania as metal oxide (Figure 1) and top-view (Supporting Information Figure S5
mesostructured scaffold, (Figure 1 and Supporting Information and S6) SEM micrographs of the studied devices are used to
Figure S1) using compact TiO, and spiro-OMeTAD as calculate thickness and total coverage of the HPVK overlayer,
selective electron and hole layers, respectively, and (2) probe which are reported, for clarity, in Table 1.
devices assembled without compact TiO, or FTO layer and Total amount of HPVK deposited in the different
using inert PMMA layer instead of spiro-MeOTAD aiming at configurations is estimated in Table 1 using SEM and textural
isolate particular photoinduced processes. Supporting Informa- characterization. We assume pores are fully filled with HPVK
1630 DOI: 10.1021/acs jpclett.5b00483
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Figure 3. (a) Current—potential J—V curve of the studied devices under 1 sun illumination and voltage scan from open circuit to short circuit (see
Supporting Information Figure S10 for forward voltage scan of the devices), (b) diffuse optical absorption (dashed line) and photoluminescence
(solid line) spectra of the thin film device and the mesoporous cell without overlayer.

crystallites. The scaffold porosity has been measured exper-
imentally by Ar desorption isotherm at 77 K, see Supporting
Information Figure S7. The pore size distribution of alumina
and titania mesoporous scaffolds is almost equal and it consists
of a bimodal pore size centered at 4 and 22 nm width pore size,
consequently HPVK grains of the same size can be inferred for
infiltrated perovskite, see Supporting Information Figure S8.
This point has been confirmed by XRD analysis, see below. The
determined HPVK volume is converted to weight mass using
the density for the bulk crystal material, 4.159 g/cm®” For
simplicity, the same crystal density value is considered for
infiltrated and overlayer HPVK. XRD indicates, however, that
this assumption is not strictly true (see below) but the
introduced error is estimated to be lower than those introduced
by other geometrical factors and, consequently, is neglected. In
addition the effective coverage of the overlayer, extracted from
SEM images has been also taken into account (Supporting
Information Figure S6), in order to calculate the perovskite
mass weight. The profiles obtained clearly state that P, TP, or
AP devices present similar amount of HPVK, whereas fully
infiltrated samples, T and A, present a lower amount. In line
with these estimations, the optical absorption of the devices at
635 nm (Supporting Information Figure S9) indicates similar
differences in the amount of HPVK deposited depending of the
device type.

The analysis of the XRD patterns for the different
configurations provides very valuable information, indicating
several differences between the perovskite growth as overlayer
and the infiltrated perovskite growth inside the scaffold. The
first difference is the smaller crystallite size of the T and A
samples compared with P sample. T and A samples presented
broader diffraction peaks, Figure 2a, corresponding to smaller
grain size as it has been calculated by microstructure analysis,
see Table 1. The crystallite size obtained from XRD is in good
agreement with the pore size distribution of the scaffolds, see
Supporting Information Figure S8. Samples TP and AP show
an asymmetric diffraction peaks that can be deconvoluted by
the presence of two grain sizes one corresponding to the
infiltrated perovskite and another one corresponding to the
HPVK overlayer with grain size similar than P sample, see
Figure 2b and Supporting Information Figure S14. In addition
to these expected results, it is worth noticing the additional
changes detected in the structural properties of HPVK
depending on whether it grows infiltrated in the mesostructure
or not. Our study reveals that the preferred orientation axis
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changes from (110) for the overlayer to (001) for infiltrated
HPVK. This change is more important for the Al,O; scaffold
that shows higher preferential orientation. Preferential
orientation has been quantified by the March—Dollase
parameter,'" see Table 1. When this dimensionless parameter
presents a value equal to 1 sample presents random orientation,
but when lower value than 1 is calculated preferential
orientation is detected. The degree of preferential orientation
is higher as the parameter separates from 1 value. Moreover,
there is a clear enlargement of the crystal unit cell volume for
the pore confined HPVK, see the shift in the diffraction peaksof
A and T samples with respect to the P sample, Figure 2a, and
unit cell parameters and unit cell volume in Table 1. XRD
analyses indicate that the structural properties of perovskite
(size, preferential orientation, and unit cell volume) are
influenced by pore size but also by the nature of mesoporous
scaffold. Note also that the use of PbCl, precursor instead of
Pbl, for HPVK synthesis can also affect the HPVK growth
process inside the mesopores, as it has been recently pointed
out.”>™'* Our results are also in line with Choi et al, whom
observed a difference between bulk perovskite and HPVK
grown on mesostructured substrate.'> The collection of such
observations implies that mesoporous layer (with infiltrated
HPVK) and overlayer constitute in fact two layers with
significantly different nature.

