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ABSTRACT: We have employed soft and hard X-ray photoelectron
spectroscopies to study the depth-dependent chemical composition of
mixed-halide perovskite thin films used in high-performance solar cells. We
detect substantial amounts of metallic lead in the perovskite films, which
correlate with significant density of states above the valence band maximum.
The metallic lead content is higher in the bulk of the perovskite films than at
the surface. Using an optimized postanneal process in air, we can reduce the
metallic lead content in the perovskite film. This process reduces the
amount of metallic lead and a corresponding increase in the photo-
luminescence quantum efficiency of the perovskite films can be observed.
This correlation indicates that metallic lead impurities are likely a key defect
whose concentration can be controlled by simple annealing procedures in
order to increase the performance for perovskite solar cells.
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■ INTRODUCTION
Recent dramatic increases in power conversion efficiencies have
stimulated large research efforts in the use of organic−inorganic
perovskites for high performance hybrid solar cells.1−3 In just a
few years, power conversion efficiencies have increased from
3.8% in 20094 to greater than 20% in 2014,5 with high levels of
performance reported for numerous device configurations. The
highest performing devices have consisted of active layers of
either a thin mesoporous TiO2 layer sensitized with a
methylammonium lead trihalide perovskite (MAPbX3, where
X is I, Cl, Br, or mixtures thereof) and capped with a layer of
solid perovskite,6,7 a mesoporous insulating scaffold capped
with a solid perovskite absorbing layer,8,9 or a simple solid
perovskite layer in a planar heterojunction configuration.10,11

Beyond solar cell applications, these organic−inorganic perov-
skites have also shown promise for use in light-emitting
diodes12 and lasers.13,14

Despite extensive research, there are few detailed reports
correlating the chemical and electronic structures of the
perovskite layer. Using HAXPES (hard X-rays photoelectron
spectroscopy), XPS (X-ray photoelectron spectroscopy), and
EPR (continuous-wave electron paramagnetic resonance)

spectroscopy Lindblad et al., B. Conings et al., and I. Shkrob
et al., respectively, have shown the presence of metallic lead in
perovskite films.15−17 The presence of metallic lead could
negatively impact the device performance by, for example,
providing nonradiative decay pathways and/or forming shunt
paths. We have recently reported evidence of sub-band gap
electronic trap states and demonstrated their detrimental
impact on device performance.18,19 Although these sub-band
gap states may not be solely attributed to metallic lead,
understanding and reducing the number of these states will be
crucial for further optoelectronic device improvement.
In this work, we use synchrotron-based hard X-ray

photoelectron spectroscopy (HAXPES), lab-based soft X-ray
(Mg Kα) photoelectron spectroscopy (XPS), and photo-
luminescence quantum efficiency (PLQE) measurements to
study the effects of various annealing treatments on mixed-
halide, organic−inorganic perovskite films. We find that
following a standard perovskite layer preparation, a substantial
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amount of metallic lead is present in the films. Simultaneously,
we can identify significant density of states above the perovskite
valence band maximum. By subjecting the films to a
postannealing process in air, the intensity of the photoemission
signals from metallic lead and the states above the valence band
maximum is substantially reduced, and the PLQE increases.
This work demonstrates the importance of understanding and
controlling the annealing processes used in perovskite film
preparation and establishes a protocol for producing higher-
quality perovskite films that could lead to improved
optoelectronic performance.

■ EXPERIMENTAL SECTION
Sample Preparation. The synthesis of the perovskite

CH3NH3PbI3−xClx has been reported elsewhere.6 Briefly, to make
the CH3NH3PbI3−xClx precursor solution, we dissolved methylammo-
nium iodide and lead(II) chloride (respectively 3:1 molar ratio) in
anhydrous N,N-dimethylformamide (DMF) to final concentrations of
0.88 M lead chloride and 2.64 M methylammonium iodide. To make
perovskite layers with different thicknesses, we diluted the precursor
solution in DMF.
Perovskite layers for all measurements were fabricated on either

TiO2-coated fluorine-doped tin oxide (FTO) substrates (Pilkington,
TEC7) or glass. Layers of compact TiO2 were deposited by spin-
coating an acidic solution of titanium isopropoxide in ethanol at 2000
rpm for 60 s, drying at 150 °C, and then annealing at 500 °C for 45
min.
The perovskite layers were deposited by spin-coating a

