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ABSTRACT: Organic−inorganic metal halide perovskite
solar cells have recently attracted considerable attention with
reported device efficiencies approaching those achieved in
polycrystalline silicon. Key for an efficient extraction of
photogenerated carriers is the combination of low nonradiative
relaxation rates leading to long carrier lifetimes and rapid
diffusive transport. The latter, however, is difficult to assess
directly with reported values varying widely. Here, we present
an experimental approach for a contactless visualization of the
charge carrier diffusion length and velocity in thin films based
on time-resolved confocal detection of photoluminescence at varying distances from the excitation position. Our measurements
on chloride-treated methylammonium lead iodide thin films, the material for which the highest solar cell efficiencies have been
reported, reveal a charge carrier diffusion length of 5.5−7.7 μm and a transport time of 100 ps for the first micrometer
corresponding to a diffusion constant of about 5−10 cm2 s−1, similar to GaAs thin films.
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The field of organic−inorganic lead halide perovskite
absorbers and their application in solar cells has seen an

unprecedented development during the past 4 years with
extremely fast progress taking efficiencies from 10% in 20121 to
over 19% in 2015.2,3 This family of materials has the potential
to fulfill most requirements for large scale production as the
fabrication is compatible with solution-processing techniques,
the materials are cheap and readily available and high
efficiencies, comparable to those of thin film solar cells
incorporating poly crystalline silicon4 or copper indium gallium
selenide (CIGS),5 have already been achieved.
While perovskite absorber layers were initially employed to

replace the dye in mesoporous TiO2 sensitized solar cells,6 the
system was later extended to function efficiently on electroni-
cally inactive scaffolds and finally in a planar configuration.1,7−9

This final structure is the current state-of-the-art device
architecture performing at a reported power conversion
efficiency of 19.3%.10 The photophysical properties of hybrid
halide perovskite thin films have recently been investigated by a
number of groups.11−16 Upon optical excitation weakly bound
excitons are created that are expected to rapidly dissociate into
free charge carriers at room temperature.11

To determine the charge carrier diffusion length in thin films,
a straightforward approach is the fabrication of a series of
contacted devices with increasing active layer thickness while
recording the decrease in photocurrent. Using this procedure, a
minimum diffusion length of 400 nm was found for one-step

solution processed films,8 and about 1 μm for dual source
vacuum deposited films.17 Previously, diffusion lengths have
also been extracted from photoluminescence (PL) measure-
ments,7,18−20 impedance spectroscopy,21 intensity modulated
spectroscopy,22 terahertz spectroscopy,23,24 microwave con-
ductivity,25 and electron beam-induced current measure-
ments.26,27 Additionally, two techniques based on a spatio-
temporal detection scheme allowing for the real-time tracking
of the kinetics of photoexcited minority carriers have recently
been introduced using time-resolved photoluminescence and
transient absorption microscopy.28,29 Depending on the
investigated material and the applied experimental technique,
the resulting diffusion lengths range between 100 nm and 6.3
μm corresponding to diffusion constants for thin films between
0.02 cm2 s−1 and several cm2 s−1.19,30 To avoid both spatial
averaging and the influence of different contact materials, a
contactless, noninvasive microscopic optical method to visual-
ize the charge carrier transport properties in perovskite thin
films is needed.
The photovoltaic performance of perovskite-based photo-

voltaic devices was recently found to depend on certain
preconditioning steps.31−34 Among these, extended illumina-
tion with light was observed to drastically increase the power
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conversion efficiency and thus is a prerequisite for the optimum
operation of most of the devices presented in the
literature.8,35−37 However, the microscopic origin of this so-
called light soaking effect so far remains unclear. Yet, to
investigate and discuss the transport of photogenerated species
in lead halide perovskite thin films, the quantification of the
influence of light soaking on the optical properties is clearly
essential to guarantee stable and reproducible measurement
conditions.