PSC devices have been fabricated reproducing the different
configurations analyzed. We did not optimized the different
architectures to obtaining record PV performances, instead we
hold the material preparation procedures for the sake of the
valuable comparison of the related material properties. J-V
profiles and parameters obtained for the assembled working
devices are shown in Figure 3a and Table 2, respectively. Also
here, a clear trend is observed relating the quantity of deposited
HPVK with the density of photocurrent, J,, extracted from the
different devices. Higher content of HPVK implies higher J.
Furthermore, samples with alumina scaffold show higher open
circuit voltage, V., than samples with TiO, scaffold or without
scaffold, as it has been previously observed,”'® due to a lower
recombination rate, which we have demonstrated by impedance
spectroscopy.'® The physical origin of such observation could
probably be related to the different structural properties such as
the enhanced preferential orientation induced by alumina
scaffold, discussed above. From such results, it can be
extrapolated that V,_is highly dependent on device architecture
but J is mainly dependent on the amount of HPVK deposited
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Table 2. Best Performing Solar Cell Parameters under 1 Sun
Ilumination: Short Circuit Current, J,, Open Circuit
Potential, V_, Fill Factor, FF, and Photoconversion
Efficiency, 7, As Obtained from Figure 3a®

device Joe Voo FF n
[mA/cm’] [mV] [%] [%]
P 16.14 824 70.20 9.33
T 11.60 742 68.12 5.86
A 9.92 1048 63.86 6.64
TP 15.15 806 70.96 8.67
AP 14.11 996 69.58 9.78

“See Supporting Information Table Sl.a for parameters obtained at
forward and reverse voltage scan and Supporting Information Table
SL.b for the average parameters for a batch of 10 solar cells. Supporting
Information Figure S10.b shows the IPCE spectra with integrated
photocurrent for the devices, in good agreement with photocurrent
measurements from J—V curves.

by a certain preparation method. However, it is worth noting
that differences in deposition and crystal growth method can
induce variations of the obtained J.

With the aim rationalizing how and to what extent the
mesostructuring of the substrate and the sample architecture
would lead to differences in perovskite-based solar cells, here,
we compare the photophysical processes occurring in the five
perovskite active layers presented above. We first investigate PL
from the HPVK active material embedded in working devices
and in reference systems designed to isolate specific
phenomena. For this analysis, HPVK was directly deposited
on glass substrate. Sample P presents a PL band centered at 785
nm. This emission shifts to higher energy (An. = 763 nm)
when the perovskite is fully infiltrated within an oxide
mesoporous matrix (samples T and A), followed by a
concordant shift of the absorption onset as shown in Figure
3b (and Supporting Information Figure S9). As the perovskite
is deposited in every investigated system with the same
procedure, specific differences induced by the oxide matrix
should be taken into account to explain the observation. The
constraint induced by the pores volume leads to the formation
of smaller crystal in mesoporous layer compared to thin film
architectures. The band edge shift related to the perovskite
crystallite dimension has been recently demonstrated by
growing large crystal via solution methods.'”"® Accordingly,
the increase of the grains dimensions in planar configuration
could be considered the main reasons of the absorption onset
and emission maximum shifts. In general this behavior would
promote an improvement of the charge collection in the NIR

region of the spectra for perovskite film containing large
crystallites.