CH3NH3PbI3−xClx precursor solution at 2000 rpm in a nitrogen filled
glovebox for 45 s. After spin-coating, the films were left to dry at room
temperature in the glovebox for 30 min to allow slow solvent
evaporation. They were then annealed to crystallize the perovskite in
the glovebox at 90 °C for 2.5 h. This procedure is referred to as
standard annealing in the Results and Discussion section. Some
samples went through further annealing in air at 70 °C for different
length of times ranging from 10 min to 14 h.
Between preparation and measurements, the sample exposure to

ambient conditions was minimized. To prevent excess exposure of the
perovskite films to moisture, they were packed and transported in a
dry environment and stored in a N2 purged glovebox for soft and hard
X-ray photoelectron spectroscopy measurements. For PLQE measure-
ments the perovskite films were protected by spin-coating a layer of
the insulating polymer poly(methyl methacrylate) (PMMA; Sigma-
Aldrich, 10 mg/mL) on top of the film.
Hard X-ray Photoelectron Spectroscopy. Hard X-ray photo-

electron spectroscopy (HAXPES) experiments were conducted at the
HiKE end-station on the KMC-1 beamline of the BESSY-II electron
storage ring.20,21 This end-station is equipped with a Scienta R4000
electron energy analyzer capable of measuring photoelectron kinetic
energies up to 10 keV. A pass energy of 200 eV was used for all
measurements. Spectra were recorded using photon energies of
approximately 2 and 6 keV with the Si(111) and Si(422) crystals of a
double crystal monochromator providing a beamline resolution of
approximately 0.2 eV at both photon energies resulting in a combined
analyzer plus beamline resolution of approximately 0.25 eV. The top
surface of the sample was grounded for all measurements. The binding
energy was calibrated by measuring the 4f spectrum of a grounded Au
foil and setting the Au 4f7/2 binding energy equal to 84.00 eV. Since
the inelastic mean free paths (IMFP) of electrons of different kinetic
energies through lead halide-based perovskite materials are not known,
we estimate it to be similar to that in PbI2. In that case, the IMFP for
Pb 4f photoelectrons excited with 6 keV is 9.8 nm22,23 and thus
approximately 3 (4) times greater than when using 2 keV (Mg Kα:
1253.56 eV).
The valence band spectra have been normalized by the intensity of

the main peak in the spectrum at approximately 2.5 eV. These states
have recently been attributed to either predominantly I 5p,15 or Pb 6s
and I 5p hybridized states.24

Lab-Based soft X-ray Photoelectron Spectroscopy. XPS
measurements were conducted using Mg Kα (1253.56 eV) radiation
and a SPECS PHOIBOS 150 MCD electron energy analyzer. The
electron energy analyzer was calibrated according to D. Briggs et al.25

For the collection of the survey spectra and the I 4d and Pb 4f detail
spectra, the pass energies were 50 and 30 eV, respectively.

Photoluminescence Quantum Efficiency Measurement.
Photoluminescence quantum efficiency (PLQE) measurements were
taken in an integrating sphere using established techniques.26 The
samples were photoexcited using a 532 nm CW laser operating at a
fluence of 200 mW/cm2 (equivalent to ∼3 suns).

■ RESULTS AND DISCUSSION
In Figure 1, we show Pb 4f detail spectra recorded with photon
excitation energies of 2 and 6 keV for the two types of sample

treatments: standard annealing and postannealing for 14 h (see
Experimental Section for details about sample preparation and
annealing procedures). Because the inelastic mean free path of
the photoelectrons (and thus the information depth of the
measurement) generally increases with increasing photo-
electron kinetic energy, the spectra taken with 2 keV photon
excitation are primarily characteristic of the surface region of
the perovskite film while the 6 keV-excited spectra have a larger
relative bulk component. For example, the inelastic mean free
path for Pb 4f photoelectrons in PbI2 is approximately 3.8 and
9.7 nm for spectra taken with 2 and 6 keV photon energies,
respectively.23 The Pb 4f spectrum consists of two separate
contributions: 4f7/2 and 4f5/2 peaks with a spin−orbit splitting
of 4.9 eV. The largest Pb 4f7/2 peak in all spectra is found at
138.7 eV, consistent with the Pb 4f7/2 binding energies of lead-
halides (PbI2, PbCl2, and PbBr2) and is attributed to Pb in the
perovskite structure.15,27,28 A smaller Pb 4f7/2 peak is observed
in all spectra at a binding energy (137.0 eV) consistent with
metallic lead (Pb0).16,29,30 This low-binding energy Pb 4f 7/2
contribution is smaller for the post annealed than for the
standard annealed samples and for the measurements with 2
keV than with 6 keV excitation energy. This indicates that the
relative concentration of metallic Pb is higher in the bulk than