In the present work, we first study the effect of light soaking
on the photoluminescence properties of chloride-treated
methylammonium lead iodide (MAPI) perovskite thin films.
Upon light exposure, the PL intensity of the illuminated sample
volume increases about 5-fold due to decreasing nonradiative
relaxation rates as observed in simultaneously recorded PL
transients. The photoinduced process observed during light
soaking follows first order kinetics indicating a single rate-
determining step leading to a stable final state. Remarkably,

Figure 1. Schematic illustration of the experimental approach and the sample layout. (a) Two different confocal scanning modes are implemented:
In sample scans, both excitation and detection remain fixed, while the PL is recorded as a function of sample position. In detection scans, the
excitation and sample position are fixed while the detection is scanned. Photoluminescence (red area) observed at remote detection areas clearly
indicates energy transport within the film. The investigated halide perovskite film is spin-coated onto a standard microscope cover slide and top
coated by a thin PMMA layer to prevent the material from degradation effects. (b) Scanning electron micrograph showing a top view of the
investigated chloride-treated perovskite film with connected crystallites of varying size and orientation. Scale bar: 5 μm. (c) Schematic cross-section
displaying the typical morphology of the deposited perovskite film with a nonuniform crystal size distribution.39 With the applied measurement
configuration, we expect to mainly probe the quasi-continuous film at the bottom.

Figure 2. Evolution of light soaking with increasing exposure time to light. (a) Photoluminescence map of a 100 × 100 μm2 large area within the
investigated perovskite thin film obtained by raster-scanning the sample at a low excitation power of 10 nW. The bright central square has been
presoaked by raster-scanning the respective area at high pump-fluence (P ∼ 500 nW) for 150 ms per pixel. (b) PL intensity recorded as a function of
exposure time at a pump-fluence of 10 nW. With increasing exposure time to light, the PL intensity significantly increases before reaching saturation
after ∼10 h. (c) Corresponding time-resolved PL transients. The decay slows down with increasing exposure time and reaches a stable value after
∼10 h. (d) Fast and slow component of the PL decay extracted from biexponential fitting of the PL transients shown in (c). Both contributions can
be modeled by a single exponential rise function indicating that the microscopic process leading to light soaking follows first order reaction kinetics
involving a single rate-determining step.
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excited charge carriers generated in the film by focused
excitation lead to light soaking up to several micrometers in the
surrounding sample volume indicating long-ranged diffusion.
Contactless measurements of the diffusion length and transport
time of charge carriers in fully soaked sample volumes are
subsequently performed by time-resolved laser scanning
confocal PL microscopy in which the detection volume is
raster-scanned with respect to the fixed excitation volume. PL
transients detected for increasing distances show a delayed rise
while a transport time of 100 ps is observed for the first
micrometer. Simple numerical simulations of the diffusion
process considering the measured PL lifetimes reproduce the
observed delay for a diffusion constant of D ∼ 5−10 cm2 s−1.
The diffusion length LD = τ· ∼D 5.5−7.7 μm, calculated from
the measured charge carrier lifetime τ, considerably exceeds the
average single grain size of ∼200 nm observed in scanning
electron micrographs, while the observed transport speed is
comparable to that of GaAs thin films at room temperature.38

■ RESULTS AND DISCUSSION

Figure 1 schematically illustrates the applied experimental
approach as well as the sample architecture. The experimental
setup enables two different confocal scanning modes, either a
sample scan or a detection scan (Figure 1a). With these
experimental techniques, we detect the PL signal arising from
the recombination of photoexcited states as a measure for the
carrier density within the film.
Chloride-treated methylammonium lead iodide thin films are