To further prove the effect of cell configuration on the
perovskite photophysical properties, we employ quasi-steady-
state photoinduced absorption (cw-PIA) spectroscopy. Figure
4a compares the in phase component of the photoinduced
absorption spectra obtained from P/PMMA, TP/PMMA, and
AP/PMMA. The only noticeable feature observed from cw-PIA
spectra (Figure 4a) is a dominant contribution originating from
the perovskite absorption ground-state bleaching around 760
nm. Depending on the samples, we noticed a slight shift that
reflects the already mentioned different distribution of the grain
dimension. It is very important to highlight that no significant
differences are observed between the three spectra. A
noteworthy electron injection from HPVK would induce a
photoinduced absorption band in the region above 800 nm
were TiO, electrons would absorb. We have previously
observed that photoinjection of electrons from perovskite
into TiO, scaffold was significantly lower than in other devices
as a dye-sensitized cell.'” For the samples analyzed in this work,
the effect is more marked, as no difference can be appreciated
in IR region of the cw-PIA spectra between TP sample and P
and AT samples (see Figure 4a). Consequently, we can
reasonably exclude here an efficient electron transfer from
perovskite to the mesoporous TiO, scaffold, as previously
demonstrated. Very recently the value of PSCs capacitance was
reported to be about 10 times less than would be expected for a
solid-state dye sensitized cell using a similar NS TiO, film
thickness,” suggesting that only the TiO, electron states near
the FTO could be filled in such devices. This result nicely
supports our observations. It is important to notice, however,
that in the systems whose spectra is reported in Figure 4a, the
absence of a hole accepting layer could also impact on the
tendency of perovskite to inject electrons into the NS TiO,
scaffold.

The main spectral features of the PIA spectra have been
resolved via ultrafast transient absorption spectroscopy,”
decoupling the contribution from local electric fields."* The
ground-state bleaching recovering have been nicely correlated
to the population of excitons/free charges, mostly recombining
via radiative pathways. The strong dominant bleaching signal in
the spectra of Figure 4a clearly indicates the massive
contribution arising from free carriers accumulating within
the perovskite films, despite the different substrate architecture
monitored.* In Figure 4b, the PIA spectra of the fully working
devices are reported; in this case, a clear trend is observed for
the TiO,-based devices. The bleaching signal decrease from P
to TP to T. Interestingly, the photocurrent extracted from such

3.0x10°{ Q) —— PIPMMA
—— TP/PMMA
2.0x10° / AP/PMMA
-3
e 1.0x10° -
> >
00] 1\ _ — —
-1.0x10°1
600 700 800 900 1100

wavelength (nm)

3ox10°1 b) ——PJSpiro
—— T/Spiro
2.0x10°1 —— A/Spiro
—— TP/Spiro
1.0x10° AP/Spiro
0.0/ -
-1.0x10°* A
600 700 800 900 1100

wavelength (nm)

Figure 4. (a) cw-PIA spectra of P/PMMA, TP/PMMA, and AP/PMMA excited at 488 nm. (b) cw-PIA spectra for the set of working devices excited

at 488 nm.
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Figure S. (a) PL decays of working devices and completely isolated glass/P/PMMA device. (b) PL decays with electron quenching layer and
completely isolated glass/P/PMMA and glass/A/PMMA devices. PL decays recorded at 770 nm while exciting at 635 nm and collecting from the

substrate side.

devices follows the same trend. As further discussed below, the
reduction of the feature in TP compared to P would be justified
by the increase of the radiative deactivations paths induced by
the pores confinement of HPVK, which decreases the carrier
lifetime. The reduction of the bleaching is also related to the
amount of perovskite present in the investigated sample. As
reported in Table 1, the samples without overlayer have less
deposited perovskite, and thus, the decrease in the photo-
induced absorption between TP and T should be related to the
reduced carriers density caused by the decrease of the sample
absorption. These findings points to that cw-PIA features
intensity account for the different amount of charge stored by
the different stacks with different crystal size of perovskite and
very interestingly this correlates with the device photocurrent.
Nevertheless, this hypothesis needs further research in order to
be unambiguously confirmed.

In Al,O;-based devices the ground-state bleaching is still
intense, but it is evidently pushed down by the negative
absorption of Spiro-OMeTAD" with the two well recognizable
features at 710 and 980 nm.*>** This fact suggests that in the
continuous excitation regime, Spiro-OMeTAD extracts the
holes more efliciently in Al,O; than in TiO,-based devices. The
observation is not easy to rationalize, and frequency depend-
ence cw-PIA analyses are being carried out to shine light on this
aspect. At this stage, we could speculate that the behavior could
be caused by the interface between Spiro-OMeTAD and the
corresponding oxide material. In fact, even in the case of
samples with overlayer, this does not cover completely the MS
matrix allowing contacts between the scaffold and the hole
selective contact, this in case of TiO,-based device could lead to
detrimental charge recombination processes even if the charge
injected in the TiO, is proven to be poor. The different oxides
also affect the perovskite active material, as we have shown with
XRD analysis, via influencing the material growth and/or its
defects nature and distribution, leading to different charge
distribution in the two analyzed cases. These interesting
observations could be, among others, to the ground of the
usually observed higher V. obtainable in Al,O; mesostructured
perovskite solar cell.>'