Figure 1. Pb 4f5/2 and 4f7/2 detail spectra (dots), using excitation
photon energies of (a, b) 2 and (c, d) 6 keV, of a 60 nm thick
CH3NH3PbI3−xClx perovskite film on TiO2 subject to two different
sample annealing treatments: Standard (a, c) annealed and (b, d) post-
annealed. The samples for spectra a and c underwent a standard
annealing treatment in N2-atmosphere of 90 °C for 150 min while the
samples for spectra b and d have undergone further annealing in air at
70 °C for 14 h. The fits and respective residua (solid lines) are also
shown. Satellite contributions (see the Supporting Information, Figure
S1) to the spectra have been subtracted.
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near the surface of the perovskite film and that annealing the
sample reduces the relative amount of metallic Pb both at the
surface and in the bulk. Note that the Pb 4f7/2 binding energy of
Pb in both PbO and PbO2 is approximately 137.7 eV,31 and
thus we cannot entirely exclude the possible presence of Pb-
oxide in our samples. However, each branch (i.e., 4f7/2 and
4f5/2) in our spectra can be adequately fitted with two main Pb
4f peaks attributable to Pb in the perovskite structure and
metallic Pb. By accurately fitting the spectra we can quantify the
relative contributions of photoemission signals from metallic Pb
and from Pb in the perovskite structure and their changes upon
annealing. To do so, the complex satellite features, extending
more than 20 eV to higher binding energy beyond the main
peaks, must be taken into account (see the Supporting
Information). These satellite features are due to electron
(kinetic) energy losses that have been attributed to transitions
between the valence and conduction bands in Pb(II) halides.27

Quantification of the Pb 4f spectral contributions in Figure 1
reveals that the fraction of the metallic Pb signal for the
standard annealed samples is 0.15 for the 6 keV photon energy
spectrum and 0.03 for the 2 keV spectrum. After postannealing,
the metallic Pb signal fraction is reduced to approximately 0.03
and 0.01 for the 6 and 2 keV spectra, respectively,
demonstrating that postannealing reduces the amount of
metallic Pb in both the bulk and surface regions of the
perovskite film (see Figure 1b, d). The fraction of metallic Pb in
the bulk is reduced more than in the surface region, i.e., by a
factor of 5 compared to a factor of 3, suggesting that the
decrease in metallic Pb is most likely due to further
incorporation of Pb into the perovskite structure. The lack of
any new peaks appearing at 137.7 eV in the Pb 4f spectra,
which we would expect if there was formation of significant
amounts of Pb-oxide species with annealing, support this
model. We do note, however, that the perovskite crystal is likely
to be permeable to oxygen, and we cannot conclusively rule out
the formation of small amounts of PbO or PbO2 upon
annealing. Please note that not all samples studied exhibited the
same metallic Pb contribution. However, when observed, the
fraction of metallic Pb was always higher in the bulk of the
perovskite film than in the surface region.
In addition to a decrease in the amount of metallic Pb, we

observe a slight increase in the Ti and O signals upon
annealing, likely associated with dewetting of the TiO2
substrate (see the Supporting Information). We also observe
a decrease in the I to Pb ratio in the surface region of the
sample after annealing (see the Supporting Information).
Lindblad et al. made similar observations, which they correlate
with an increase in the amount of metallic Pb in the sample.
This would appear to be in contradiction to our resultsthe
decreased I to Pb ratio correlates with a decrease in metallic
Pbhowever, the inconsistency between these two results may
be due to the fact that our estimates of the I to Pb ratio are
based on much more surface sensitive measurements than
those of Lindblad et al., and that our perovskites are formed
from a 3 to 1 mixture of MAI to PbCl2 whereas Lindblad et al.
used a 1 to 1 mixture of PbI2 and MAI (i.e., a pure iodine
perovskite). Because Cl2 is a gas at ambient conditions, whereas
I2 is a solid, the halogen content of the two samples may not
correlate in the same way with the amount of metallic Pb;
particularly if the metallic Pb is formed by initial dissociation of
the lead halide (which would presumably be more likely to
occur in a Cl-containing sample). We have recently shown that
there is also an inhomogeneous chlorine distribution in

CH3NH3PbI3−xClx layers; the surface is void of any significant
amount of chlorine, it is present in higher quantities toward the
CH3NH3PbI3−xClx/TiO2 interface.