fabricated via a two-step deposition protocol using PbI2 films
and methylammonium iodide and chloride solutions.1,7 The
investigated perovskite film is deposited onto a standard
microscope cover slide and subsequently coated by a thin
PMMA layer to protect the material from degradation effects. A
top view of the film is displayed in the scanning electron
micrograph in Figure 1b showing connected crystallites of
varying size and orientation. The average film thickness was
estimated from SEM cross sections to be ∼325 nm and the
average crystal size ∼230 nm (see Supporting Information,
Figure S1). In Figure 1c, the typical morphology of the
investigated film is illustrated as a schematic cross section.
Recent studies on the crystallization process of perovskite films
deposited via the employed two-step technique showed a
nonuniform distribution of crystal sizes within the fabricated
films.39 Whereas small crystallites form the bottom layer of the
perovskite film, larger crystals can be found on top due to
Ostwald-type ripening at the surface. The studied films have an
optical density of OD = 1.1 at the excitation wavelength of 510
nm and an average thickness of around 325 nm. The 1/e length
of the excitation intensity is thus around 120 nm, and we expect
to mainly probe the lower third of the film.
An examination of the light soaking effect mentioned above

and of its impact on the optical properties of the studied films is
a prerequisite for any transport measurement aiming to
quantify the diffusion length and speed. Figure 2a shows the
photoluminescence map of the investigated perovskite film at
low excitation power P ∼ 10 nW corresponding to a power
density of ∼14.15 W cm−2, which is about 20× the intensity of
1.5 AM equivalent sunlight illumination. Included in the PL
map is a smaller scan area (40 × 40 μm2) that was previously
exposed to light by raster-scanning at higher pump-fluence (P
∼ 500 nW; power density ∼ 707 W cm−2). The PL intensity
significantly increased in the presoaked area as can be seen

from the brighter, central square in the PL map. We observe the
PL intensity (Figure 2b) to increase by a factor of ∼5 with
increasing exposure time to light, saturating after ∼10 h. At the
same time, the shape and position of the PL spectra remain
unchanged (see Supporting Information, Figure S2) indicating
that light soaking has no influence on the energy of the emitting
state. Remarkably, the μm transport range observed in Figures
3 and 4 below clearly exceeds the average crystallite size seen in

the SEM micrograph in Figure 1b. We thus attribute this to
efficient diffusive charge carrier transport through the
continuous underlayer depicted in Figure 1c and demonstrated
in a previous publication7 that is not apparent in the topview
SEM micrograph. For the pump-fluences applied here, light
soaking of the investigated sample material is found to be an
irreversible process that reaches a stable final state. In contrast,
for mixed iodide and bromide-based perovskite films reversible
soaking has been reported at very low excitation fluences of
∼15 mW cm−2.40

To gain insight into the dynamics of this light soaking
process, the evolution of light soaking with exposure time to
light was studied via time-correlated single photon counting
(TCSPC). The corresponding transients are shown in Figure
2c and can be described by a biexponential decay

Figure 3. Visualization of charge transport via light soaking. (a−d)
Series of PL sample scans of the same film area recorded at low
excitation power (∼10 nW) after focused excitation at the center at
higher power (∼4 μW) for (a) t = 0 s, (b) 60 s, (c) 300 s, and (d) 840
s with identical intensity scaling. Increasing exposure time leads to
intensive brightening of the PL signal and to a significantly larger area
of emission indicating that photoexcited carriers lead to light soaking
in sample regions that are not illuminated directly. At the same time,
nonradiative loss channels are reduced, which leads to the observed
higher PL intensity and extended charge carrier lifetimes. Scale bar of
all PL maps: 4 μm. (e) Fwhm obtained from 2D Gaussian fits of the
recorded PL maps. The corresponding fwhm increase with exposure
time to light and are significantly larger than the width of the
diffraction-limited excitation spot of 300 nm. Displayed error bars
reflect the standard deviation of the Gaussian fits.
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function,7,20,41 indicating two different types of emissive states
that contribute to the PL decay. With continuous illumination,
the PL decay slows down and reaches a stable value after about
10 h at the used power density. Biexponential modeling of the
decay dynamics allows for the extraction of the fast and the
slow PL lifetime (Figure 2d), which both increase with
increasing exposure time. Since the PL intensity increases
along with the lifetime we attribute light soaking to the
lowering of the nonradiative decay rate caused by the filling of
trap states or other quenching sites. The dependence of both
lifetimes on the exposure time texp can be properly modeled by
a single exponential rise function ∝ (1 − exp(−ksoakingtexp)) with
comparable rate constants ksoaking of 0.21 and 0.26 h−1 for the
used excitation intensity. The monoexponential rise of the two
lifetimes seen in Figure 2d indicates that the microscopic
process leading to light soaking follows first order reaction
kinetics involving a single rate-determining step.
Since light soaking is a dynamic effect with nonstationary