Time-resolved PL decay is also a useful tool to probe the
effect of configuration on perovskite devices. PL decays of
complete PSCs are reported in Figure Sa. Sample excitation and
PL detection are produced through substrate side (FTO). The
decays are taken at the maximum of the PL band. All the
samples show a strong PL quenching if compared to the
isolated perovskite device glass/P/PMMA. Among the
investigated samples, the P device shows the strongest
quenching followed by mesostructured devices TP, T, AP,
and A. PL quenching of the perovskite when coupled to active
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materials (TiO,) have been associated with charge extrac-
tion.”*">® However, as we have already discussed in previous
works,"? porous media has influence on the radiative
deactivation mechanism in perovskite materials, and extra
deactivation processes altering the excited states decay should
be considered in addition to the charge extraction for the
different architectures.

Relevant perovskite layer parameters as electron diffusion
coeflicient, D, and electron diffusion length, L;, can be obtained
from the measurement of PL decay with and without electron
extracting l?rer (in our case TiO,) as it has been previously
reported 42¢ (see Table 3). Finite-difference time-domain

Table 3. Profiles for Electron D and Ly Obtained Using the
Simple One Layer PL Decay 1-D Diffusion Model,”* Exciting
and Collecting from the Substrate Side

device D (cm?/s) Ly (nm)
glass/CL-TiO,/P/PMMA 0.010 + 0.002 400 + 30
glass/CL-TiO,/A/PMMA 0.004 + 0.001 60 + 5
glaSS/CL—TiOZ/AP/PMMA 0.050 + 0.010 260 + 30
glass/FTO/CL-TiO,/ AP/PMMA 0.850 + 0.100 1050 + 90
glass/FTO/CL-TiO,/ TP/PMMA 0.780 + 0.100 1000 + 90

diffusion modeling of the PL decay in one-dimensional
substrates were carried out to shed light on the charge
collection efficiency of the devices by modeling the electron
density, n(x,t), in the HPVK layer according to same procedure
reported elsewhere***® (see section S.5 in Supporting
Information). It is important to highlight that the magnitudes
obtained in this way has to be considered as estimation since
several approximations are used for obtaining them. As a first
approximation, we consider charge transfer at TiO, interface
infinite, that is, electrons that attain the interface are
immediately extracted, but this is not the case, as is pointed
in ref 25. Moreover, according to this, only diffusion transport
is considered, that is, there is no electrical field in the perovskite
layer, and consequently, no drift transport is considered. It is no
straightforward to evaluate the accurateness of this approach as
there is no complete model of PSC performance but in a p-i-n
scenario,”® as many works point out, electrical fields***® could
have an important effect in the transport. Finally, we consider
for TP and AP case a simple effective layer and we do not take
into account explicitly that is an infiltrated HPVK + HPVK
overlayer. This last approximation is probably the origin of the
discrepancies observed in the calculated D and L4 for samples
with overlayer comparing illumination though the substrate
with opposite side illumination (see Supporting Information
Table S2). Note that this discrepancy does not exist for more
uniform samples with no overlayer (P, T, and A), being a

DOI: 10.1021/acs jpclett.5b00483
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reasonable verification of the model. For this reason, despite
the roughness of the approach, we consider that valuable
qualitative information can be obtained from this analysis.

Several interesting observations can be highlighted. Figure 5b
compares the different PL decay behaviors. First, we compare
isolated perovskite layers, with non-extracting contact: glass/P/
PMMA and glass/A/PMMA with the corresponding layers
including compact TiO, (CL-TiO,) quencher, that is, glass/
CL-TiO,/P/PMMA and glass/CL-TiO,/A/PMMA. Reduction
of perovskite crystal size due to the constrains of alumina
scaffold produces a significant decrease of both diffusion
coefficient (0.010 and 0.004 cm?/s for P and A devices,
respectively) and diffusion length (400 and 60 nm for P and A
devices, respectively); see Table 3. As the model takes into
account, the total amount of perovskite in both devices the
reduction in Ly, which is more than 6-fold, has to be attributed
mainly to the reduction of grain size. Surprisingly, glass/CL-
TiO,/AP/PMMA configuration presents a significantly lower
reduction of Ly (260 nm) being of the same order than P
sample. This fact is in a certain way unexpected, as we could
consider AP sample as a series connection of a totally infiltrated
layer with a overstanding perovskite layer, with transport
restricted by the layer with the worst transport, but the
observed behavior is opposite.