32 Whether this is related to
the here reported increased formation of metallic lead in the
bulk of CH3NH3PbI3−xClx layers is currently not clear.
Figure 2 shows valence band spectra for a 60 nm thick

CH3NH3PbI3−xClx perovskite film on TiO2 with standard

annealing (blue) and postannealing (red) measured with
photon excitation energy of 6 keV. Previous photoemission
studies of CH3NH3PbI3 perovskite films comparing measured
spectra to density functional theory calculations of model
compounds, allow a description of the valence band spectra in
terms of the relative contributions of the composite elements.18

The spectral region from approximately 2−6 eV is attributed to
predominantly Pb 6s and I 5p hybridized states.15 From
approximately 6−12 eV, the density of states is dominated by
carbon and nitrogen of the methylammonium cation,15

however, due to their much lower photoionization cross
sections for the employed excitation energies, these states
contribute little to the measured valence band spectra, and thus
we ascribe the observed density of states in that region mainly
to contributions from the TiO2 substrate. The O 2p derived
substrate features at approximately 8 eV increase in intensity
upon postannealing (red spectrum), which may be due to
dewetting of the perovskite films upon the TiO2 substrate (see
the Supporting Information). The VBM position of the
CH3NH3PbI3‑xClx perovskite film was derived by linear
approximation of the leading valence band edge to be 1.54
eV (±0.10 eV) below the Fermi level, as indicated in Figure 2
and is in agreement with reported VBM values in literature.33

In the inset of Figure 2, we have highlighted the presence of
states between the valence band maximum and the Fermi level.
Similar to the Pb 4f peaks associated with metallic Pb, the
intensity of this signal decreases upon postannealing. The
difficulty and uncertainty associated with quantifying spectral
features in the valence band region however precludes a direct
quantitative correlation between the amount of metallic Pb and
the density of states near the Fermi level.

Figure 2. Valence band spectra with 6 keV excitation of a 60 nm thick
CH3NH3PbI3−xClx perovskite film on TiO2 following two different
sample treatments; a standard anneal (blue spectrum) and a further
post anneal (red spectrum). The inset shows an expansion (10×
magnification) of the region around the Fermi level at a binding
energy of 0 eV to highlight the change in density of states above the
valence band maximum (VBM, marked with green arrows). The gray
line represents the fit of the valence band onset with a Voigt profile as
a reference for a spectrum with no density of states above VBM.
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To attempt to understand the effects of the changing
composition and electronic structure on solar cell device
performance, we use photoluminescence quantum efficiency
(PLQE). Figure 3 shows the PLQE signal at 532 nm of

similarly prepared CH3NH3PbI3‑xClx perovskite films on TiO2
coated glass before and after postannealing (PA) treatments of
different durations (up to 14 h) at 70 °C in air. For PAs up to 1
h, we see an improvement in PLQE. This improvement is
consistent with the expected effect of reducing the amount of
metallic lead, which could be detrimental to the PLQE either by
introducing shunt paths and/or by forming sub-band gap states
that would act as nonradiative decay pathways.15,18,19 When we
anneal the perovskite in air for 3 h or longer the PLQE
decreases, which is likely due to degradation of the perovskite
film via loss of the organic component and the formation of
PbI2.

34−36 We note that the defect chemistry in the perovskite
material is likely to be complicated, with many different defect
species present. Although we have shown here that over-
annealing the sample can reduce the metallic lead content, it
also drives the perovskite material toward degradation,37 which
could result in significant nonstoichiometry potentially
inducing nonradiative recombination sites (unrelated to
metallic Pb). The optimum postannealing conditions therefore
appear to be approximately 1 h at 70 °C. This is consistent with
previous studies on the light-emitting properties of perovskite
films, where crystallization in air has shown to deliver
perovskite films with higher emissivity than crystallization in
nitrogen.13 In general, these results highlight the importance of
understanding the nature of defects and their correlation with
subgap states and provide a means to control their
concentration. Such studies are a basis for a cognitive approach
to optimizing the performance of perovskite-based optoelec-
tronic devices via controlled postannealing.