sample properties, we can either study fully soaked or
completely unsoaked material. Whereas the first option allows
for the investigation of a stable system, the latter can even
enable the monitoring of transport within the film provided
that the transported species lead to the same effect that causes
light soaking as direct laser excitation. In Figure 3a−d, a
consecutive series of PL sample scans of the same sample area
is shown. Starting from entirely unsoaked material (Figure 3a),
the fixed center of the scanned area was illuminated with high
excitation power (P ∼ 4 μW; power density = 1.4 kW cm−2) for

six intervals of 10 s, followed by longer intervals of 60 s up to a
total of 14 min between consecutive scans. PL sample scans
were then recorded at low intensity (P ∼ 10 nW) to reduce
soaking effects resulting from image acquisition to a minimum.
With continuous photoexcitation at the center of the scanned
area, a significantly increased emission area as well as an
intensive brightening of the PL spot can be observed (Figure
3a−d). Because light soaking of the investigated sample
material was found to be an irreversible process for the applied
pump-fluences, the time between a soaking interval and the
subsequent PL measurement is not essential for the reported
observation. To minimize the experimental error due to focal
drift, every soaking interval was immediately followed by the
subsequent PL scan and vice versa, with the result that only a
few seconds passed in between each of the two steps.
The recorded PL maps were modeled with 2D Gaussian fits

to evaluate the size of the photoluminescent area for each
illumination step. The full width at half-maximum (fwhm)
obtained from the individual fits are shown in Figure 3e with
the corresponding exposure time to light. We find the fwhm to
grow with increasing exposure time and being of similar
extension in the x and y directions. Slight deviations can be
attributed to film inhomogeneities. With respect to the
diffraction-limited excitation spot featuring a width of 300
nm, the fwhm of the resulting PL area is significantly larger and
light soaking effects can still be observed several microns away
from excitation. These findings give evidence that transport
within the investigated film occurs on the length scale of several

Figure 4. Spatial and temporal investigation of diffusive transport after the elimination of light soaking effects. (a) Detection beam scan of the steady-
state PL signal for a fixed excitation position using uniformly light soaked material. Diffusive transport is spatially visualized within a range of 3 μm,
since emission can be detected up to 3 μm apart from the excitation spot. (b) Zoom-in to the rise of the PL transients recorded upon femtosecond
pulsed excitation at 730 nm at increasing excitation-detection distances (white dots in (a)). (c) False color plot of the normalized TCSPC transients
recorded for increasing excitation-detection distances in ±x direction. The black crosses mark the times at which the PL intensity reaches 50% of its
maximum taken as the transport times shown in (d). (d) Transport times for diffusive carrier transport in ±x direction. Transport times are extracted
from recorded TCSPC transients to be within a range of 100 ps for the first micrometer. Displayed y-error bars represent the error obtained from the
fitting routine, while the x-error bars represent the uncertainty created by the finite excitation size of ±150 nm. The solid lines are simulations of
diffusive transport using the 2D diffusion equation and different diffusion constants. The measured data indicate a diffusion constant of about D ∼
5−10 cm2 s−1 for the investigated perovskite thin film, which is comparable to the value of GaAs thin films at room temperature.38
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microns. Furthermore, they demonstrate that photoexcited
carriers lead to light soaking in sample regions that are not
directly exposed to light. The contribution of elastic scattering
of the excitation light to the emergence of light soaking effects
in remote areas can be excluded since the same experimental
results have been obtained via two-photon excitation, which
provides efficient background suppression (see Supporting
Information, Figure S3).
For the excitation fluences used in the experiments light