Perovskite overlayer is therefore a smart strategy to enhance
solar cell performance as it increases the diffusion length to the
same range of the planar cells.®’ This fact suggests that
perovskite infiltrated in nanostructured layer plays a minor role
on cell performance in comparison with the perovskite
overlayer. In this sense, the main role of nanostructure scaffold
is to help in the perovskite growth process and modify the
electron selective contact. In addition, the scaffold could
promote an effect regarding electrical field distribution.” This
conclusion is in good agreement with previous results. It has
been observed a clearly differentiate behavior of nanostructured
layer with infiltrated HPVK and perovskite overlayer by Kelvin
force microscopy.” Besides, hysteresis detected in most of the
PSC is strongly dependent on the contact nature,** and it can
be strongly reduced by adding a nanostructured TiO, film to
the planar PSC configuration, observing and optimizing
behavior for 200 nm thick TiO, nanostructured scaffold.>®

Different reasons could be at the source of this shortening of
the PL decays that are attributable only to the contribution
coming from the perovskite grown within the oxide. One
hypothesis could be higher carrier densities for small grains
leading to the radiative recombination increase. Related to this,
in a recent study, PL decays components have been resolved in
perovskite film, employing two-photon fluorescence micros-
copy, and evident inhomogeneitys have been found in the film,
in particular, different carrier concentrations and, thus, different
PL lifetimes were found at grain boundaries and at imperfect
interfaces between perovskite and surrounding layers.**
Accordingly, a different perovskite defect/trap filling within
the pores induced by the oxide surface contact could also
contribute to the PL decay shortening. Recently Leijtens et al.*®
reported a comparison between thin film and mesostructured
perovskite solar cells. Through photoelectron spectroscopy
they found evidence of a large distribution of sub-band-gap
states (traps for electrons: Pb'* and Pb**), whose distribution is
influenced by the presence of a scaffold. Moreover, they found
that mesoporous scaffold rises the Fermi levels of perovskite
due to surface defects (under-coordinate halides acting as
shallow donors) or to electrostatic interactions. Compared to
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the P configuration, this energetic landscape takes to lower PL
quantum efficiency and transport. In fact, the reduction of the
PL decay lifetime that we attribute to the perovskite
confinement in the oxide matrix is an indication of a reduced
carries diffusion length within this material phase.

The comparison of our results (~0.010 cm*/s and 400 nm
for D and Ly respectively) with the previous ones reported
using the same HPVK growth method, with P configuration
and PCBM as electron quenching layer”* (0.042 cm?/s and
1069 nm for D and Ly, respectively) points to an effect of the
selective contact in the effective diffusion coeflicient and
diffusion length. This effect should arise probably from the
effect of surface recombination as a reduced charge extraction
also enhances surface recombination. To this extent, D and Ly
profiles are affected also by the type of electron quenching
layer, CL-TiO, instead of PCBM-based layer in this case.
Another interesting trend observed in the PL decays, is that the
FTO is playing a role in the electron quenching process. We
have prepared AP devices using as ETM the combination glass/
FTO/CL-TiO, or glass/CL-TiO, (see Figure Sb, Table 3, and
Supporting Information Figure S13a). Both D and L, are
boosted to ~1 ym when FTO is underlaying the CL-TiO,. We
hypothesize that it is due to the FTO improving the electron
conduction over the electron quenching layer avoiding charge
accumulation in selective parts of TiO, and, therefore,
improving the charge extraction. Finally, similar Ly has been
detected for TP and AP (see Figure Sb and Supporting
Information Figure S13b), pointing to very similar working
principles, in good agreement with cw-PIA measurements.