■ CONCLUSION
In summary, we have studied the chemical composition of
perovskite thin films before and after postannealing in air using
soft and hard X-ray photoelectron spectroscopies. We show
that metallic Pb is present in the perovskite layer and that its
concentration relative to that of the Pb in the perovskite
structure is higher in the bulk of the film than at its surface.
Post annealing in air reduces the metallic lead content of the
perovskite layers. Further, we have correlated the concentration
of metallic Pb with the density of states above the valence band

maximum and close to the Fermi level. Reducing the metallic
Pb content reduces this density of states and correlates with an
improvement of the photoluminescence quantum efficiency of
the films. This work demonstrates the importance of
understanding which impurities or defects have a detrimental
impact upon the photovoltaic performance of the perovskite
material and establishing a means to control their concen-
tration.
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as Light Harvester: a Game Changer in Photovoltaics. Angew. Chem.,
Int. Ed. 2014, 53, 2812−2824.
(3) Boix, P. P.; Nonomura, K.; Mathews, N.; Mhaisalkar, S. G.
Current Progress and Future Perspectives for Organic/Inorganic
Perovskite Solar Cells. Mater. Today. 2014, 17, 16−23.
(4) Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. Organometal
Halide Perovskites as Visible-Light Sensitizers for Photovoltaic. J. Am.
Chem. Soc. 2009, 131, 6050−6051.
(5) National Renewable Energy Laboratory, Best Research Cell
Efficiencies Chart; http://www.nrel.gov/ncpv/images/efficiency_chart.
jpg, April 2015.
(6) 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.
(7) Jeon, N. J.; Noh, J. H.; Kim, Y. C.; Yang, W. S.; Ryu, S.; Seok, S.
Il. Solvent Engineering for High-Performance Inorganic−Organic
Hybrid Perovskite Solar Cells. Nat. Mater. 2014, 13, 897−903.
(8) Wang, J. T.; Ball, J. M.; Barea, E. M.; Abate, A.; Alexander-
webber, J. A.; Huang, J.; Saliba, M.; Mora-sero, I.; Bisquert, J.; Snaith,
H. J.; Nicholas, R. J. Low-Temperature Processed Electron Collection
Layers of Graphene/ TiO2 Nanocomposites in Thin Film Perovskite
Solar Cells. Nano Lett. 2014, 14, 724−730.
(9) Wojciechowski, K.; Saliba, M.; Leijtens, T.; Abate, A.; Snaith, H.
J. Sub-150°C Processed Meso-Superstructured Perovskite Solar Cells
with Enhanced Efficiency. Energy Environ. Sci. 2014, 7, 1142−1147.
(10) Eperon, G. E.; Burlakov, V. M.; Docampo, P.; Goriely, A.;
Snaith, H. J. Morphological Control for High Performance Solution-
Processed Planar Heterojunction Perovskite Solar Cells. Adv. Funct.
Mater. 2014, 24, 151−157.

Figure 3. Photoluminescence quantum efficiency (PLQE) measure-
ments of CH3NH3PbI3−xClx films on glass capped with a thin PMMA
layer after a standard anneal in comparison to different postannealing
(PA) treatments in air.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b02237
ACS Appl. Mater. Interfaces 2015, 7, 13440−13444

13443

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acsami.5b02237
http://pubs.acs.org/doi/abs/10.1021/acsami.5b02237
mailto:marcus.baer@helmholtz-berlin.de
mailto:h.snaith1@physics.ox.ac.uk
http://www.nrel.gov/ncpv/images/efficiency_chart.jpg
http://www.nrel.gov/ncpv/images/efficiency_chart.jpg
http://dx.doi.org/10.1021/acsami.5b02237


(11) Zhou, H.; Chen, Q.; Li, G.; Luo, S.; Song, T.; Duan, H. S.;
Hong, Z.; You, J.; Liu, Y.; Yang, Y. Interface Engineering of Highly
Efficient Perovskite Solar Cells. Science 2014, 1, 542−546.
(12) Tan, Z. K.; Moghaddam, R. S.; Lai, M. L.; Docampo, P.; Higler,
R.; Deschler, F.; Price, M.; Sadhanala, A.; Pazos, L. M.; Credgington,
D.; Hanusch, F.; Bein, T.; Snaith, H. J.; Friend, R. H. Bright Light-
Emitting Diodes Based on Organometal Halide Perovskite. Nat.
Nanotechnol. 2014, 9, 687−692.
(13) Deschler, F.; Price, M.; Pathak, S.; Klintberg, L. E.; Jarausch, D.;
Higler, R.; Hu, S.; Leijtens, T.; Stranks, S. D.; Snaith, H. J.; Atatu, M.;
Phillips, R. T.; Friend, R. H. High Photoluminescence Efficiency and
Optically Pumped Lasing in Solution-Processed Mixed Halide
Perovskite Semiconductors. J. Phys. Chem. Lett. 2014, 5, 1421−1426.
(14) Xing, G.; Mathews, N.; Lim, S. S.; Yantara, N.; Liu, X.; Sabba,
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