absorption is expected to lead to moderate sample heating in
the range of 10 K directly in the focus (see Supporting
Information). The temperature increase several microns away
from the photoexcited volume can probably be neglected.
Thermally activated annealing of the film is thus unlikely to be
responsible for the observed light soaking effect in the present
case.
Next, we investigated the spatial range of carrier transport

within the film and the time-scale of the diffusion process on
fully soaked material that has reached a steady-state after
extended light exposure (Figure 2). We can thus exclude any
influence of light soaking on the extracted transport character-
istics. Figure 4a shows a detection beam scan of the steady-state
PL signal for a fixed excitation position. PL is detected up to a
distance of more than 3 μm, substantially exceeding the width
of the excitation spot of 300 nm. This observation forms the
basis for our approach to determine the transport times of
charge carriers and the diffusion constant.
In the key experiment, PL transients are detected at

increasing distances between detection and excitation volume.
The acquired PL transients (Figure 4b,c) show a continuously
growing shift in the signal rise for increasing excitation-
detection distances which enables the observation of transport
as a function of time. The PL transients recorded for different
excitation-detection distances are referenced to the PL transient
at the center position (red curve in Figure 4b). This allows for
the extraction of the charge carrier transport times as a function
of distance (black squares in Figure 4d) that we identify here as
the time at which the PL intensity at a given distance reaches
50% of its maximum value. Our experimental findings reveal a
transport range of more than 3 μm as visible from the PL map
in Figure 4a and a transport time of ∼100 ps for the first
micrometer (Figure 4d).
Numerical simulation results using the 2D diffusion equation

and considering the measured intensity-averaged lifetime τ are
shown in Figure 4d (solid lines) for different diffusion
constants D (see Supporting Information). Within our
measurement accuracy of about 20 ps (Supporting Information,
Figure S5), the experimental values match the simulated data
reflecting a diffusion constant of D ∼ 5−10 cm2 s−1, which is
comparable to the value of GaAs thin films at room
temperature.38 Due to the spatial heterogeneity of the
perovskite film, the diffusion constant D is expected to vary
for different film positions, while the values noted above are
found to be typical. The diameter of both excitation and
detection focus of around 300 nm will lead to spatial
broadening of the observed PL distribution. To determine
the influence of this broadening on the derived transport times
we included the finite focal size in our simulations (Supporting
Information, Figure S6). Considering the parameters of the
microscope system we find that this mainly affects the apparent
transport times within the width of the excitation focus while
the influence on the derived transport times for increasing
transport distances remains small compared to the experimental

noise (Figure 4d). To complement our analysis based on the
transport time we also studied the transport by plotting the
spatial PL intensity profiles at increasing time-delay after pulsed
excitation following the procedure described in ref 29. The
resulting profiles for the derived diffusion constant are in
reasonable agreement with numerical simulations based on the
2D diffusion model supporting our approach (Supporting
Information, Figure S7).
Using the derived diffusion constant D and the measured

intensity-averaged PL lifetime of about 60 ns, we calculate the
diffusion length as τ= ·L DD = 5.5−7.7 μm. The somewhat
larger diffusion length observed here, as compared to the
existing literature,19,20,25 could result from the contactless
probing enabled by the presented technique, which gives access
to the intrinsic transport properties excluding possible
perturbations from electrodes or additional surface layers and
the clear distinction of the effect of light soaking. The present
values for the diffusion constant and length observed for
chloride-derived MAPI films are distinctly different from those
reported by Guo et al. in ref 29 for flakes synthesized from a
one-step stoichiometric precursor mixture of MAPI using
transient absorption microscopy.
We note that the results shown in Figure 4 and the extracted