In summary, we have analyzed different PSCs device
configurations, spanning from planar, P, to mesostructured
ones, bearing fully infiltrated titania, T, or alumina, A, scaffolds
and with perovskite overlayer on top of the nanostructured
layer, respectively, TP and AP. We have analyzed and compared
those samples by XRD, cw-PIA, and time-resolved lumines-
cence measurements. XRD analysis indicates that structural
properties (grain size, preferential orientation, and unit cell
volume) of infiltrated HPVK are different than those of
perovskite grown with no constraints. In addition, the nature of
mesoporous scaffold affects the final structural properties and
high degree of preferential orientation has been detected for
alumina scaffold. The strong dominant bleaching signal in the
cw-PIA spectra clearly indicates the massive contribution
arising from free carriers accumulating within the perovskite
film despite the different substrate architecture monitored.
Furthermore, the reduction of the bleaching is also related to
the amount of perovskite present in the investigated sample.
Moreover, no significant injection from HPVK into titania
scaffold was detected pointing to a similar working principles
than alumina samples. From PL decay, qualitative values of
diftusion coeflicient and diffusion length have been obtained. A
reduction of Ly with the perovskite grain size has detected by
comparing P and A samples. Nevertheless, when a perovskite
overlayer is grown on top of the nanostructured scaffold, large
L, is recovered. Our results indicate that infiltrated mesoporous
layer and overlayer have a significant different nature and play a
different role. The HPVK overlayer is the main responsible of
cell performance while the nanostructured plays an important
role modifying the properties of the electron selective contact.
Consequently, large Ly have been obtained for AP and TP
samples as in the case of P samples, sensibly higher that the
observed in totally infiltrated samples as A. The nature of
electron-selective contact also affects the diffusion coefhicient
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diffusion length of the devices, likely by its effect in charge
transfer and interfacial recombination. We consider that these
results will help in the interpretation of PSC and how cell
configuration affects cell performance. Undoubtedly a complete
understanding of PSC working principles will further move the
performances already obtained.

Methods

Devices Preparation. All the studied substrates were prepared
over FTO (Pilkington TEC1S, 15 Q /sq resistance), which
were previously etched with zinc powder and HCl (2 M) to
obtain 0.224 cm? of active electrode area per pixel. The FTOs
substrates were cleaned with soap (Hellmanex), deionized
water, acetone, ethanol, and isopropanol inside an ultrasonic
generator during 10 min for every solvent. Before the
deposition of electron selective contacts, substrates were
treated in a UV—03 chamber for 30 min. A 50 nm thick
TiO, compact layer was deposited by spin-coating (2000 rpm,
60 s) with a mildly acidic solution of titanium isopropoxide in
ethanol and then was heated at 500 °C for 30 min.*® The ~500
nm mesoporous TiO, layer was deposited by spin coating at
2000 rpm during 60 s using a TiO, paste (Dyesol 18NRT, 20
nm average particle size) diluted in terpineol (1:3, weight
ratio). After drying at 80 °C, the TiO, layers were heated to
470 °C at this temperature for 30 min and cooled to room
temperature. The ~500 nm mesoporous Al,O; scaffold was
deposited by spin-coating at 2000 rpm during 60 s a colloidal
dispersion of <50 nm Al O; nanoparticles (Sigma-Aldrich,
product number 702129 diluted 2:1 (v/v) of commercial
dispersion/isopropanol) followed by drying at 150 °C for 1 h.
Thin-film devices of MAPbI;_,Cl, perovskite were deposited by
spin coating 100 uL of perovskite precursor, 40% (w/w) DMF
solution of CH;NH,I and PbCl, (3:1 molar ratio), onto flat
TiO, substrates at 2000 rpm for 60 s. Then, the films were
placed on a heated furnace at 100 °C under air stream. Devices
with an overlayer of perovskite were prepared using the same
before solution onto mesostructured scaffolds and the devices
without such overlayer were prepared using a more diluted
perovskite precursor in solution (30% w/w instead of 40%).
Working devices based on perovskite-adsorbed films were
covered with a HTM layer by spin coating at 4000 rpm for 60 s
outside of the glovebox. The HTM recipe was prepared
dissolving 72.3 mg of (2,2',7,7 -tetrakis(N,N-di-p-methoxyphe-
nylamine)-9,9-spirobifluorene) (spiro-MeOTAD), 28.8 uL of
4-tert-butylpyridine, and 17.5 uL of a stock solution of 520 mg/
mL lithium bis(trifluoromethylsulfonyl)imide in acetonitrile in
1 mL of chlorobenzene. Finally, 60 nm of gold was thermally
evaporated in the vacuum chamber on top of the device to form
the electrode contacts. Devices with a top-layer of PMMA were
fabricated in the same way as before, but instead of the HTM
layer, a 30 mg/mL solution in chloroform of PMMA (Sigma—
Aldrich, product number 182230) was spin-coated at 2000 rpm
during 60 s directly onto the perovskite substrate.