transport characteristics have been obtained for fully light-
soaked films. Because of the light soaking effect at the excitation
position and its increasing range (Figure 3), no reliable and
meaningful results can be obtained for unsoaked or
intermediately soaked films. For unsoaked films the diffusion
length is expected to be significantly shorter due to the
measured shorter intensity averaged PL lifetime, which is
reduced from 60 to 6 ns (Figure 2d and Supporting
Information, Figure S4). This is also in agreement with the
smaller width of the area of increased PL intensity for short
exposure times observed in Figure 2. As discussed above, the
large transport length greatly exceeding the crystallite size
observed in the SEM micrograph (Figure 1b) is attributed to
efficient diffusive charge carrier transport through the
continuous underlayer (Figure 1c).
The observed transport time of ∼100 ps for the first

micrometer shows that diffusive transport occurs on a much
faster time-scale than PL decay with lifetimes reaching beyond
100 ns. The observation of biexponential PL decay for localized
detection, however, needs further discussion. If the radiative
relaxation of the mobile species would be the origin of the
detected PL, diffusive transport would lead to a very fast
nonexponential decay following ∝ 1/t at the excitation focus.
The observed PL with biexponential decay thus needs to result
from a nonmobile state that is rapidly populated by the mobile
species during diffusive transport. We speculate that in the
studied film PL emission results from nonmobile excitons that
could be localized by shallow energy traps or by self-trapping.

■ CONCLUSIONS

The results presented above illustrate that highly efficient
diffusive charge transport can be achieved in solution processed
nanocrystalline thin films of chloride-treated methylammonium
lead iodide. The observed diffusion length of several micro-
meters can be attributed to a high charge carrier mobility,
which is comparable to that of GaAs thin films, and long carrier
lifetimes reaching into the 100 ns range. Here, light soaking is
seen to play an important role for reducing nonradiative losses
in as-prepared films. The described method for the contactless
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characterization of transport properties allows for the rapid
screening of differently prepared films without the need of
electrical contacting and has the potential to become an
important and routine tool for the characterization of hybrid
halide perovskite thin films.

■ METHODS

Perovskite Film Preparation. Methylammonium iodide
and chloride were prepared following a previously published
protocol.1,7 In short, 24 mL of methylamine solution (33% in
ethanol) were diluted using 100 mL of absolute ethanol. Under
constant stirring, 10 mL of an aqueous hydriodic acid solution
(57 wt %) or 15 mL of concentrated hydrochloric acid (37% in
water) were added to this solution. After having reacted for 1 h
at room temperature, the solvents were removed by rotary
evaporation. The obtained white solid was washed with dry
diethyl ether and recrystallized from ethanol. Lead iodide (99%
Sigma) and anhydrous N,N-dimethylformamide (DMF, Sigma)
were used as received. A ∼200 nm thick layer of lead iodide was
deposited via dynamic spin-coating from a 0.85 M PbI2 solution
in DMF at 3000 rpm for 15 s on a standard 160 μm thick glass
cover slide. When starting the spin-coater, a temperature
between 60 and 65 °C is required for both the substrate and the
precursor solution7 to achieve visually smooth films. The
immersion solutions were prepared by dissolving 9.5 mg mL−1

methylammonium iodide and 0.5 mg mL−1 methylammonium
chloride in anhydrous isopropanol (Sigma) through heating to
60 °C. The spin-coated films were then immersed in the heated
solutions for 8 min, while the temperature of the solution was
monitored and kept at 60 ± 1 °C for the entire time. Once the
conversion was finished, the perovskite films were washed with
clean, anhydrous isopropanol and dried under a nitrogen
stream. The final perovskite film featured an average thickness
of 325 nm, which was estimated via scanning electron
microscopy cross sections. After synthesis, the films were
covered with a poly(methyl methacrylate) (PMMA) layer to
protect the films from degradation through moisture. For this
purpose, 50 mg mL−1 of PMMA in anhydrous chlorobenzene
was spin-coated at 1000 rpm.
Laser Scanning Confocal Microscopy. The experimental