Devices Characterization. Current—voltage curves were recorded
under AM 1.5 100 mW cm™ simulated sunlight (ABET
Technologies Sun 2000) with a Keithley 2400, previously
calibrated with an NREL-calibrated Si solar cell. The measure-
ments were performed using a 0.1 cm® mask. The incident
monochromatic photon-to-current conversion (IPCE) spectra
were performed using a 150 W Xe lamp coupled with a
computer controlled monochromator being the photocurrent
measured by an optical power meter 70310 from Oriel
Instruments and using a Si photodiode to calibrate the system.
Impedance spectroscopy measurements were carried out by
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means of a Nova equipped PGSTAT-30 from Autolab under 1
sun light illumination conditions at different forward voltage
bias and applying a 20 mV voltage perturbation over the
constant applied bias with the frequency ranging between 1
MHz and 0.01 Hz. Impedance measurements at different V.
were carried out using different neutral filters on the top of the
device. SEM micrographs of the samples were carried out using
a JSM-7000F JEOL 216 FEG-SEM system using secondary and
retrodispersed electron beams. The textural properties
characterization of the mesoporous scaffolds (TiO, and
AL, O;) were evaluated from Ar adsorption—desorption
isotherms at —196 °C using a Micromeritics ASAP 2020.
The studied samples were prepared using the same colloidal
dispersion and heating process used for the spin-coated
mesosuperstructured scaffolds in the devices. Pore size
distribution (PSD), average mesopore size, and pore volume
were determined and the BET equation was used to calculate
the surface area. Porosity is calculated using 3.90 and 3.97 g/
cm® as the real density values for TiO, and ALOj particles,
respectively. PSD and cumulative pore volume were obtained
by NL-DFT methods using sphere/cylinder shape pore model
as implemented in Novawin2 by Quantachrome. X-ray
diffraction patterns were collected on a Siemens DS5000
diffractometer using copper Ka radiation, in 6/26 geometry
from P, T, A, TP, and AP substrates assembled without spiro-
MeOTAD or gold layer. Rietveld refinements were performed
using FullProf suite of programs.®” In all cases, a multiphase
fitting was performed (FTO, plus HPVK phases were
considered). Samples in which only the Al,O; scaffold was
grown (without perovskite phase) showed no diffraction peaks.
In the case of TiO, only a small peak corresponding to anatase
was detected. Peak shape was described using a pseudo-Voigt
function, and crystalline size has been determined by
implemented in FullProf. The contribution from the instru-
ment was determined by measuring LaBg standard in the same
conditions. Preferred orientation was treated by means of
March—Dollase correction.'!

Photophysical Characterization. Cw-PIA spectra were recorded
using a white probe light generated by a 250 W tungsten-
halogen lamp that was superimposed to a square-wave
modulated laser (spectra physics, SO mW nominal power, 1 =
488 nm) as excitation. The white probe light passed through a
first monochromator (Princeton Acton Spectra Pro) before
being focused on the sample in a spot of 0.5 cm’ The light
transmitted through the sample was focused onto a second
monochromator and detected by a silicon photodiode
connected to a current amplifier (femto DLPCA200) and
then to a lock-in amplifier (Stanford Research System model
SR 830). Intensity of approximately 12 mW cm™ and
modulation frequency of 170 Hz was used for the laser
excitation. Time resolved and steady state photoluminescence
measurements were performed using time correlated single
photon counting (TCSPC) apparatus of Hamamatsu FL980, 50
ps time resolution with deconvolution analysis. Pulsed
excitation source at 635 nm, with a typical average power at
20 MHz of 0.13 mW, was employed to excite the samples.

B ASSOCIATED CONTENT
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coefficients and diffusion lengths, dependence of the exciting/
collecting side in the PL decays, and XRD study of the devices.
This material is available free of charge via the Internet at
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