setup is based on a confocal optical microscope equipped with a
closed-loop piezo scan stage (sample scan) to raster-scan the
sample through the focus of a high NA objective (NA = 1.4).
Laser excitation is provided by a pulsed diode operating at 510
nm and a repetition rate of 1 MHz. For the transport studies in
the sub-ns regime a faster Ti:sapphire laser was used providing
∼200 fs pulses at 730 nm at a rate of 3.8 MHz. The detection
beam path is equipped with a closed-loop piezo scan mirror
(detection scan) and an avalanche photodiode (APD) in
combination with electronics for time-correlated single photon
counting (TCSPC). The resulting instrument response
function has a temporal width of 38 and 440 ps in the case
of the Ti:sapphire laser and the pulsed diode, respectively
(Supporting Information, Figure S5). The focal length of the
collimation optics was chosen to form a diffraction limited
detection spot with a diameter of ∼300 nm that can be raster-
scanned with respect to the fixed excitation position
(Supporting Information). For the light soaking experiments
in Figure 3, a laser excitation power of ∼4 μW was applied
corresponding to a power density of 1.4 kW cm−2. Confocal PL
images were recorded using a lower excitation power of ∼10
nW.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsphoto-
nics.5b00562.

Crystal size distribution of investigated film, PL spectra
during light soaking, charge transport via light soaking
upon two-photon excitation, intensity fractions of fast
and slow component during light soaking and estimation
of sample heating. Numerical modeling of the diffusion
data and influence of the diameter of excitation and
detection focus on the derived transport properties.
Dynamics of the spatial PL intensity profiles after pulsed
excitation (PDF).

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: pablo.docampo@cup.lmu.de.
*E-mail: matthias.handloser@cup.lmu.de.
*E-mail: achim.hartschuh@cup.lmu.de.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We acknowledge financial support from Deutsche Forschungs-
gemeinschaft through the Nanosystems Initiative Munich
(NIM) and from the Bavarian research network SolTech.
P.D. gratefully acknowledges support from the European Union
through the award of a Marie Curie Intra-European Fellowship.
The authors acknowledge funding from the German Federal
Ministry of Education and Research (BMBF) under the
agreement number 01162525/1.

■ REFERENCES
(1) Lee, M. M.; Teuscher, J.; Miyasaka, T.; Murakami, T. N.; Snaith,
H. J. Efficient Hybrid Solar Cells Based on Meso-Superstructured
Organometal Halide Perovskites. Science 2012, 338, 643−647.
(2) Green, M. A.; Ho-Baillie, A.; Snaith, H. J. The Emergence of
Perovskite Solar Cells. Nat. Photonics 2014, 8, 506−514.
(3) Green, M. A.; Bein, T. Perovskite Cells Charge Forward. Nat.
Mater. 2015, 14, 559−561.
(4) Saga, T. Advances in Crystalline Silicon Solar Cell Technology
for Industrial Mass Production. NPG Asia Mater. 2010, 2, 96−102.
(5) Jackson, P.; Hariskos, D.; Wuerz, R.; Kiowski, O.; Bauer, A.;
Magorian Friedlmeier, T.; Powalla, M. Properties of Cu(In,Ga)Se2
Solar Cells with New Record Efficiencies Up To 21.7%. Phys. Status
Solidi RRL 2015, 9, 28−31.
(6) Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. Organometal
Halide Perovskites As Visible-Light Sensitizers for Photovoltaic Cells.
J. Am. Chem. Soc. 2009, 131, 6050−6051.
(7) Docampo, P.; Hanusch, F.; Stranks, S. D.; Döblinger, M.; Feckl, J.
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